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Phospholipase-Induced Maturation of Xenopus laevis 
Oocytes: Mitogenic Activity of Generated Metabolites 
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Abstract Signal transduction induced by generation of second messengers from membrane phopholipids is  
considered a major regulatory mechanism in control of cell proliferation. We report here that in the Xenopus laevis 
oocytes model, microinjection of the three most relevant types of phospholipases acting on membrane phospholipids 
(A2, C, and D) are capable of inducing oocyte maturation with similar efficiencies. This effect is  mediated by the 
generation of known second messengers such as lyso-phospholipids, arachidonic acid, diacylglycerol, and phosphatidic 
acid. Specific inhibitors of protein kinase C made it possible to identify alternative independent signalling pathways for 
induction of oocyte maturation. Our results indicate that while phospholipase C seems to be dependent on protein 
kinase C (PKC), phospholipase A2, and phospholipase D are completely independent of protein kinase C function. Thus, 
the oocyte system is a powerful tool for the analysis of the potential mitogenic activity of lipid metabolites. It is  also an 
excellent tool for unravelling the different routes involved in the regulation of cell growth. 
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Membrane phospholipids are essential struc- 
tural components of all eukaryotic cells whose 
composition and distribution may have a role in 
physical properties such as fluidity and perme- 
ability. Besides this structural role, a great deal 
of information has been accumulated for the 
past two decades indicating that phospholipids 
also play an important role in the control of 
cellular responses such as regulation of cell pro- 
liferation, secretion, platelet aggregation, macro- 
phage function, or fertilization [Pelech and 
Vance, 1989; Billah and Anthes, 1990; Nishi- 
zuka, 19921. This notion is based on abundant 
information suggesting that hydrolysis of phos- 
phatidyl inositol 1,4 bisphosphate (PIP21 by 
phosphoinositide specific phospholipase C (PI- 
PLC) is one of the most relevant events associ- 
ated to regulation of cell proliferation. This con- 
cept has been linked to the generation of two 
important second messengers by PI-PLC: diacyl- 
glycerol (DAG) which is the alosteric activator of 
protein kinase C (PKC) and inositol 1,4,5 tri- 
sphosphate (IP3) which when binding to specific 
receptors located at reticular membranes re- 
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leases calcium from intracellular stores. This 
phospholipid pathway is activated by most fac- 
tors interacting with receptor tyrosine kinases 
including growth initiating factors such as PDGF 
or basic FGF, progression factors such as insu- 
lin or IGF-1 and neurotrofic factors such as 
NGF [Berridge, 1984; Hokin, 1985; Berridge, 
1987; Cockcroft and Thomas, 19921. 

Recently, other nonclassical routes have also 
been implicated in the regulation of cell growth. 
Thus, it has been shown that type D phospholi- 
pase (PLD) is activated by mitogenic signals 
such as those initiated by receptor tyrosine ki- 
nases [Plevin et al., 1991; Wright et al., 19921 
and PKC activators [Cook et al., 1991; Hii et al., 
19911. Moreover, hydrolysis of phosphatidylcho- 
line (PC) by PLD with the generation of phospha- 
tidic acid (PA) may be a common response to 
mitogens which also induce hydrolysis of inosi- 
to1 lipids in fibroblasts [Cook and Wakelam, 
19911. On this regard, PA has been shown to 
behave as a second messenger with potent mito- 
genic activity in fibroblasts [Moolenaar et al., 
19861. Finally, similar mitogenic activity has been 
reported for the products derived from P W -  
mediated phospholipid hydrolysis, such as Lyso- 
PC, Lyso-PI, and Lyso-PA [van Corven et al., 19891. 

On the other hand, several phospholipid me- 
tabolites are capable of triggering critical cell 
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responses other than cell proliferation. This is 
the case for Lyso-PC, which increases activation 
of human T-lymphocytes induced by a mem- 
brane permeant DAGs and ionomycin [Asaoka 
et al., 19921. Moreover, Lyso-PC also enhances 
cellular differentiation of HL-60 cells into macro- 
phages and chemotaxis [Nishizuka, 19921. 

