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Progesterone but not ras Requires MPF for In Vivo
Activation of MAPK and S6 Kil: MAPK Is an Essential
Conexion Point of Both Signaling Pathways
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Abstract Induction of mitosis in Xenopus laevis oocytes by hormones and the oncogenic ras-p21 protein has been
shown to correlate with a cascade of phosphorylations of the Ser/Thr family of kinases. However, the exact hierarchy of
enzymes and their mutual interdependency has not been fully elucidated yet. We have used the Xenopus faevis system
to investigate the mechanism of activation of the Ser/Thr kinases cascade and their relationship. Comparison between
progesterone-induced germinal vesicle breakdown (GVBD), a hallmark of mitosis in oocytes, to that triggered by
ras-p21, revealed the existence of at least two independent mechanisms to activate the MAP kinase enzyme in vivo.
While progesterone function is dependent of cdc2 protein kinase activity, ras-p21 is independent of this enzyme.
However, both progesterone and ras-p21 converge at the MAP kinase level, and depletion of MAP kinase activity
inhibits the GVBD and S6 kinase 1l activation induced by both progesterone and ras-p21. These results provides further
evidence that MAP kinase is a critical step for regulation of the cell cycle in oocytes and a critical point where ras and

progesterone signaling converge. o 1994 Wiley-Liss, Inc.
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Regulation of cell proliferation involves events
initiated at the plasma membrane that control
reentry into the cell cycle as well as intracellular
biochemical changes that direct the process of
cell division itself. Both of these aspects of cell
growth control can be studied in Xenopus oo-
cytes undergoing meiotic maturation in re-
sponse to mitogenic stimulation by hormones
and ras proteins [Maller, 1990; Jacobs, 1992].
Unlike most vertebrate somatic cells, which are
arrested at the GO phase, Xenopus oocytes are
arrested at the G2/M border of the first meiotic
prophase. Among several signals, progesterone
stimulation and injection of oncogenic ras pro-
teins seem to activate a preexisting factor de-
signed as pre-MPF (Maturation Promoting Fac-
tor) which is actually a complex of cyclin B and
the cdc2 protein kinase. As a consequence, after
activation of pre-MPF, resumption of the cell
cycle takes place [reviewed in Maller, 1990;
Nurse, 1990; Jacobs, 1992].
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Mammalian MAP Kkinase is a serine/threo-
nine kinase whose activation and phosphoryla-
tion on Tyr and Thr residues is rapidly induced
by a variety of mitogens [Ray and Sturgill, 1987;
Hoshi et al., 1988a,b; Ray and Sturgill, 1988;
Rossomando et al., 1989; Boulton et al., 1991].
This kinase is considered to have a critical role
in a network of protein kinases in mitogenic
signal transduction [Ray and Sturgill, 1987; Ho-
shiet al., 1988a,b; Ray and Sturgill, 1988; Rosso-
mando et al., 1989; Sturgill et al., 1988; Boulton
etal., 1991; Pagés et al., 1993]. Xenopus p42MAFK
is also a Ser/Thr kinase closely related to the
mammalian MAP kinase [Gotoh et al., 1991al.
It is phosphorylated on Tyr and Thr residues, a
mechanism for its activation which takes place
during entry into the M phase of the cell cycle in
Xenopus oocytes [Ferrel et al., 1991; Matsuda et
al., 1992].

In Xenopus, p42MAPK becomes Tyr phosphory-
lated during oocyte maturation concomitantly
with the dephosphorylation of cdc2 [Ferrel et
al., 1991). Moreover, p42MAPK ig activated after
microinjection of MPF into inmature oocytes,
and the addition of MPF to cell-free extracts of
interphase eggs can induce MAP kinase activa-
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tion via phosphorylation [Gotoh et al., 1991a].
Thus, MAP kinase is activated during the M
phase under the control of MPF and may consti-
tute part of the kinase cascade downstream of
MPF. Moreover, the interphase-M phase transi-
tion of microtubule dynamics can be induced in
vitro by addition of the purified M phase MAP
kinase to interphase extracts [Gotoh et al,
1991b]. However, Shibuya et al. [1992] and Itoh
et al. [1993] using extracts prepared from oo-
cytes arrested at interphase by cycloheximide
treatment, reported that the addition of ras-p21
to cell extracts induces activation of MAP ki-
nase. Thus, in vitro activation of p42MAFK in-
duced by ras occurs in the absence of cdc2 activa-
tion, since cycloheximide-treated oocytes contain
inactive MPF [Murray and Kirschner, 1989; Roy
et al., 1991]. Although p42MAPK jg activated by
ras both in vivo and in vitro, activation of MPF
in vitro has not been observed, and the normal
pathway for p42MAPK getivation in vivo is not clear.

