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ras-p21 Activates Phospholipase D and A2, But Not
Phospholipase C or PKC, in Xenopus laevis Oocytes

Amancio Carnero, Fabrizio Dolfi, and Juan Carlos Lacal
Instituto de Investigaciones Biomédicas, CSIC, 28029 Madrid, Spain

Abstract Xenopus faevis oocytes are a powerful tool for the characterization of signal transduction pathways
leading to the induction of DNA synthesis. Since activation of PLA2, PLC, or PLD has been postulated as a mediator of ras
function, we have used the oocyte system to study the putative functional relationship between ras-p21 and these
phospholipases. A rapid generation of PA and DAG was observed after ras-p21 microinjection, suggesting the activation
of both PLC and PLD enzymes. However, production of DAG was sensitive to inhibition of the PA-hydrolase by
propranolol, indicating that PLD is the enzyme responsible for the generation of both PA and DAG. Microinjection of
PLD or ras-p21 induced the late production of lysophosphatidylcholine on a p42MAPK.dependent manner, an indication
of the activation of a PLA2. Inhibition of this enzyme by quinacrine does not inhibit PLD- or ras-induced GVBD,
suggesting that PLA2 activation is not needed for ras or PLD function. Contrary to 3T3 fibroblasts, where ras-p21 is
functionally dependent for its mitogenic activity on TPA- and staurosporine-sensitive PKC isoforms, in Xenopus oocytes,
induction of GVBD by ras-p2 1 was independent of PKC, while PLC-induced GVBD was sensitive to PKC inhibition. Thus,
our results demonstrate the activation of PLD and PLA2 by ras-p21 proteins, while no effect on PLC was

observed. ¢ 1994 Wiley-Liss, Inc.
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The family of ras oncogenes is involved in the
generation of a large variety of human cancers
[Bos, 19891. They codify for small GTPases of 21
kDa which function by activation/inactivation
cycles mediated by their specific association to
GTP or GDP [Bourne et al., 1990]. Overwhelm-
ing evidence has implicated ras proteins in the
regulation of critical steps in cell proliferation
and differentiation [reviewed in Barbacid, 1987;
Bourne et al., 1991; Lacal and Tronick, 1988].
ras proteins can induce a variety of cell re-
sponses, such as cell proliferation in fibroblasts,
neuronal differentiation in the pheochromocy-
toma cell line PC-12, and germinal vesicle break-
down (GVBD) in Xenopus laevis oocytes.

Elevated levels of phospholipid metabolites
have been related to the most critical function of
ras proteins. While initially a correlation be-
tween ras transformation and production of ino-
sitol phosphates (IPs) supported the hypothesis
that ras proteins could be regulating a PI-
specific phospholipase C (PI-PLC), it is not a
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universal finding [reviewed in Lacal and Tron-
ick, 1988; Macara, 1989]. However, a good corre-
lation between elevated levels of 1,2-sn-diacilglyc-
erol (DAG) and ras function has been reported
[Wolfman and Macara, 1987; Lacal et al., 1987a;
Lacal, 1990]. Also elevated levels of phosphoryl-
choline (PCho) correlate with ras-transformation
[Lacal et al., 1987], supporting the hypothesis of
the specific activation of a phosphatidylcholine-
specific PLC (PC-PLC) in ras-transformed cells.

Another potentially relevant connection be-
tween ras-p21 and the phospholipid metabolism
has been suggested that implies the activation of
phospholipase A2, since microinjection of both
normal and transforming H-ras p21 proteins
induced membrane ruffling which correlates
with a rapid increase in the levels of lysophospha-
tidylcholine (Lyso-PC) and lysophosphati-
dylethanolamine (Lyso-PE) [Bar-Sagi and Fera-
misco, 1986].

Phospholipase D has also been implicated in
the regulation of cell growth since this enzyme
is activated by mitogenic signals such as those
initiated by receptor tyrosine-kinases [Plevin et
al., 1991] and PKC activators [Cook et al., 1991].
Moreover, ras-transformed cells have a sus-
tained activation of PLD, while mitogen-treated
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cells show a transient activation of this enzyme
[Carnero et al., submitted, a]. We have recently
shown that breakdown of phosphatidylcholine
(PC) by PLD generates phosphatidic acid (PA)
and choline, which are further converted into
DAG and PCho by PA-phosphohydrolase and
choline kinase, respectively. This latter enzyme
has been shown to be constitutively activated in
ras-transformed cells {Macara, 1989] and after
microinjection of ras-p21 proteins into Xenopus
oocytes [Lacal, 1990].

The Xenopus laevis oocyte system is a power-
ful tool for the characterization of mitogenic
pathways of eukaryotic cells. Stage VI oocytes
are arrested at the G2/M border of the first
meiotic division. ras proteins, as well as insuline
and progesterone, can induce reentry into the
cell cycle or GVBD (germinal vesicle breakdown)
by a mechanism still not completely understood
[Birchmeier et al., 1985]. We have previously
shown that the three most relevant types of
phospholipases proposed to play a role in signal
transduction induced by ras proteins (C, D, and
A2) induce GVBD in Xenopus oocytes, and this
effect correlates with the activity of their phos-
pholipid breakdown products. While PLC-in-
duced GVBD seems to be related to activation of
protein kinase C (PKC), PLA2- and PLD-medi-
ated GVBD was independent of PKC [Carnero
and Lacal, 1993]. In the present study, we have
investigated the functional relationship be-
tween ras proteins and phospholipases and found
activation of both PLLA2 and PLD, but not PLC.
Furthermore, contrary to the mammalian cell
system, ras-p21 does not require PKC function
in this system.