The possible involvement of phospholipid me- 
tabolism regulation during malignant trans- 
formation has been proposed [Cuadrado et al., 
submitted]. Indeed, a number of oncogenes have 
been shown to increase constitutively the levels 
of lipid metabolites such as inositol phosphates, 
DAG and phosphorylcholine (PCho) [Preiss et 
al., 1986; Lacal et al., 1987; Wolfman and 
Macara, 19871. Oncogenes such as src and ras 
have been shown to induce the constitutive acti- 
vation of a type D phospholipase [Song et al. 
1991; Cuadrado et al., submitted]. Finally, ras 
proteins have been shown to activate a type A2 
phospholipase in PC12 [Bar-Sagi and Feram- 
isco, 19861 and fibroblasts [Sharma, 19921. 

Despite the abundant information available 
demonstrating the involvement of phospholipid 
metabolism in the regulation of cellular pro- 
cesses in eucaryotic cells, very little is known 
regarding the implication of this process in the 
oocytes system. This latter system constitutes 
an excellent model to investigate the potential 
mitogenic activity of lipid metabolites since it 
allows biochemical analysis in individual cells. It 
is well established that DAG and phorbol esters 
can induce germinal vesicle breakdown (GVBD), 
a process similar to mitogenic induction of mam- 
malian cells [Varnold and Smith, 1990; Stith 
and Proctor, 19891. 

We show here evidence that the three most 
relevant phospholipases involved in the regula- 
tion of proliferation in mammalian cells (A2, C, 
and D) are efficient mitogens in the oocyte sys- 
tem. Furthermore, we have identified the spe- 
cific metabolites generated by these phospholi- 
pases with biological activity. Moreover, using 
specific PKC inhibitors we have been able to  
dissect different pathways for oocyte matura- 
tion induced by these mitogenic agents. 

METHODS 
Oocyte Maturation and Microinjection 

Stage VI oocytes were selected as previously 
described by manual dissection [Lacal, 19901. 
Series of 30-50 oocytes were either treated for 
hormonal induction of germinal vesicle break- 
down (GVBD) with 1 pgiml progesterone, 50 

pg/ml insulin, and 50 to 200 nM tetradecanoyl 
phorbol acetate (TPA) in Ringer’s buffer (100 
mM NaC1, 1.8 mM KC1, 2 mM MgCl,, 1 mM 
CaCl,, and 4 mM NaHC03, pH 7.8). GVBD was 
assessed following 16 h incubation at room tem- 
perature by the appearance of a white spot in 
the animal pole. Oocyte microinjection was per- 
formed as previously described [Lacal, 19901. 
Visual verification of nuclear vesicle breakdown 
was performed by splitting the oocytes after 
treatment with 16% trichloracetic acid. Matura- 
tion by microinjected enzymes was followed in a 
similar manner using 25 nl per oocyte of puri- 
fied enzyme solutions containing 1 unitiml of 
each enzyme in 20 mM MES buffer, pH 7.0. 

MPF Assays 

Analysis of oocytes maturation were per- 
formed by determination of the in vitro MPF 
activity essentially as follows: series of 20 oo- 
cytes were treated or microinjected with indi- 
cated compounds and then homogenized in a 
buffer containing 20 mM Hepes pH 7.0, 10 mM 
P-glycerophosphate, 5 mM EGTA, 5 mM MgCl,, 
50 mM NaF, 2 mM DTT, 100 pg/ml leupeptine, 
and 100 pM PMSF. Following centrifugation at 
1 3 , O O O g  for 15 min, extracts were assayed for 10 
min at  30°C in a final reaction volume of 50 ~1 
containing 20 mM Hepes, pH 7.0, 5 mM p-mer- 
captoethanol, 10 mM MgCl,, 10 pM y3,P-ATP 
(2-5 dpm-fmol), 0.2 kg of PKA inhibitor, and 1 
mgiml of type III-S calf thymus histone (Sigma 
Chemical Co., St. Louis, MO). Reactions were 
stopped by addition of PAGE-sample buffer, boil- 
ing, and then run in a 15% polyacrylamide gel 
electrophoresis (PAGE). Gels were dried and 
exposed 5 h at -70°C to an autoradiographic 
film. 