In this report we show that oncogenic ras-p21
but not progesterone, activates p42MAPK in the
absence of MPF activity in vivo, suggesting a
MPF-independent pathway for activation of
p42MAPK during Xenopus laevis oocyte matura-
tion. Moreover, in vivo inhibition of p42MAPK
activity blocks S6 kinase (S6 KII) activation and
GVBD induced by both progesterone and ras
proteins.

METHODS
Oocyte Maturation and Microinjection

Stage VI oocytes were selected by manual
dissection. Series of 30~-50 oocytes were treated
for hormonal induction of maturation with 1
pg/ml progesterone in Ringer’s buffer (100 mM
Na(Cl, 1.8 mM KCl, 2 mM MgCl,, 1 mM CaCl,, 4
mM NaHCOj;, pH 7.8). Microinjection of 25 ng
of the ras-p21 protein was performed as previ-
ously described [Lacal, 1990]. After incubation
at 18-20°C in Ringer’s buffer for 18-20 h, oo-
cytes were lysed for biochemical characteriza-
tion or fixed in 16% TCA. Visual verification of
nuclear vesicle breakdown was performed by
open splitting the oocytes after fixation.

Protein Purification

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-
Jjected 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
(Bio-Rad, Munich, Germany) assay to determine
the activity of ras-p21. Fractions containing up to
95% purified ras-p21 were pooled and dialyzed
against 20 mM MES, pH 7.0, and the concentra-
tions were estimated by the Bradford assay system.

pl3suc was purified as described by Brizuela et
al. [1987]. Shortly, the E. coli line BL21.DE3
containing the pRK172.sucl* plasmid, a gener-
ous gift of Dr. S. Moreno, was grown in LB-
broth containing 100 wg/ml ampicilin, and p13s©
expression induced by 0.4 mM IPTG. The soluble
fraction of a 400 ml bacterial culture lyzed in
buffer (50 mM Tris-HCI, pH 8.0, 2 mM EDTA,
10% glycerol) was loaded on a 1.5 X 80 cm
Sepharose CL6B column and eluted in the same
buffer without glycerol, and increasing concen-
trations of NaCl to a final concentration of 500
mM. Two milliliter fractions were collected and
analyzed by SDS-PAGE. p13s was linked to
sheparose CNBr-4B according to the manufac-
turer (Pharmacia, Sweden).

MPF Assays

MPF assays were carried out with total ex-
tracts from series of ten oocytes treated with
progesterone or microinjected with ras-p21 pro-
teins. After incubation for 18-20 h ococytes were
homogeneized in buffer BLO containing 20 mM
Hepes, pH 7.0, 10 mM B-glycerophosphate, 5
mM EGTA, 5 mM MgCl,, 50 mM NaF, 2 mM
DTT, 10 pg/ml leupeptine, 25 wg/ml aprotinin,
and 100 .M PMSF. Following centrifugation at
13,000g for 15 min, extracts were assayed for 15
min at 30°C in a final reaction volume of 50 pl
containing 20 mM Hepes, pH 7.0, 5 mM B-mer-
captoethanol, 10 mM MgCl,, 100 uM v-32P-ATP
(2-5 dpm—fmol), 0.2 pg of PKA inhibitor, and 1
mg/ml of type III-S calf thymus histone (Sigma
Chemical Co., St. Louis, MO). Reactions were
stopped by addition of PAGE-sample buffer and
boiling for 5 min. Samples were run in a 15%
PAGE, dried and exposed at —70°C. The band
corresponding to H1 was excised from the gel
and counted in a scintillation counter.