MATERIALS AND METHODS
Oocyte Maturation and Microinjection

Stage VI oocytes were selected for hormonal
induction of germinal vesicle breakdown (GVBD)
with 3 wg/ml progesterone and 50-200 nM tetra-
decanoyl phorbol acetate (TPA) in Ringer’s
buffer (100 mM NaCl, 1.8 mM KCI, 2 mM MgCl,,
1 mM CaCl,, 4 mM NaHCO;, pH 7.8). GVBD
was assessed following 16 h incubation at room
temperature by the appearance of a white spot
in the animal pole. Verification of nuclear vesicle
breakdown was performed by splitting the oo-
cytes after treatment with 16% trichloracetic
acid. Maturation by microinjected enzymes was
followed in a similar manner using 25 nl per
oocyte of purified enzyme solutions containing 1
unit/pl of each enzyme in 20 mM MES buffer,

pH 7. Phospholipases used were PLC from B.
cereus (Type III from Sigma, St. Louis, MO),
PLD from peanut (Type II from Sigma), and
PLA2 from bee venom (Sigma).

Purification of ras-p21

The v-H-ras p21 protein was purified as de-
scribed previously [Lacal et al., 1986]. After
protein induction, 7 M urea extracts were sub-
Jected to further purification by chromatogra-
phy through a Sephadex G-100 column (90 x 2.5
cm) in 7 M urea-20 mM MES, pH 7.0. Fractions
of 3 ml were collected and analyzed by SDS-
PAGE to estimate purity and by a GTP-binding
assay to determine the activity of ras-p21. Frac-
tions containing up to 95% purified ras-p21 were
pooled and dialyzed against 20 mM MES, pH
7.0, and the concentrations were estimated by
the Bradford assay system (Bio-Rad Laborato-
ries, S.A., Madrid, Spain).

Analysis of Phosphatidic Acid Release

Oocytes were incubated for 8 h in Ringer’s
buffer containing 0.5 mCi/ml 3P and rinsed
twice to remove unincorporated isotope. Follow-
ing microinjection with 25 nl of a solution con-
taining either 10 mg/ml bovine seroalbumin
(BSA), 1 mg/ml ras-p21, or 1 u/pl PLD, the
reactions were stopped at indicated times in an
ethanol bath kept at —70°C. Phosphatidic acid
was extracted with 160 ul water and 0.6 ml
chloroform:ethanol (1:2 vol:vol). The organic
phase was lyophylized under a nitrogen stream,
resuspended in 100 pl chloroform, and resolved
in TCL plates with ethyl acetate:trimethyl pen-
tane:acetic acid:H,O (90:50:20:100, V:V:V:V).
TLC plates were expossed to an X-ray film, and
the radioactive spots were quantified by scratch-
ing and scintillation counting.

Analysis of Lysophosphatidilcholine Production

Oocytes were incubated for 24 h in Ringer’s
buffer containing 0.1 mCi/ml *H-methyl-choline
and rinsed twice to remove unincorporated iso-
tope. Following microinjection with 25 nl of a
solution containing either 10 mg/ml bovine sero-
albumin (BSA), 1 mg/ml ras-p21, or 1 u/pl PLC,
PLD, or PLA2, the reactions were stopped at
indicated times in an ethanol bath kept at —70°C.
Total lipids were extracted with 125 pl water
and 0.5 ml chloroform:methanol (1:1 vol:vol).
The organic phase was lyophylized under a nitro-
gen stream, resuspended in 100 pl chloroform,
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and resolved in TCL plates with aceton:chloro-
form:methanol:acetic acid:H,O (60:160:52:48:
32, V:V:V:V:V). TLC plates were exposed to an
X-ray film, and the radioactive spots of Lyso-PC
were quantified by scratching and scintillation
counting.

Analysis of Diacylglycerol Production

Oocytes were microinjected with 25 nl of 0.1
mCi/ml “C-glycerol and incubated for 24 h in
Ringer’s buffer. Following microinjection with
25 nl of a solution containing either 10 mg/ml
bovine seroalbumin (BSA) (fatty acid free), 1
mg/ml ras-p21, or 1 u/pl of phospholipases C or
D, the reactions were stopped at indicated times
in an ethanol bath kept at —70°C. Total lipids
were extracted with 125 pl water and 0.5 ml
chloroform:methanol (1:1 vol:vol). The organic
phase was lyophylized under a nitrogen stream,
resuspended in 100 pl chloroform, and resolved
in silica gel thin layer chromatography (TLC)
60A LK6D plates (Whatman, Hillshoro, Oregon)
using as solvent hexane:ethyl ether:acetic acid
(60:40:1). The plates were expossed to an X-ray
film, and the radioactive spots of DAG and total
lipids were quantified by scratching and scintil-
lation counting.