Assays for Phosphatidylcholine and 
Phosphatidylinositol Phospholipases 

The biochemical activity of commercially avail- 
able enzymes (Sigma Chemical Co., St. Louis, 
MO) were tested by microinjection into oocytes 
previously labeled in the presence of N-methyl- 
( 14C) choline or (3H)myo-inositol. After microin- 
jection with the indicated enzymes, oocytes were 
incubated for 30 min at room temperature, the 
reactions stopped by lysis, and samples kept on 
ice. Organic phases were extracted as previously 
indicated [Lacal, 19901, lyophilized, and resus- 
pended in 50 pl of chloroform. Choline deriva- 
tives were resolved by TLC in chloroform: ace- 
tone: methanol: acetic acid: H 2 0  (40:15:13:12:7, 
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TABLE I. Xenopus Zueuis Oocyte Maturation 
Induced by Hormone Treatment or 
Microinjection of Phospholipases* 

% GVBD 
Enzvme Ew. 1 E x ~ 2  

Control (untreated) 10 
BSA microinjected 11 
Insulin 35 
Progesterone 65 
TPA 100 
PLA, (from Apis mellifera) 94 
PC-PLD 
Type I (from cabbage) 68 
Type I1 (from peanut) 85 
Type V (from cabbage) 64 

Type VII (from Streptomyces sp.) 90 
PC-PLC 
Type I11 (from B. cereus) 50 

35 
Type XI (from B. cereus) nt 

Type VI (from Streptomyces) 95 

Type IX (from C. perfringens) 

5 
10 
40 
65 

100 
91 

nt 
100 
nt 
90 

100 

40 
30 
87 

“Oocytes were prepared as described in Experimental Proce- 
dures; 25 )LU of enzyme were microinjected per oocyte in a 
volume of 25 nl of 20 mM MES buffer. Treatments were 
carried out with 10 Fgiml insulin, 1 Fgiml progesterone, 
and 200 nM TPA. GVBD was analyzed 18 h after microinjec- 
tion by fixing in 10% TCA. nt, Not tested. 

V:V:V:V:V). Phosphatidyl-inositols were resolved 
by TLC on PEI plates pretreated with potas- 
sium oxalate (1%) in chloroform: methanol: am- 
monium hydroxide: H20 (45: 35: 2.5: 7.5). Plates 
were exposed to an X-ray film and the radioac- 
tive bands were quantitated by scratching the 
plate and performing scintillation counting. 

Note that all the experiments were performed 
at least three times with similar results to those 
included in this article. 

RESULTS 
Phospholipids Breakdown Induce CVBD 

A number of phospholipid metabolites have 
been proven capable of triggering off mitogenic 
signals in eukaryotic cells. In order to  analyze 
whether phospholipid metabolites are capable of 
inducing a mitogenic response in oocytes, we 
have first microinjected several phospholipases 
(PLs) from different origins and followed their 
ability to induce germinal vesicle breakdown 
(GVBD). Table I summarizes the results of such 
microinjection experiments using PLA2, PLC, 
and PLD enzymes. All phospholipases analyzed 
were able to induce oocyte maturation as deter- 
mined by the dissappearance of the germinal 

Fig. 1. Activation of the MPF-kinase complex by microinjec- 
tion of phospholipases into X. laevrs oocytes. Oocytes were 
selected and prepared as described in Methods and rnicroin- 
jected with 25 pdoocyte of each phospholipase, or 25 nl of 1 
mgirnl BSA as control. MPF assay was performed as described 
in Methods and run  in a 15% PACE. Arrow indicates the type 
Ill-S calf thymus histone (Sigma Chemical Co., St. Louis, MO). 

vesicle, with similar activities, although PLC 
was the less efficient for the amounts analyzed 
(25 pu/oocyte). As a negative control, microin- 
jected bovine serum albumin (BSA) was used in 
the assay, while treatment with well character- 
ized inducers of oocyte maturation such as insu- 
lin, phorbol esters, or progesterone were all pos- 
itive controls. Although direct comparison 
between these two systems, microinjection and 
treatment, cannot be made, a clear biological 
activity was observed. 