Alternatively, MPF assay was also performed
after precipitation using pl3-sepharose beads.
In this case series of 20 oocytes were treated
with progesterone or microinjected with indi-
cated amounts of the ras-p21 protein. Oocytes
were lyzed in BLO, centrifuged at 13,000g and
the supernatant incubated for 2 h under con-
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stant rotation at 4°C with 50 pl of p13-sepha-
rose in a final volume of 1 ml. The p13-Sepha-
sore pellets were washed once with BLO and
twice with 20 mM Hepes, pH 7.0, 5 mM B-mer-
captoethanol, 10 mM MgCl,. The kinase assays
using the p13-Sepharose precipitates were per-
formed as described above for total extracts.

S$6 Kinase Assay

To determine S6 K11 activity in total extracts,
series of 20 oocytes were homogeneized in BLO
in a final volume of 200 pl. Extracts were centri-
fuged at 13,000 rpm 15 min and 30 ul of super-
natant were assayed with S6 KII substrate pep-
tide. The reaction mixture in a final volume of
50 pl, contained 250 pM rsk substrate peptide
(UBI), 50 mM glycerophosphate, pH 7.3, 7 mM
NaF, 0.3 mM EDTA, 150 nM MgCl,, 2 mM DTT,
50 uM 32P-yATP (3,000 Ci/mmol, Amersham,
Madrid, Spain), and 7 .M PKA inhibitor peptide
{Sigma Chemical Co., St. Louis, MO). The as-
says were incubated at 30°C for 20 min and
stopped with ice-cold TCA to a final concentra-
tion of 16% TCA. Samples were maintained 15
min at 4°C and centrifuged at 13,000 rpm for 15
min. The supernatants were spotted onto Wat-
man p81 phosphocellulose paper filters, washed
extensively with 1% ortophosphoric acid, and
once with 95% ethanol. The radioactivity re-
tained on the filters was quantified in a scintilla-
tion counter.

Chromatography of MAP K on Mono Q Column

Oocytes were lyzed in 50 mM B-glycerophos-
phate, pH 7.3, 1.5 mM EGTA, 1 mM DTT, 400
pM PMSF, 2 uM leupeptin, 25 pg/ml aprotinin,
5 mM NaPPi, and 1 mM NaF. Extracts were
centrifuged at 100,000g in a TL100 centrifuge
and filtered in 0.2 pm filters. Two milligrams of
total proteins were applied to Mono Q columns
that had been equilibrated in the same buffer
without NaF. The columns were washed in the
equilibrating buffer and proteins were eluted
with a linear gradient of NaCl (0 to 500 mM); 2
ml fractions were collected and assayed for pro-
tein kinase activity.

MAP K Assay

Oocyte extracts were prepared as indicated
above and 30 pl per fraction were assayed with
0.25 mg/ml MBP in 50 mM Tris, pH 7.4, 1 mM
DTT, 10 mM MgCl,, 50 uM 32P-yATP (3,000
Ci/mmol), and 2.5 uM PKA inhibitor in a final

volume of 50 pl. After 15 min at 30°C samples
were spotted onto Watman p81 phosphocellu-
lose paper filters, washed extensivelly with 1%
ortophosphoric acid, and once with 95% ethanol.
The radiactivity retained on the filters was quan-
tified in a scintillation counter. All results shown
are representatives from at least two indepen-
dent experiments.

RESULTS

Activation of Cell Cycle Kinases in Oocytes After
Stimulation by Progesterone and ras-p21

Mitogenic stimulation of Xenopus laevis oo-
cytes can be followed by monitoring post-trans-
lational modification of the key enzymes in-
volved in the process. Progesterone treatment
or ras-p21 microinjection induce similar overall
phosphorylation patterns of proteins [Maller and
Smith, 1985; Nebreda et al., 1993], suggesting
that both agents could activate a similar path-
way of intracellular events. Quiescent stage VI
oocytes contain inactive MPF which correlates
with its Tyr phosphorylated stage of cdc2 [re-
viewed in Maller, 1990; Nurse, 1990]. Upon
stimulation with progesterone or oncogenic ras,
dephosphorylation of cdc2, and activation of
MPF complex (Fig. 1A,B) take place. As a conse-
quence of MPF activation there is a burst in
phosphorylation of intracellular substrates.