RESULTS

ras-p21 Does Not Require PKC or PLC in
Xenopus laevis Oocytes

As has been reported for mitogenic activity in
mammalian cells [Lacal et al., 1987b: Pasti et
al., 1986], it was possible that ras-p21 could be
functionally dependent on PKC for its biological
activity in Xenopus laevis oocytes. Thus we inves-
tigated whether well-characterized PKC inhibi-
tors could affect ras function. We have used four
different inhibitors: staurosporine, GF 109203

X, the PKC pseudosubstrate from « and B iso-
forms, TYFARKGALRQKNV?3! (peptide A)
which efficiently inhibits in vitro PKC « and
activity [Smith et al., 1990}, and the peptide
pseudosubstrate from PKC { isoform
SYTYRRGARRWRKLS3! (peptide Z) which has
been reported to efficiently inhibit in vitro PKC
{ activity [Dominguez et al., 1992].

Maturation induced by treatment of oocytes
with phorbol esters, stable PKC activators, was
drastically reduced (50-90% inhibition) in the
presence of all the PKC inhibitors tested (Table
I). We have previously shown that PLC can
induce GVBD, most likely through generation of
DAG [Carnero and Lacal, 1993]. Staurosporine,
GF109203 X, and peptide A reduced PLC func-
tion with a similar efficiency to that of TPA (up
to 60% inhibition), as expected from a PKC-
dependent signalling pathway. However, micro-
injection of up to 2 ng/oocyte (approximately 30
wM) of peptide Z did not inhibit GVBD induced
by any of these mitogens. On the other hand,
neither PLA2 nor PLD was affected by PKC
inhibition, suggesting a PKC-independent signal-
ling pathway. Finally, neither progesterone nor
the ras-p21 protein was affected by any of the
PKC inhibitors, suggesting that they do not
need functional PKC for induction of GVBD. By
contrast, and in agreement with previous re-
ports [Lacal et al., 1987b; Lloyd et al., 1989],
DNA synthesis in ras-transformed NIH 373
cells was blocked by these inhibitors at similar
concentrations (Carnero and Lacal, unpub-
lished results).

Microinjection of ras-p21 into Xenopus Oocytes
Generates Phosphatidic Acid

It has been previously demonstrated that mi-
croinjection of ras-p21 proteins into Xenopus

TABLE 1. Xenopus laevis Qocyte Maturation in the Presence of PKC Inhibitors
(% Over Maturation Without Inhibitors)

Agent Staurosporine® GF109203 X Peptide A Peptide Z
TPA (100 nM) 50 = 7 13 +3 40 = 18 130 = 20
Progesterone 101 =1 103 = 8 100 = 0 100 = 2
ras-p21 103 + 10 100 £ 0 99 =3 111+ 7
PLC 42 + 16 50 = 15 66 =5 103 + 3
PLD 100 = 2 97 = 2 100 =0 113+ 11
PLA2 106 + 12 98 £ 3 96 + 4 100 =0

Oocytes were injected with 20 ni of 0.2 uM staurosporine or 0.1 mg/ml peptides A or Z, or treated with 10 wM GF109203 X.
After 2 h incubation series of 30-40 oocytes were either microinjected with 25 wU of PLA2, PLC, or PLD or 25 ng of ras-p21, or
treated with 100 nM TPA or 3 ug/ml progesterone. GVBD was determined after overnight incubation. Data represent the
average of percentage of control, untreated oocytes, from two experiments, except (%) that represent average of percentage of

control, untreated oocytes, from three independent experiments.
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oocytes rapidly induces the production of DAG
as well as PCho [Lacal, 1990]. These two metabo-
lites could be directly generated by a PC-PLC.
Alternatively, DAG could also be generated by
hydrolysis of phosphatidic acid (PA) while PCho
could be generated by the choline kinase-depen-
dent phosphorylation of choline. Both PA and
choline can be released as a consequence of
activation of a PC-PLD. Thus we investigated
whether ras-p21 was functionally connected to a
PLD enzymatic activity.

There is evidence that PA can be generated by
TPA treatment in fibroblasts, suggesting the
involvement of PKC in the regulation of PLD
[Cook et al., 1991]. In order to test this possibil-
ity in the Xenopus oocyte system, 32P;-labeled
oocytes were stimulated with 200 nM TPA and
the levels of PA analyzed. In this system, phor-
bol esters do not stimulate PA production (Fig.
1). By contrast, microinjection of ras-p21 in-
duced a rapid increase in the level of PA. Control
oocytes microinjected with BSA showed no in-
crease of PA levels, while those injected with
PLD showed a more drastic increase of PA lev-
els. Finally, we have observed that ras-induced
PA production was not affected by the PKC
inhibitor GF 109203 X or the diacylglycerol ki-
nase (DGK) inhibitor R59023 (data not shown),
suggesting that PA production depends on PLD.

Propranolol Inhibits ras-Induced
Diacylglycerol Production

Transformation of fibroblasts or microinjec-
tion of oocytes with oncogenic ras-p21 induced a
rapid increase in DAG levels [Lacal, 1990; Lacal
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Fig. 1. Phosphatidic acid (PA) production by microinjection of
ras-p21 into Xenopus laevis oocytes. Phosphatidic acid produc-
tion was estimated in X. faevis oocytes labeled with 32P, as
indicated in Materials and Methods. Oocytes were microin-
jected with BSA (50 ng/oocyte), ras-p21 (50 ng/oocyte), or
PLA2 or PLD (50 microunits/oocyte). Triplicate samples of 10
oocytes/sample were processed separately as described in
Materials and Methods 30 min after injection. Data represent
phosphatidic acid (PA) production as CPM divided by CPM in
total lipids. Bars indicate standart deviation of triplicate samples.
The experiment was repeated twice with similar results.