In order to  determine the specificity of the 
maturating signal and to validate our results 
with its biochemical analysis, phospholipases- 
induced maturation was also determined by acti- 
vation of the MPF through its ability to phos- 
phorylate in vitro histone Type I11 as described 
in Methods. As shown in Figure 1, the three 
phospholipases activated MPF kinase activity 
indicating that microinjection of phospholipases 
into oocytes induced efficiently GVBD through 
MPF in a similar way as other well-character- 
ized mitogenic factors. 

Phospholipase-Generated Metabolites 
Are Also Inducers of Oocytes Maturation 

The above results demonstrated that phospho- 
lipases (A2, C, and D) are biologically active 
when microinjected into oocytes. The most rea- 
sonable explanation to  account for these results 
is that PLs induced oocytes maturation by gen- 
erating known products of their respective enzy- 
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Fig. 2. In vivo specificity of PIA2, PLC, and PLD on PI and PC. Oocytes were microinjected with either 
(3H)myo-inositol or (I4C)choline and incubated for 18-20 h at room temperature. Then, oocytes were 
microinjected with 25 pu of PLA2, PLC, or PLD and incubated for 30  min at 20°C. At this time, oocytes 
were lyzed and processed for estimation of hydrolysis of PI or PC. Data represent dpm per microinjected 
unit of each enzyme. 

matic activities. In order to analyze specific me- 
tabolites generated by the hydrolysis of those 
phospholipids most likely involved in this proc- 
cess, we analyzed the specificity of each enzyme 
for either PI or PC, the two most likely candi- 
dates for generation of mitogenic signals. 00- 
cytes were labeled in the presence of either 
(3H)myo-inositol or (14C)choline for several 
hours, and then microinjected with 25 t~.u of 
selected PLA2, PLC, or PLD enzymes. Figure 2 
shows that none of the injected enzymes were 
specific for PI or PC, and therefore they gener- 
ated known metabolites indistintively from ei- 
ther PI or PC. 

Abundant literature has previously identified 
the products of each of the phospholipases inves- 
tigated in our study, such as lyso-PC, lyso-PI, 
and unsaturated fatty acids for PLA2 activity; 
PCho, inositol trisphosphates, and DAG for the 
PLC enzymes; and choline, inositol, and phos- 
phatidic acid (PA) as the PLD products [Pelech 
and Vance, 1989; Billah and Anthes, 1990; Ex- 
ton, 19901. All known products generated by the 
PLs used in our study were independently micro- 
injected into oocytes, and their biological activ- 
ity scored after 20 h of injection. Series of 30-50 
oocytes were either microinjected or treated with 
the known metabolites for each enzyme. Table 
I1 shows the results of these experiments, indi- 
cating that not all metabolites were active. 

Regarding the products of PLC and PLD, 
choline and PCho were inactive, suggesting that 

these metabolites may not have any relevant 
mitogenic function in this system. Similarly, 
inositol phosphates have been extensively inves- 
tigated by others with negative results [Stith 
and Maller, 1987; Stith and Proctor, 19891 and 
were not further investigated in our study. Satu- 
rated fatty acids were also completely inactive, 
but unsaturated fatty acids were weakly active, 
indicating that most fatty acids released by PLA2 
do not seem to be either important signaling 
mediators. However, arachidonic acid (AA) 
showed a potent biological activity, as well as 
phosphatidic acid (PA) and lyso-PC. In contrast, 
lyso-PI showed a weaker but still significant 
activity. OAG, a diacylglycerol (DAG) analogue 
capable of efficiently activating in vitro and in 
vivo protein kinase C [Nishizuka, 19921 showed 
a weak but significant activity which correlates 
with its biological activity in other systems such 
as stimulation of DNA-synthesis in murine fibro- 
blasts. Other DAGs such as dipalmitoil-, dimirys- 
toil-, and dihexanoil-glycerol showed different 
degrees of activity. As expected from previous 
studies, oocytes treated with TPA, a more stable 
PKC activator, showed a complete induction of 
GVBD in treated oocytes. 

Finally, the fact that lyso-PC and lyso-PI were 
also capable of efficiently inducing GVBD 
prompted us to  investigate whether these metab- 
olites were themselves biologically active or they 
required further modification to generate the 
actual active compounds. Both glycerophos- 
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TABLE 11. Induction of Xenopus Zaeuis Oocyte 
Maturation After Microinjection of the 
Products of Phospholipases-Mediated 

Phospholipid Hydrolysis? 