p42MAPK gnd S6 KII are two of the best charac-
terized phosphorylated proteins after MPF acti-
vation [Maller, 1990]. After progesterone or ras-
p21l-induced stimulation, both p42MAPK and 56
KII become activated, as indicated respectively
by Tyr phosphorylation and a net shift on the
electrophoretic mobility observed in a SDS-
PAGE for p42MAPK (Fig. 1C) or phosphorylation
of the S6 KII (rsk) peptide substrate for S6
kinase II (Fig. 1D).

ras-Induced p42MAPK Activation Occurs in the
Absence of Protein Synthesis

Induction of Xenopus oocyte meiotic matura-
tion by hormones depends on protein synthesis
[Maller, 1990]. Microinjection of MPF can by-
pass this requirement, suggesting that protein
synthesis is actually needed for activation of
MPF. It has been recently shown that GVBD of
Xenopus oocytes does not require de novo cyclin
synthesis [Minshull et al., 1991]. In contrast,
synthesis of the mos proto-oncogene product, a
serine-threonine kinase, is necessary for initia-
tion of progesterone-induced GVBD [Sagata et
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Fig. 1. In vivo activation of MPF, p42MAPK ‘and S 6 K Il by
progesterone and ras-p21. A, B: Phosphorylation of H1 by MPF,
performed as described in Methods, was carried out after
progesterone treatment or ras-p21 protein microinjection, us-
ing either total oocyte extracts (A) or p13-agarose precipitates
(B). Unstimulated oocytes (C), oocytes treated with 1 ug/ml
progesterone (P) or oocytes microinjected with 25 ng of v-H-ras-
p21 (Ras). C: Activation of p42MAPK, measured as mobility shift
and Tyr phospohorylation. Total extracts of unstimulated (C),
progesterone treated (P) or ras-p21 microinjected oocytes (R),

al., 1988]. However, ras-p21 can induce meiotic
maturation and MPF activation independently
of endogenous mos [Daar et al., 1991], in agree-
ment with a previous report indicating that ras-
P21 can induce GVBD in cycloheximide (CHX)-
treated oocytes [Allende et al., 1988].

In the presence of CHX, both progesterone
and ras-p21 showed a reduced MPF activity
comparable to those of untreated oocytes (Fig.
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were run in a 10% PAGE, transfered to nitrocellulose and
incubated in the presence of an anti-MAP-kinase (polyclonal) or
anti-P-Tyr (monoclonal) antibodies, followed by a biotinilated
antirabbit or antimouse antibodies and the streptavidin-peroxi-
dase conjugated protein. Blots were revealed by the ECL system
(Amersham International, England). D: Phosphorylation of the
rsk substrate peptide in total cocyte extracts from unstimulated
oocytes (C), oocytes treated with 1 ug/mi progesterone (P), or
oocytes microinjected with 25 ng of v-H-ras-p21 (Ras).

2A). A similar result was obtained by the MPF
assay in pl3-agarose precipitates, since p13 spe-
cifically bind to cde2 protein kinase (Fig. 2B).
However, while in progesterone-treated oocytes
there is no detectable activation of p42MAFX jn
the absence of protein synthesis, oocytes micro-
injected with the ras-p21 protein showed p42MAPK
phoshorylated at Tyr residues and the shift in
mobility associated to activation of the p42MAPK
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Fig. 2. Effect of cycloheximide treatment in the in vivo activa-
tion of MPF and p42MAPK A B: MPF activity in total oocyte
extracts (A) and in p13-agarose precipitates (B). Oocytes were
treated with progesterone or microinjected with ras-p21 pro-
teins in the absence (W) or presence of 2 uM CHX (@). C:
Western blots from total extracts of oocytes treated (+) or not
(=) with 2 uM CHX. Western blots were performed as de-
scribed in the legend to Figure 1. C, untreated; P, Progesterone
1 ng/ml; Ras, 25 ng of v-H-ras-p21.

enzyme (Fig. 2C). These results suggest that
MPF activation is not necessary for activation of
p42MAPK induced by ras-p21 proteins.