et al., 1987a]. If DAG release after ras transfor-
mation or microinjection was a consequence of
the consecutive activation of PLD and PA-
hydrolase, inhibition of this latter enzyme should
drastically affect DAG levels. Therefore, we stud-
ied whether PA hydrolase was involved in the
generation of DAG, by using propranolo], an
inhibitor of this enzyme which has been re-
ported to leave PL.C or PLD activities unaffected
[Billah et al., 1989; Koul and Hauser, 1987].
Oocytes were labeled with [*4C]-glycerol for 24 h
and then incubated for 30 min in the presence or
absence of 300 uM propranolol. Oocytes were
microinjected with ras-p21, BSA, or PLC and
analyzed for DAG production. As has been shown
previously, after 30 min of ras injection there is
an increase of DAG levels over BSA-injected
controls (Fig. 2A). However, in the presence of
propranolol, generation of DAG induced by ras-
p21 decreased to basal levels, suggesting that
this increase is a consequence of conversion of
PA to DAG. However, DAG production induced
by PLC was not affected by propranolol. Finally,
production of PA generated by PLD was not
sensitive to propranolol, and that observed after
microinjection of ras-p21 was slightly increased
(Fig. 2B).

ras-Induced Activation of PLA2

Microinjection of oncogenic ras-p21 into fibro-
blasts induced PLA2 activation determined by
the generation of Lyso-PC and Lyso-PE produc-
tion [Bar-Sagi and Feramisco, 1986]. Thus, we
analyzed whether ras-p21 was able to activate
PLA2 also in the oocyte system and whether
this activation was biologically significant. Oo-
cytes were labeled for 24 h with [3H]-choline and
then injected with oncogenic ras-p21. Injected
oocytes were incubated for 1, 2, or 16 h at 18°C
in Ringer’s buffer and then processed for quanti-
tation of Lyso-PC production. As shown in Fig-
ure 3, there is no detectable Liyso-PC production
at early times after microinjection of ras-p21.
However, after 16 h, ras-p21 induced a three-to-
five fold increase in the levels of Lyso-PC when
compared to those of BSA-injected oocytes.

Recently Lin and coworkers [1993] showed
that a cytosolic PLA2 is phosphorylated and
activated by MAP kinase. Oncogenic ras-p21
activates MAP kinase {Leevers and Marshall,
1992; Thomas et al., 1992; Wood et al., 1992;
Pomerance et al., 1992; Shibuya et al., 1992],
and the late production of a product of PLA2
suggests that ras activates PLA2 after MAP
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Fig. 2. Effect of propranolol in the ras-induced lipid release. A:
Effect of propranolol in the ras-induced DAG production. Xeno-
pus laevis oocytes were labeled by microinjecting 25 nl of 0.1
mCi/mi of [*C]-glycerol resuspended in MES 20 mM, pH 7.0.
After 24 h incubation in Ringer’s buffer at 21°C, oocytes were
treated (0J) or not (M) with 300 uM propranolol for 30 min and
then microinjected with either 25 nl of BSA (10 mg/m), ras-p21
(1 mg/ml), or PLC (1 U/ml). DAG levels were analyzed as
indicated in Materials and Methods. B: Effect of propranolo! on
the ras-induced generation of PA. Oocytes were labeled by
incubation with buffer containing 500 nCi/ml 3?P for 4 h and
then treated (O) or not (M) with 300 pM propranolo! for 30
min. Oocytes were then injected with either 25 nl of BSA (10
mg/ml), ras-p21 (1 mg/ml), or PLD (1 U/ml). PA levels were
determined as described in Materials and Methods. Data repre-
sent phosphatidic acid (PA) or DAG CPM divided by CPM
incorporated in total lipids. Results represent mean values and
standard deviations of three independent experiments per-
formed in triplicate.

kinase activation. In order to test this hypoth-
esis, oocytes were injected with ras-p21 in the
presence of the MAP kinase inhibitor 2-aminopu-
rine (2-AP). The purine analog 2-AP has been
described as a rather selective inhibitor of cer-
tain growth factors-activated protein kinases
[Volonté et al., 1989; Tsao and Greene, 1991].
Moreover, Qiu and Green [1992] have recently
shown that 2-AP is a potent inhibitor of the
myelin basic protein kinase activity of the

F°
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Fig. 3. Lysophosphatidylcholine production after ras-p21 mi-
croinjection. Oocytes were labeled with [*H]-choline (10 p.Ci/
ml) in Ringer’s buffer for 24 h and then washed in the same
buffer without the label and microinjected with either 25 nl of
BSA (10 mg/ml), ras-p21 (1 mg/ml), or PLA2 (1 U/ml). At
indicated times, oocytes were processed as described in Materi-
als and Methods for Lysophosphatylcholine production. Data
represent mean values of triplicate samples from two indepen-
dent experiments. M, BSA; [, ras-p21; &, PLA2.

p44EBKL in PC12 cells and that inhibition of
MAP K activity blocks the neurite outgrowth
induced by the oncogenic N-ras in the dexameta-
sone-inducible cell line, UR61 [Qiu and Green,
1992]. We have observed that 2-AP blocks both
ras-induced MAP kinase activation and GVBD
in Xenopus oocytes. This effect is specific, since
2-AP does not inhibit GVBD induced by PLA2,
which does not activate MAP kinase [Carnero et
al., submitted, b].