% GVBD 
Reagent 100 ng 200 ng 

Control (untreated) 10 10 
BSA 13 11 
PLA2 products 

Lyso-PC 66 74 

Unsat. fatty acidsa 27 20 Fig. 3. Activation of the MPF-kinase complex by phospholipid 
Lyso-PI 28 50 

metabolites capable of inducing GVBD. Oocytes were microin- 
Sat. fatty acidsb 5 10 jected with 200 ng/oocyte each of phosphatidic acid (PA), 
Arachidonic acid 80 90 arachidonic acid (AA), lyso-phosphatidyl-choline (lyso-PC), lyso- 

phosphatidyl-inositol (lyso-PI), or oleyl-acetyl-glycerol (OAG). 
Phosphorylcholine 7 14 After 12 h, oocytes were processed for MPF-kinase assay as 

PC-PLC products 
.~ 

OAG 39 33 
67 
40 
80 

Dipalmitoil-glygerol - 
Dimiry stoil-glygerol - 
Dihexanoil-glygerol - 

TPAc 80" loo** 

Cholined 15# 15## 
PC-PLD products 

Phosphatidic acid 39 80 

LYSO-PE - 
Others 

15 
Glycerophosphocholine 21 17 

tOocytes were prepared as described and microinjected with 
indicated amounts of each metabolite. 
"Unsaturated fatty acids contained equimolar amounts of 
oleic acid (lS:l), linoleic acid (18:2), and linolenic acid (18:3). 
bSaturated fatty acids contained equimolar concentrations 
of palmitic acid (16:0), stearic acid (18:9), arachidic acid 
(20:0), and behenic acid (220). 
'TPA treatment correspond to 100 nM (*I or 200 nM (**I. 
dCholine was tested at  10 mM (#I or 100 mM (##I. 

phorylcholine and saturated fatty acids, the prod- 
ucts of an attack by a putative phospholipase B 
(PLB) on lyso-PC, do not induce GVBD. More- 
over, lysophosphatidylethanolamine (lyso-PE) 
was also inactive, indicating a rather specific 
activity for the PC- and PI-generated lysophos- 
pholipids and further suggesting that lyso-PC 
and lyso-PI may be the actual active metabo- 
lites. 

Further characterization of the mitogenic ac- 
tivity of these metabolites was performed by 
analysis of their ability to induce MPF phosphor- 
ylation. As shown in Figure 3, all the active 
compounds were able to activate MPF kinase 
activity, supporting their role as important sec- 
ond messengers in the regulation of cell prolifer- 
ation. Thus, the above results demonstrate that 
a t  least one of the two directly generated prod- 
ucts from the phosphodiesteric attack on PC or 

described in Meihods. Samples were run in a 15% PAGE, d;ied, 
and exposed. Arrow at the right indicates the type Ill-S calf 
thymus histone (Sigma Chemical Co., St. Louis, MO). 

PI by either PLC, PLD, or PLA2 is a potent 
inducer of X. laevis oocytes maturation. 

Protein Kinase C Dependency of Mitogenic 
Activity of Phospholipases 

DAG as well as AA are potent activators of 
protein kinase C (PKC) either in vitro or in vivo 
[Nishizuka, 19921. Since DAG are critical cen- 
tral metabolites in the anabolic and catabolic 
pathways of most phospholipids, it was possible 
that the activity shown by the phospholipases- 
generated metabolites may be mediated by acti- 
vation of PKC. Thus we analysed the putative 
requirement of PKC for PLA2, PLC, and PLD 
mitogenic activity in the oocyte system. 