To confirm further these results, a time course
of cdc2 protein kinase activity was performed
along with the determination of GVBD induced
after progesterone treatment or ras-p21 micro-
injection. Series of 20 oocytes/point were fol-
lowed for GVBD by TCA-fixation and micro-
scopic determination of the germinal vesicle. As
shown in Figure 3A, oocytes underwent maxi-
mal GVBD at around 10 h of progesterone addi-
tion or ras microinjection. However, while pro-
gesterone induced cdc2 protein kinase activation

was fully achieved at 6 h (Fig. 3B), ras-p21-
induced activation of this enzyme was achieved
at 12 h (Fig. 3C), after full GVBD incubation
was observed. These results indicate that in
progesterone-treated oocytes, the cdc2 protein
kinase was activated right before GVBD. By
contrast, in ras-p21l-injected oocytes, cdc2 pro-
tein kinase activation was observed after GVBD.

6-DMAP Inhibits MPF Both In Vitro and In Vivo,
but not ras-Induced p42MAPK Activation

6-DMAP (6 dimethyl-aminopurine) is a puro-
mycin analog that inhibits protein kinases but
which does not inhibit protein synthesis.
6-DMAP has been previously shown to be able to
block oocyte maturation in several species (pa-
tella, starfish, or mouse) and progesterone-
induced maturation of Xenopus oocytes [Neant
and Guerrier, 1988; Rime et al., 1989; Jessus et
al., 1991], probably by acting directly at the level
of MPF activation. Jessus et al. [1991] reported
that 6-DMAP inhibit maturation of X. laevis
oocytes induced by microinjection of active MPF.

We have analyzed the effect of 6-DMAP treat-
ment in Xenopus oocytes both in vitro and in
vivo. As shown in Figure 4A, indeed, 6-DMAP
inhibited the in vitro phosphorylation of H1 by
progesterone-activated extracts of Xenopus oo-
cytes. Thus, we then studied whether this inhibi-
tor had any effect on the in vivo activation of
MPF. Oocytes treated with 1 uM progesterone
or microinjected with ras-p21 were incubated
for 18-20 h in the presence of 0.5 mM 6-DMAP,
and then oocyte extracts were assayed for MPF
activity. As shown in Figure 4B and 4C, proges-
terone-treated and ras-p21 microinjected oo-
cytes showed a reduction of MPF activity to the
basal levels found in unstimulated oocytes. Thus,
6-DMAP also blocked the activation of MPF by
progesterone or ras-p21 in vivo.

Addition of cycloheximide (CHX) blocks activa-
tion of p42MAPK in vivo in progesterone-treated
but not in ras-injected oocytes (Fig. 2). This
result suggests that progesterone and ras may
use alternative pathways for induction of GVBD.
We have also used the cdc2 protein kinase inhibi-
tor 6-DMAP to study whether progesterone-
and ras-induced p42MAFPK activation require MPF
activity. Oocytes were treated with progesterone
or injected with ras-p21 and incubated in the
presence of the inhibitor. After 18-20 h of incu-
bation, oocyte extracts were run in 10% SDS-
PAGE, transfered to nitrocellulose paper, and
incubated with «-P-Tyr and «-MAPK antibod-
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Fig. 3. Correlation of MPF activation and GVBD induction. A:
GVBD was analyzed as described in Methods at the indicated
times after treatment with (O) progesterone (1 ug/mi) or
microinjection of ras-p21 protein (@) (25 ng/oocyte). B,C:
Phosphorylation of H1 by MPF, performed as described in

ies. Under the presence of 6-DMAP, progester-
one-treated oocytes showed no p42MAPK phos-
phorylated in Tyr and showed no shift of mobility
(Fig. 4D). However, in ras-p21 injected oocytes,
p42MAPK was phosphorylated at Tyr and showed
a mobility shift even in the presence of the
inhibitor. Thus, the ras-p21 protein does not
require active MPF to bring the mitogenic signal
up to the p42MAPK gtep,

Inhibition of p42MAPX by 2-Aminopurine Blocks
Progesterone and ras induced GVBD

The purine analog 2-aminopurine (2-AP) has
been described as a rather selective inhibitor
of certain growth factors-activated protein ki-
nases [Volonté et al., 1989; Tsao and Greene,

Material and Methods, was carried out at indicated times after
progesterone treatment (B) or ras-p21 protein microinjection
(C), using total oocyte extracts. Unstimulated oocytes (C),
oocytes treated with 1 ug/ml progesterone or oocytes microin-
jected with 25 ng of v-H-ras-p21.