To study whether PLA2 activation was depen-
dent on MAP K, oocytes were labeled for 24 h
with [®*H]-choline and then injected with either
oncogenic ras-p21 or phospholipases. Injected
oocytes were incubated 16 h at 18°C in Ringer’s
buffer and then processed for Lyso-PC produc-
tion in the presence or absence of 2-AP. While
PLA2 microinjection was not affected by 2-AP,
Lyso-PC production induced by ras and PLD
was drastically reduced (Fig. 4), suggesting that
PLAZ2 activation mediated by these two proteins
is dependent on MAP kinase. By contrast, micro-
injection of PLC did not induce Lyso-PC produc-
tion, supporting that PLC signaling uses an
alternative pathway to that of ras-p21 and PLD.

ras-p21-Induced GVBD Does Not Require PLA2
in Xenopus Oocytes

Quinacrine is a potent inhibitor of PLA2 activ-
ity in vivo. It has been broadly used in mamma-
lian cell systems to investigate the putative in-
volvement of PLAZ2 in signaling pathways [Aguila
et al., 1990; Schweitzer et al., 1990]. Table II



ras-p21 Activates PLD and PLA2 in Xenopus Oocytes 483

1% Hl-Lyso-PC
DPM

Contral PLC PLD

Fig. 4. Effect of 2-AP treatment on Lyso-PC production estimu-
lated by ras-p21. Oocytes were labeled as described in the
legend to Fig. 3 and then treated (hatched bars) or not (solid
bars) with 10 mM 2-AP for 30 min prior to microinjection with
either 25 nl of BSA (10 mg/ml), ras-p21 (1 mg/mi), or PLC, PLD,
or PLA2 (1 U/ml). At 16 h of microinjection, oocytes were lyzed
and processed for Lyso-PC determination. Data represent mean
values from two independent experiments performed in tripli-
cate.

TABLE II. Inhibition of PLA2-Induced GVBD

by Quinacrine*

Agent Untreated 1 mM Quinacrine
TPA (100 nM) 70 = 10 70 £ 1
Progesterone 65 = 10 70 =8
ras-p21 90 + 12 88 + 11
PLC 40+ 5 50 + 16
PLD 100 =0 85 = 10
PLA2 95 =5 15+ 10

*Qocytes were either microinjected with 25 wU of PLA2,
PLC, or PLD or 25 ng of ras-p21, or treated with 200 nM
TPA or 3 ug/ml progesterone. GVBD was determined after
overnight incubation. When indicated, oocytes were treated
with 1 mM quinacrine during the same period. Data repre-
sent the average from two experiments.

shows that treatment of the oocytes with 1 mM
quinacrine completely inhibited the biological
activity of microinjected PLA2. By contrast, no
significant effect was observed when PLC or
PLD was injected. Thus, quinacrine was an effi-
cient inhibitor for the biological activity of PLA2
in Xenopus oocytes, in agreement with its effect
on other biological systems, but allowed the
existence of alternative signals.

Since treatment with quinacrine completely
blocked PLAZ2 in vivo, we tested the biological
activity of other inducers of oocyte maturation
under these conditions. Table II also shows that
neither TPA, insuline, nor progesterone was
inhibited in the presence of 1 mM quinacrine.
Finally, microinjection of transforming ras-p21
protein was not affected by quinacrine treat-
ment (Table IT). These results indicate that even

under conditions of a complete blockage of PLA2
activity, ras-p21 is still biologically active to
induce X. laevis oocyte maturation, indicating
that, in this system, ras activity is also indepen-
dent of functional PLA2.

DISCUSSION

There is strong evidence that ras proteins
induce an altered balance in the intracellular
levels of phospholipid metabolites in mamma-
lian cells and Xenopus oocytes [Lacal and Tron-
ick, 1988; Carnero et al., submitted, a]. How-
ever, it is still a controversial matter how this
imbalance is generated and whether it is biologi-
cally significant. In this regard, it has been pro-
posed that ras proteins are directly involved in
the regulation of a PC-PLC enzyme [Lacal et al.,
1987a; Garcia de Herreros et al., 1991] with the
generation of PCho and DAG. Since in mamma-
lian cells ras-p21 requires functional PKC for
mitogenic activity [Lacal et al., 1987b], the above
hypothesis could explain the relationship be-
tween ras and PKC. Moreover, it has been shown
that ras-p21 is able to activate PLA2 [Bar-Sagi
and Feramisco, 1986] and PLD [Carnero et al.,
submitted, a] in fibroblasts. Therefore, we inves-
tigated whether ras-p21 was functionally depen-
dent on phospholipases type D, A2, or C and
PKC in Xenopus oocytes.

The oocyte system has proved to be very use-
ful to unveil the biological function of enzymes
and lipid metabolites. We have previously shown
that PLA2, PLC, and PLD are capable of induc-
ing GVBD [Carnero and Lacal, 1993]. In the
case of PLC, it induces GVBD by generation of
DAG and activation of PKC [Carnero and Lacal,
1993]. Treatment of oocytes with staurosporine,
GF109203 X, and PKC inhibitory peptides in-
deed revealed a functional requirement of PKC
for the biological activity of PLC since these
inhibitors drastically reduced the biological activ-
ity of PLC, DAG, and phorbol esters. However,
PLA2, PLD, progesterone, and ras-p21 were
unaffected by any of these inhibitors, indicating
that they utilize signalling pathways which are
independent of that of PLC and PKC. 1t is of
interest to note that in all the experiments per-
formed, the biological activity of PLC and sev-
eral microinjected DAGs was significantly lower
than that of PLD or PLA2 and their active
metabolites, and than that of microinjected ras-
p21 proteins [Carnero and Lacal, 1993].