We first characterized the inhibitory effect of 
three different PKC inhibitors on the biological 
activity of TPA and several DAGs. Table 111 
shows that staurosporine was able to reduce the 
mitogenic activity of TPA, OAG, dipalmitoil-, 
dimirystoil-, and dihexanoil-glycerol to 43-60% 
of control oocytes treated with the inducers 
alone. GF 109203 X, a staurosporine analogue 
whose inhibitory action is mediated by its compe- 
tition with the ATP-binding site [Toullec et al., 
19911, was even more powerful with a reduction 
of 80-90% of their activity. Finally a synthetic 
peptide, which is a PKC-pseudosubstrate broadly 
utilized as a PKC inhibitor, was as efficient as 
staurosporine to block TPA and OAG activity. 
Thus known PKC inhibitors were able to inter- 
fere with oocyte maturation induced by either 
TPA or DAGs with similar efficiencies. 
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TABLE 111. Maturation of X. Zaeuis Oocytes 
Induced by Phorbol Esters and DAGs in the 

Presence of PKC Inhibitors* 

Product StaurosDorine PeDtide GF109203X 

TPA 
OAG 
DiPalm. 
DiMir. 
DiHex. 
PA 
AA 
LPC 
LPI 

50 
40 
57 

NT 
42 
89 

118 
135 
NT 

58 
35 

NT 
NT 
NT 
92 

100 
100 
94 

20 
20 
14 
14 

NT 
100 
130 
100 
NT 

*Oocytes were selected as described and microinjected with 
either 10 nM staurosporine or the PKC pseudosubstrate 
(0.2 Kgioocyte), or treated with 10 KM GF 109203 X. Oo- 
cytes were then microinjected with 200 ng of each of the 
indicated compounds or treated with 100 nM TPA. DiPalm, 
dipalmitoil-glycerol; DiMir., dimirystoil-glycerol; DiHex., di- 
hexanoil-glycerol; PA, phosphatidic acid; AA, araquidonic 
acid; LPC, Lyso-phosphatidylcholine; LPI, Lyso-phosphati- 
dylinositol. Data represents percentage of control, untreated 
oocytes, or oocytes microinjected with BSA. NT, not tested. 

These PKC inhibitors, allowed us to analyze 
the putative involvement of PKC in the biologi- 
cal activity of each phospholipase. Figure 4 shows 
that PLC was inhibited at a rate similar to that 
observed for TPA and synthetic DAGs. In con- 
trast, the mitogenic activity of PLA2 or PLD 
was unaffected by the three inhibitors analyzed. 
When the active products of type A2 or D phos- 
pholipases were analyzed (i.e., PA, lyso-PC, lyso- 

PI, or AA) they were insensitive to the action of 
PKC inhibitors (Table 111). These results indi- 
cate that PLC is dependent on PKC function, 
while PLA2 and PLD are completely indepen- 
dent of this enzymatic activity. 

Ionic Implications of Phospholipase Function 
in Xenopus laevis Oocytes 

Differential modulation of ion transport by 
mitogens or  differentiating factors leads to 
changes in the intracellular ionic concentra- 
tions. This effect has been postulated as an 
important early event in the regulation of cell 
growth and differentiation [Geering, 19861. In a 
variety of experimental systems, the Na+-K+/ 
ATPase are largely responsible for the mainte- 
nance of cellular Na+ and K+ homeostasis [Jor- 
gensen and Anderssen, 19881. Examples for the 
developmental modulation of Na+, K+, and Ca2+ 
currents via modulation of the Na+-K+/ATPase 
have been described in Xenopus laevis oocytes 
[O'Connor et al., 19771. Also, a functional corre- 
lation between PKC activation and regulation of 
the homeostasis of ionic fluxes has been estab- 
lished through regulation of the Na+-K+ / ATPase 
[Bertorello et al., 19911. Following the above 
reasoning, we have investigated the putative 
requirement of ionic fluxes for oocyte matura- 
tion induced by activation of PKC. In agreement 
with the above results, we observed that re- 
moval of K+ ions from the incubation medium 
drastically reduces the efficiency of oocyte matu- 

25. 0 I2O' 
L 

'0 100 
0 

80 - 1  L 

T P A  PLC 

10 nM Staurosporine 

peptide pseudosubstrate 

0 10 flMGF109203X 

PLD P L A - 2  PROGEST. 