1991]. Moreover, Qiu and Green [1992] have
recently shown that 2-AP is a potent inhibitor of
the myelin basic protein kinase activity of p44
ERK 1 in PC12 cells, and that inhibition of
MAP K activity blocks the neurite outgrowth
induced by the oncogenic N-ras in the dexa-
methasone-inducible cell line, UR61 [Qiu and
Green, 1992].

We have investigated the effect of 2-AP treat-
ment on the signaling pathways of Xenopus
laevis oocytes after activation by either proges-
terone or ras proteins. As shown in Figure 54,
incubation with 10 mM 2-AP previous to proges-
terone treatment or ras-p21 microinjection
blocks the mobility shift of p42MAPK and its Tyr
phosphorylation, an indication of the inhibition
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Fig. 5. Effect of 2-aminopurine treatment in the in vivo activa-

tion of MPF and p42MAPK A: Gel electrophoresis mobility
(upper panel) and tyrosine phosphorylation state (lower panel)
of p42MAPK after progesterone or ras-stimulation, in the pres-
ence (+) or absence (-) of 10 mM 2-AP Western blots from
total oocyte extracts were performed as described in the legend
to Figure 1. C, untreated; P, Progesterone 1 ng/ml; Ras, 25 ng
of v-H-ras-p21. B: Analysis of MAP kinase activity after partial
purification of the enzyme by chromatography on a Mono-Q
column. Oocytes treated (@) or not (O) with 10 mM 2-AP were
microinjected with 25 ng of v-H-ras-p21; 20 h after microinjec-
tion, oocytes were homogenized and processed as described in
Methods, and fractions assayed for MAP kinase activity with
MBP as substrate.

of the p42MAPK getivity. Moreover, 2-AP treat-
ment blocks the increase in MAP K activity
induced by microinjected ras-p21 protein ana-
lyzed by purification on Mono Q columns (Fig.
5B), confirming the full inhibition of ras-in-
duced p42MAFK activity by this drug.

Inhibition of ras- and progesterone-induced
p42MAPK getivation by 2-AP leads to inhibition of
GVBD in Xenopus oocytes (Fig. 6). However,
inhibition of MPF activity by CHX only blocks

Fig. 4. Effect of 6-DMAP treatment on the in vivo activation of
MPF and p42MAPK_A: MPF activity was analyzed as in vitro as
described in Methods under the presence (+) or absence (—) of
0.5 mM 6-DMAP after treatment with 1 pg/ml progesterone.
B,C: MPF activity in total oocyte extracts (B) and p13-agarose
precipitates (C). Control, untreated oocytes (M) and oocytes
treated with 0.5 mM 6-DMAP (#). D: Gel electrophoresis
mobility and tyrosine phosphorylation state of p42MAPK after
progesterone or ras-stimulation. Western blots from total ex-
tracts of oocytes treated (+) or not (~) with 0.5 mM 6-DMAP
were performed as described in the legend to Figure 1. C,
untreated; P, Progesterone 1 ng/ml; Ras, 25 ng of v-H-ras-p21.
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Fig. 6. Lack of effect of 2-aminopurine in the biological activity
of phospholipase A2. Oocytes were microinjected with either
25 wU of PLA2 or 25 ng of ras-p21 protein, or treated with 1
pg/ml of progesterone. Data represent percentage of oocyte
maturation measured as GVBD at 20 h of treatment. Oocytes
were either incubated in Ringer's buffer alone (l), or in Ringer’s
buffer containing 2 pM CHX (&) or 10 mM 2-AP (00). The
results shown are the average from three independent experi-
ments. Bars indicate the standart desviation of the three experi-
ments.

progesterone- but not ras-induced GVBD. Since
CHX treatment blocks efficiently the cdc2 pro-
tein kinase activation, these results indicate that
in vivo, ras-p21 requires active MAP K but not
active cdc2 protein kinase for induction of GVBD
of X. laevis oocytes. In contrast, progesterone
requires protein synthesis, as well as MPF and
MAP kinase activation.