It has been recently suggested that ras-p21
may be functionally related to PKC {, a PKC
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isoenzyme which is insensitive to TPA down-
regulation and is not affected by staurosporine
or GF 109203 X [Dominguez et al., 1992]. How-
ever, there is abundant evidence contrary to this
hypothesis. PKC { is not activated by phorbol
esters or DAGs, but instead by the products of
phosphatidylinositol 3 kinase [Nakamishi et al.,
1992]. Moreover, in the NIH 3T3 cell system, it
has been previously shown that mitogenic activ-
ity of ras is functionally dependent on PKC
isoforms which are downregulated by TPA and
inhibited by staurosporine. Finally, we have seen
no inhibitory effect on ras-induced GVBD by
peptide Z, contrary to that shown by Dominguez
et al. [1992], while we could detect up to 60%
inhibition of the TPA-induced GVBD using pep-
tide A. While the nature of this discrepancy is
unknown, the peptide Z used in the present
study was an efficient inhibitor for PKC { in
vitro (data not shown).

The results presented in this study demon-
strate that in Xenopus laevis oocytes ras-p21
seems to be independent of PKC, since its biologi-
cal function is not blocked by specific inhibitors
that efficiently blocked TPA-, DAG-, or PLC-
induced maturation. However, in NIH 3T3 cells,
it has been shown that ras function is dependent
on PKC [Lacal et al., 1987h; Lloyd et al., 1989].
A possible explanation for this apparent contro-
versy may rely on the different biological effect
that we are analyzing. On somatic cells we are
measuring the entry into the S phase from G1,
while germinal cells such as oocytes are arrested
at the G2/M border. Thus, while ras-induced
DNA synthesis requires functional PKC, ras-
induced G2 to M phase transition (measured as
GVBD) does not need active PKC. A similar
differential PKC requirement for ras function
has been shown by Lloyd and coworkers [1989]
for the NIH 3T3 cell system. While PKC-de-
pleted cells are unable to initiate DNA synthesis
in response to activated H-ras, they still respond
to the morphological changes and increased c-
myc expression associated with ras-induced
transformation. Thus, morphological alterations
in NIH 3T3 cells induced by ras appear to be
PKC-independent. However, further research
in the functional relationship between ras and
PKC in different systems would be necessary to
reach a complete understanding of the interac-
tion between these two important signalling mol-
ecules.

Generation of PCho and DAG after ras micro-
injection could be the result of a PC-PLC activ-

ity. However, they could be also obtained by
activation of a PC-PLD, which would produce
PA and choline, followed by PA-phosphohydrol-
ase and choline kinase activities. Indeed, we
have detected a rapid increase of PA and DAG
levels within 30 min of ras-p21 microinjection.
Propranolol, a potent inhibitor of PA-phospho-
hydrolase, drastically inhibited ras-induced DAG
production with no reduction in PA levels. More-
over, propranolol did not affect ras-p21 GVBD
(data not shown), and PA is itself a potent
inducer of oocyte maturation [Carnero and Lacal,
1993]. In addition, Lee et al. [1991] showed that
the DAGs derived from PC hydrolysis by PLC
are poor substrates of DAG-kinase. All these
results suggest that ras-induced maturation of
Xenopus oocytes is related to PA generation,
most likely by activation of a PLD enzyme. More-
over, we have recently shown that in ras-
transformed NIH 3T3 fibrobrasts there is a
sustained activation of PLD [Carnero et al.,
submitted, a], further supporting the hypoth-
esis of a functional link between ras-p21 and
PLD.

It has been shown that src-induced transfor-
mation may be connected to production of PA in
murine fibroblasts [Song et al., 1991; Song and
Foster, 1993]. PDGF may be also functioning
through generation of PA [Plevin et al., 1991]
rather than activation of a PC-PLC. Since micro-
injection of Y13-259, a neutralizing antibody
against ras-p21 proteins, efficiently blocks both
PDGF and src function [Mulcahy et al., 1985],
there is a possibility that all these mitogenic
signals may have a common mechanism to in-
duce DNA synthesis through generation of PA
or a related metabolite.

The observation that there is no activation of
PLD in X. laevis oocytes in response to phorbol
esters suggests the existence of a PLD which is
independent of PKC activity. This novel finding
is supported by a recent study showing that in
src-transformed cells there is a PLD activity
which is independent of PKC [Song and Foster,
1993]. We have also observed that in Xenopus
oocytes, the PLD enzyme induced by ras-p21
and is not sensible to the PKC inhibitor GF
109203 X (data not shown).

In the present study, we have further investi-
gated the functional relationship between ras-
p21 and PLA2. Microinjection of ras-p21 and
PLD, but not PLC, induced PLA2 activation at
late times, and this activation was dependent on
MAP kinase activity. Recently we have shown
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that PLD but not PLC or PLA2 was able to
activate p42MAPK [Carnero and Lacal, submit-
ted]. It has been shown that PLA2 was phos-
phorylated and activated by MAP kinase but not
by PKC [Lin et al., 1993]. Thus, the obhserved
activation of PLA2 by ras-p21 in NTH 3T3 cells
and X. laevis oocytes may be a secondary effect
of MAP kinase activation by ras and PLD. How-
ever, using quinacrine, a specific inhibitor for
PLA2, we have been able to discriminate signal-
ling pathways among progesterone, phorbol es-
ters, and oncogenic ras-p21 protein and found
that none of these agents depend on functional
PLAZ2 in oocytes.