Fig. 4. Effect of PKC inhibitors on oocyte maturation by phospholipases. Oocytes were treated with CF 
109203 X, or microinjected with staurosporine or the PKC-pseudosubstrate as indicated in Methods. After 
30 min, oocytes were either microinjected with 25 pu of PL42, PLC, or PLD, or treated with 100 nM TPA. 
CVBD was determined after overnight incubation at 20°C. Data represent percentage of control, untreated 
oocytes from one representative experiment. 
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TABLE IV. Maturation of X. laevis Oocytes by 
Different Phospholipases in the Absence of 

Potassium Ions* 

Ringer buffer 
Control -K+ % Inhibition 

- BSA 4 5 
200 nM TPA 100 30 70 
PLC 31 5 80 
PLD 100 100 0 
PLA 2 86 92 -5 

"Oocytes were treated with 200 nM TPA or microinjected 
with 25 ku of phospholipases or BSA (25 nl of 1 mgiml 
solution in Mes 20 mM pH 7.0) in Ringer's buffer with 
(control) or without potassium. Oocytes were evaluated 
after 18 h of incubation at 20°C by treatment with 16% TCA. 

ration induced by TPA (Table IV). As expected 
from previous studies indicating a functional 
substitution of K+ by Rb+ [Ledbetter and Lubin, 
19771, Rb+ addition to K+-depleted medium, 
completely reversed the inhibitory effect due to 
the absence of K+ (data not shown) Under these 
conditions of K+ removal, GVBD induced by 
microinjection of PLC was drastically reduced 
with an efficiency similar to that observed for 
treatment with TPA. In contrast, oocytes micro- 
injected with either PLA2 or PLD showed no 
reduction on their activity and were indepen- 
dent of K'. These results support the hypothe- 
sis that PLC requires PKC for its biologcal 
activity in this system, and that PLAB and PLD- 
dependent signals are not mediated by PKC. 

DISCUSSION 

Phospholipases are key enzymes responsible 
for the generation of important intracellular 
lipid metabolites and second messengers in- 
volved in the regulation of most relevant signal- 
ling processes in a large variety of cells. While 
PLC specific for phosphatidylinositol has been 
exhaustively investigated, much less informa- 
tion is available on the regulation and function 
of other phospholipases such as PLD and PLA2. 
We provide here evidence for the first time that 
the latter enzymes are also powerful biological 
effectors in the Xenopus Eaevis oocyte system, 
since microinjection of either PLA2, PLC, or 
PLD generated potent mitogenic signals which 
induce both activation of MPF and GVBD. 

Considering their lack of specificity, we were 
able to identify the biologically active com- 
pounds responsible for the mitogenic activity in 
each case. DAG seems to be the only direct 

PLC-generated metabolite with biological activ- 
ity, since phosphorylcholine was completely inac- 
tive, and inositol phosphates have been previ- 
ously shown noncapable to induce GVBD [Stith 
and MaIler, 1987; Stith and Proctor, 19891. This 
result also implies that Ca2+ may not have a role 
at all in the biological activity of microinjected 
PLC. 

PA is the only PLD-derived active metabolite, 
since choline and inositol are also negative. In 
contrast, PLAB seems to be capable of generat- 
ing a variety of potent biologically active metab- 
olites such as lysophospholipids and unsatur- 
ated fatty acids. Lyso-PC or lyso-PI were quite 
active, although lyso-PC seems to be much more 
powerful. Also, lyso-PA showed an important 
biological activity in this system (data not 
shown), which is reminiscent of its mitogenic 
effects on fibroblasts [van Corven et al., 19891. 
On the other hand, some of the fatty acids 
released by PLA2, such as AA, may also mediate 
important mitogenic signals. 

There is abundant evidence indicating the 
importance of DAG as a second messenger in- 
volved in the activation of PKC and the regula- 
tion of a large number of cell functions including 
cell growth and differentiation [Nishizuka, 1988, 
19921. Recent evidence strongly supports as well 
the putative role of PA in cell proliferation 
[Moolenaar et al., 19861. However, while DAG 
has a well-characterized mechanism of action as 
a PKC activator, it is not entirely understood 
how PA functions. One of the possibilities is 
that PA is further converted to DAG by a spe- 
cific PA-hydrolase, and therefore its biological 
function would be mediated also by activation of 
PKC [Billah and Anthes, 19901. Our results 
indicating that PLC and DAG depend on PKC 
function, but that PA is independent of this 
enzyme, suggest the existence of alternative 
pathways for PLC and PLD, and by extension of 
DAG and PA, respectively. However, we can not 
rule out entirely the possibility of some side 
effects of the inhibitors used on other intracellu- 
lar kinases. Also, some cross-talk among these 
pathways can exist, especially among those acti- 
vated by PLD and PLA2. In  any case, our results 
are consistent with the implication of PLC and 
PLD in regulatory events of intracellular mito- 
genic signalling. 