We have analyzed the sensitivity to 2-AP treat-
ment of a variety of agents able to induce GVBD
to eliminate the possibility of a nonspecific ef-
fect. We have previously reported that a number
of phospholipases and lipid metabolites can in-
duce oocyte maturation [Carnero and Lacal,
1993]. Among these, we have found that oocyte
maturation induced by microinjection of phos-
pholipase A2 is insensitive to 2-AP treatment
(Fig. 6), excluding nonspecific or toxic effects of
this drug.

Inhibition of MAP K by 2-AP Blocks ras- and
Progesterone-Induced $6 Kinase Il Activation

Phosphorylation of the ribosomal S6 protein
is one of the common biochemical events for all
known oocyte maturation inducers. In Xenopus
{aevis oocytes, phosphorylation of the S6 is car-
ried out by the S6 Kinase II (S6KII), the Xeno-
pus homologue of mammalian rsk [Erikson,
1991]. This enzyme is activated by phosphoryla-
tion on Ser and Thr residues by p42MAPK, This
process is one of the last known events in the

rsk substrate peptide

Fig. 7. Effect of inhibition of MPF or p42MA™ on S6 kinase
activity. Oocytes were treated with 1 pg/ml of progesterone
(P), or microinjected with 25 ng of v-H-ras-p21 (Ras) or were
left untreated (U) in the presence of CHX (A) or 2-AP (B).
Ringer’s buffer alone (M), in Ringer’s buffer containing 2 pM
CHX ({3) or 10 mM 2-AP ().

kinase pathway that leads to the reentry into
mitosis in oocytes [Maller, 1990].

We have studied whether S6 KII activation in
oocytes after stimulation with both progester-
one or microinjection with the ras-p21 protein
follow similar pathways by using the CHX and
2-AP inhibitors. As shown in Figure 7A, when
oocytes were treated with CHX and then stimu-
lated with progesterone, no activation of the S6
KII enzyme could be detected, indicating that S6
KII activation requires protein synthesis. In con-
trast, when the oocytes were microinjected with
the ras-p21 protein, the S6 KII enzymatic activ-
ity could be detected at a similar rate as that of
control, CHX-untreated oocytes. These results
indicate that S6 KII activation induced by ras
follows an independent route to that followed by
progesterone induction. In addition, ras-medi-
ated activation of S6 KII does not require pro-
tein synthesis or MPF, since CHX-treated oo-
cytes have been shown previously to lack MPF
activity.

When oocytes were treated with the MAP
kinase inhibitor 2-AP, and then stimulated with
progesterone, a complete inhibition of S6 KII
activity was observed (Fig. 7B), indicating that
S6 KII activation by progesterone is dependent
on MAP kinase activity. Similar results were
also observed in ras-microinjected oocytes, indi-
cating that ras-induced activation of S6 KII is
also mediated by the MAP kinase.

DISCUSSION

Protein phosphorylation appears to play a piv-
otal role in the regulation of cell cycle progres-
sion during meiosis and mitosis. During meiotic
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maturation of X. laevis oocytes there is a burst
in net protein phosphorylation prior to germinal
vesicle breakdown (GVBD), the hallmark of the
mitosis I transition [Tsao, 1985]. During GVBD,
activation of MPF and a complex network of
phosphorylation at both Tyr and Ser/Thr resi-
dues can be detected [Ferrell et al., 1991; Barret
et al., 1990; Daar et al., 1991; Pomerance et al.,
1992]. Although there has been intensive re-
search in this process during the last few years,
a clear picture of the cascade of events involved
in the regulation of this mitogenic pathway has
not emerged. Both progesterone and oncogenic
ras-p21 proteins induce GVBD [Birchmeier et
al., 1985]. As a model, we have studied the
mechanism of phosphorylation induced by the
oncogenic ras-p21 protein and compared the
cascade of alterations to that of progesterone.