All these results suggest the existence of differ-
ent, alternative pathways to induce oocyte matu-
ration. A linear pathway connecting ras and
PLD with the activation of MAP kinase can be
drawn from the results presented in this study.
MAP kinase activates PLA2 and most likely
other products necessary for induction of GVBD.
An alternative pathway for GVBD induction
connects PLC to PKC without MAP kinase or
PLA2 activation. Our results clearly indicate
that the oncogenic ras-p21 protein does not use
this second pathway for the induction of GVBD.
ras-p21 can generate PA and this metabolite is
further converted into DAG. However, the gen-
erated DAG seems to be insufficient to activate
this second pathway, making the ras-PLD-PA
pathway the only biologically relevant signalling
mechanism for ras proteins in Xenopus laevis
oocytes. Future research oriented to the full
understanding of the nature and biological activ-
ity of the generated PAs and DAGs after micro-
injection of ras-p21 proteins will clarify further
the relevance of the ras/PLD relationship.

ACKNOWLEDGMENTS

We thank A. Ramos for excellent technical
assistance. This work has been supported by
grant PB89-0020 from Direccién General de In-
vestigacion Cientificay Técnica (DG1CYT), Fun-
dacién Salud 2000 and Fundacién Ramoén Are-
ces.

REFERENCES

Aguila MC, Milenkovic L, McCann SM, Snyder GD (1990):
Role of arachidonic acid or its metabolites in growth-
hormone-releasing factor-induced release of somatostatin
from the median eminence. Neuroendocrinology 52:238—
242.

Barbacid M (1987): Ras genes. Annu Rev Biochem 56:779.

Bar-Sagi B, Feramisco JR (1986): Induction of membrane
ruffling and fluid-phase pinocytosis in quiescent fibroblast
by ras protein. Science 233:1061.

Billah MM, Eckel S, Mullmann TJ, Egan WR, Siegel M
(1989): Phosphatidylcholine hydrolysis by PLD deter-
mines phosphatidate and diglyceride levels in chemotactic
peptide-stimulated human neutrophils. Involvement of
phosphatidate phosphohydrolase in signal transduction. J
Biol Chem 264:17069-17077.

Birchmeier C, Broek D, Wigler M (1985): ras proteins can
induced meiosis in Xenopus oocytes. Cell 43:615-621.

Bos JL (1989): ras oncogenes in human cancer: A review.
Cancer Res 49:4689.

Bourne HR, Sanders DA, McCormick F (1990): The GTPase
superfamily: A regulated switch for diverses cell func-
tions, Nature 348:125-131.

Bourne HR, Sanders DA, McCormick F (1991): The GTPase
superfamily: Conserved structure and molecular mecha-
nis. Nature 349:117.

Carnero A, Lacal JC (submitted): Phospholiphase induced
activation of cell cycle kinases in Xenopus laevis oocytes.
Signaling relationship with ras-p21.

Carnero A, Lacal JC (1993): Induction of Xenopus laevis
oocyte maturation induced by phospholipases. Mitogenic
activity of generated metabolites. J Cell Biochem 52:440-
448.

Carnero A, Cuadrado A, del Peso L, Lacal JC (submitted, a):
Activation of type D phospholipase after serum stimula-
tion and ras-induced transformation.

Carnero A, Jiménez B, Lacal JC (submitted, b): Progester-
one but not ras requires MPF for in vivo activation of
MAP kinase and S6 kinase II. MAP kinase is an essential
conexion point of both signaling pathways.

Cook SJ, Briscoe CP, Wakelam MJO (1991): The regulation
of phospholipase D activity and its role in sn-1,2-diradyl-
glycerol formation in bombesin- and phorbol 12-myristate
13-acetate—stimulated Swis 3T3 cells. Biochem J 280:431—
438.

Dominguez I, Diaz-Meco MT, Municio MM, Berra E, Carcia
de Herreros A, Sanz L, Moscat J (1992): Evidence for a
role of protein kinase C { subspecies in maturation of
Xenopus laevis oocytes. Mol Cell Biol 12:3776-3783.

Garcia de Herreros A, Dominguez I, Diaz-Meco MT, Grazi-
ani G, Cornet ME, Guddal PH, Johasen T, Moscat J
(1991): Requirement of phospholipase C-catalyzed hydro-
lysis of phosphatidylcholine for maturation of Xenopus
laevis oocytes in response to insulin and ras p21. J Biol
Chem 266:6825.

Koul O, Hauser G (1987): Modulation of rat brain cytosolic
phosphatidate phosphohydrolase: Effect of cationic amphi-
philic drugs and divalent cations. Arch Biochem Biophys
253:453-461.

Lacal JC (1990): Diacylglycerol production in Xenopus laevis
oocytes after microinjection of p21™ proteins is a conse-
quence of activation of phospatidylcholine metabolism.
Mol Cell Biol 10:333-340.

Lacal JC, Tronick SR (1988): The ras oncogene. In Reddy
EP, Skalka AM, Curran T (eds): ““Oncogene Handbook.”
New York: Elsevier Science Publishers, pp 255-304, 535—
550.