Regarding the products of PLAB action, very 
little is known about the biological function of 
lyso-PC or lyso-PI. Recently, it has been proven 
that lyso-PA may have specific receptors located 
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at  the cell membrane with tyrosine-kinase activ- 
ity [van der Bend, 19921. Thus, it is reasonable 
to speculate that lyso-PI and/or lyso-PC may 
follow a similar mecanism. On the other hand, 
arachidonic acid (AA) is the substrate for fur- 
ther convertion into thromboxanes, prostaglan- 
dins, and leukotrienes, all of them known power- 
ful inducers of biological responses. Since AA 
can be generated from either PI or PC molecules 
when hydrolyzed by PLA2 [Irvine, 19821, it could 
be possible that the biological function of PLAB 
after microinjection into oocytes could be re- 
lated to AA production. Our results clearly indi- 
cate that both kinds of metabolites generated by 
PLA2 (lyso-PLs and AA) are highly active. Thus, 
further research to clarify their precise mecha- 
nism of action will be an interesting issue to 
pursue. 

Microinjection of similar amounts of PLAB or 
PLD to those of PLC were more efficient for the 
induction of GVBD. This may be a reflection of a 
more powerful intacellular signaling cascade, or 
different efficiencies in their biochemical activi- 
ties after microinjection. However the latter 
seems not to be the case, since in vivo PLC was 
even more powerful than PLD for the hydrolysis 
of PI and PC under similar conditions. The 
more efficient induction of GVBD by PLAS and 
PLD was confirmed by the relative efficiency of 
their respective biologically active products since 
PA, AA, and lyso-PC are stronger maturating 
inducers than several DAGs analyzed. The lower 
mitogenicity of PLC or its only biologically ac- 
tive product, DAG, probably reflects the rapid 
intracellular metabolization of DAG, and there- 
fore its fast inactivation. 

It is interesting to observe that both PLC and 
all DAGs analyzed are efficiently inhibited by 
specific PKC inhibitors. Thus, their action seems 
to be mediated by PKC. As expected, a more 
stable PKC activator such as TPA, showed a 
complete induction of GVBD, supporting the 
above hypothesis. As previously reported by oth- 
ers [Garcia de Herreros et al., 19911, microinjec- 
tion of PC specific PLC is capable of inducing 
oocyte maturation. As far as we are concerned, 
PLC was nonspecific for PI or PC, even when 
the same source of enzyme was used. 

We report that the action of PLC seems to be 
dependent on endogenous PKC activity, since 
treatment with saturosporine, GF 109203 X, or 
a PKC-pseudosubstrate showed a 40-65% reduc- 
tion of PLC-induced maturation, an inhibition 
similar to that obtained on TPA. We have also 

provided evidence that activation of PKC by 
TPA requires K+ ions since incubation of the 
oocytes in the absence of K+ ions reduced the 
biological activity of both TPA, DAGs, and PLC 
microinjection. Thus, these results are consis- 
tent with the notion that PLC uses the PKC 
pathway through generation of DAG. In con- 
trast, none of the PKC inhibitors that efficiently 
inhibited TPA, DAGs, or PLC affected PLA2 or 
PLD activity. PLAS and PLD were also equally 
efficient in the presence or absence of K+ ions, 
suggesting that they follow an independent path- 
way to that used by PKC. 

The results showed in this study clearly dem- 
onstrate that PLC, PLAB, and PLD may have 
also an important regulatory role in the control 
of cell proliferation since the products generated 
by their bochemical activity are powerful induc- 
ers of GVBD. While PLC requires PKC for its 
activity, PLA2 and PLD follow PKC-indepen- 
dent mechanisms. Thus, the oocyte system is a 
powerful tool for the characterization of these 
enzymes and for the study of their possible 
implication in the alternative mitogenic path- 
ways found in eukaryotic cells. 
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