Lacal JC, Srivastava SK, Anderson PS, aaronson SA (1986):
ras p21 proteins with high or low GTPase activity can
efficiently transform NTH3T3 cells. Cell 44:609-617.



486 Carnero et al.

Lacal JC, Moscat J, Aaronson SA (1987a): Novel source of
1,2 diacylglicerol elevated in cells transformed by Ha-ras
oncogene. Nature 330:269-272.

Lacal JC, Fleming TP, Warren BS, Blumberg PM, Aaronson
SA (1987b): Involvement of functional protein kinase C in
mitogenic response to the H-ras oncogene product. Mol
Cell Biol 7:4146-4151.

Lee C, Fisher SK, Agranoff BW, Hajra AK (1991): Quantita-
tive analysis of molecular species of diaclglycerol and
phosphatidate formed upon muscarinic receptor activa-
tion of human SK-N-SH neuroblastoma cells. J Biol Chem
266:22837-22846.

Leevers SJ, Marshall CJ (1992): Activation of extracellular
signal-regulated kinase, ERK 2, by p21-ras oncoprotein.
EMBO J 11:569-574.

Lin L-L, Wartmann M, Lin AY, Knopf JL, Seth A, Davis RJ
(1993): cPLA2 is phosphorylated and activated by MAP
kinase. Cell 72:269-278.

Lloyd AC, Paterson HF, Morris JFD, Hall A, Marshall CJ
(1989): p21 ras-induced morphological transformation and
increases in ¢-myc expression are independent of func-
tional protein kinase C. EMBO J 8:1099-1106.

Macara IC (1989): Elevated phosphocholine concentration
in ras-transformed NIH 3T3 cells as rises from increased
choline kinase activity, not from phosphatidylcholine
breakdown. Mol Cell Biol 9:325-330.

Mulcahy LS, Smith MR, Stacey DW (1985): Requirement for
ras proto-oncogene function during serum-stimulated
growth of NTH 3T3 cells. Nature 313:241-243.

Nakamishi H, Brewer KA, Exton JH (1992): Activation of
the { isozyme of protein kinase C by phosphatidylinositol
3,4,5-trisphosphate, J Biol Chem 268:13-186.

Pasti G, Lacal JC, Warren BS, Aaronson SA, Blumberg PM
(1986): Loss of mouse fibroblast cell response to phorbol
esters restored by microinjected protein kinase C. Nature
324:375-371.

Plevin R, Cook SdJ, Palmer S, Wakelam MJ (1991): Multiple
sources of sn-1,2-diacylglycerol in platelet derived growth
factor stimulated Swiss 3T3 fibroblast. Biochem J 279:
559-565.

Pomerance M, Schweighoffer F, Tocque B, Pierre M (1992):
Stimulation of mitogen activated protein kinase by onco-

genicras-p21 in Xenopus oocytes. J Biol Chem 267:16155—
16160.

Qiu M-S, Green SH (1992): NGF and EGF rapidly activate
p21l-ras by distinct and convergent pathways involving
tyrosine phosphorylation, Neuron 9:705-717.

Schweitzer P, Madamba S, Siggins GR (1990): Arachidonic
acid metabolites as mediators of somatostain-induced in-
crease of neural M-current. Nature 346:464-467.

Shibuya EK, Polverino AJ, Chang E, Wigler M, Ruderman
JV (1992): Oncogenic Ras triggers the activation of 42-
kDa mitogen-activated protein kinase in extracts of quies-
cent Xenopus oocytes. Proc Natl Acad Sci USA 89:9831-
9835.

Smith KM, Colbran RdJ, Soderling TR (1990): Specificities of
autoinhibitory domain peptides for four protein kinase. J
Biol Chem 265:1837-1840.

Song J, Foster DA (1993): v-Src activates a unique phospho-
lipase D activity that can be distinguished from the phos-
pholipase D activity activated by phorbol esters. Biochem
J294:711-717.

Song J, Pfeffer LM, Foster DA (1991): v-src increases diacyl-
clycerol levels via a type D phospholipase-mediated hydro-
lysis of phosphatidylcholine. Mol Cell Biol 11:4903-4908.

Thomas SM, DeMarco M, D’Arcangelo G, Halegouan S,
Brugge JS (1992): Ras is essential for nerve growth fac-
tor— and phorbol ester—induced tyrosine phosphorylation
of MAP kinases. Cell 68:1031-1040.

Tsao H, Greene LA (1991): Roles of macromolecular synthe-
sis and phosphorylation in the regulation of a protein
kinase activity trasiently stimulated by nerve growth fac-
tor. J Biol Chem 266:12981-12988.

Volonté C, Rukenstein A, Loeb DM, Greene LA (1989):
Differential inhibition of nerve growth factor responses by
purine analogues: Correlation with inhibition of a nerve
growth factor—activated protein kinase. J Cell Biol 109:
2395-2403.

Wolfman A, Macara IG (1987): Elevated levels of diacylglyc-
erol and decreased phorbol ester sensitivity in ras trans-
formed fibroblast. Nature, 325:359-362.

Wood KW, Sarnecki C, Roberts TM, Blenis J (1992): Ras
mediates nerve growth factor receptor modulation of three
signal-transducing protein kinases: MAP kinase, Raf-1
and RSK. Cell 68:1041-1048.