In X. laevis oocytes, both progesterone and
oncogenic ras-p21 activate MPF through a path-
way dependent on protein synthesis, since CHX
treatment prevents MPF activation (Fig. 2). The
Mos protein kinase is one of the best character-
ized proteins involved in this pathway that needs
to be synthesized de novo [Sagata et al., 1988].
Previous reports have shown that progesterone
but not ras needs Mos protein for induction of
GVBD and for MPF activation [Daar et al.,
1991]. This result suggests that other protein/s
different to Mos is/are implicated in ras-induced
MPF activation.

We have shown in this study that ras microin-
jection can induce MAPK activation and GVBD
in the absence of MPF activity. GVBD occurs
during mitosis I, and MPF can be activated both
in mitosis I and in mitosis II, before and after
GVBD takes place. Our results suggest that the
H1 kinase activity observed in ras-injected oo-
cytes is associated with mitosis II rather than to
the induction of GVBD. Abundant evidence indi-
cates that MPF is inactivated during the M
phase of mitosis I, through degradation of cyclin
B [Nurse, 1990; Jacobs, 1992}. Furthermore, it
has been shown that CHX blocks progression to
mitosis II even in the presence of the active Mos
protein, indicating the involvement of another
protein for mitosis II [Yew et al., 1992]. In fact,
resynthesis of cyclin B is the only requirement
for MPF activity during mitosis II, since the
cdc2 protein kinase, the other component of the
MPF factor, is present through both mitosis I
and mitosis IT [Murray and Kirschner, 1989].
Thus, a first round of MPF activation takes
place by activation of Mos (around 2 h of proges-

terone addition), and cyclin B then becomes
degraded during the M phase transition (around
10-12 h of progesterone addition), leading to
GVBD and completion of the first mitosis. Mito-
sts II can only proceed after resynthesis of cyclin
B, which will activate MPF again and terminate
the maturation process.

The differential effect of CHX treatment on
the in vivo activation of p42MAPK mediated by
progesterone or ras-p21 suggests that they use
different pathways. Indeed, CHX treatment not
only inhibits de novo synthesis of Mos and MPF
activation but also inhibits p42MAPK activation
by progesterone. In contrast, we provide evi-
dence that activation of p42MAPK induced by
ras-p21 is independent of protein synthesis and
MPF' activity. Moreover, biological activity of
ras, measured by its ability to induce GVBD, is
not affected by CHX treatment. In fact, we show
that GVBD takes place before activation of the
cdc2 protein kinase, in agreement with recent
observations by others [Nebreda et al., 1993].
Finally, we also present evidence that MPF is
not necessary for ras-induced p42MAPK and S6
KII activation in vivo. These results are in full
agreement with recent observations that MPF-
induced activation of MAPK is achieved by a
novel MAPK activator [Matsuda et al., 1992]
and that ras-p21 can induce the in vitro activa-
tion of MAPK in a MPF-independent manner
[Shibuya et al., 1992; Itoh et al., 1993].

S6 phosphorylation is a common event to all
known inducers of Xenopus laevis oocyte matu-
ration, mostly mediated by activation of the S6
KII [Erikson, 1991]. Thus, it is used as a bio-
chemical marker for GVBD. In the present study,
we show that inhibition of MPF blocks S6 KII
activation under progesterone treatment, but
not by microinjection of oncogenic ras-p21, con-
firming the existence of different pathways for
ras and progesterone maturation.

We have observed that activation of p42MAPK
seems to be essential to induce GVBD by both
progesterone and ras-p21 pathways. This idea is
supported by the fact that inhibition of p42MAFK
by 2-AP blocked oocyte maturation by both pro-
gesterone and ras-p21, but had no effect on
PLA2-induced GVBD. Furthermore, inhibition
of p42MAPK 3150 blocked S6 KII activation in both
pathways, most likely due to the fact that S6
kinase is phosphorylated and activated by
p42MAPK [Sturgill et al., 1988]. These results are
also supported by recent evidence indicating that
in specific cell types, inhibition of p42MAPX and
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p44MAPK blocks proliferation of somatic cells in-
duced by growth factors [Pagés et al., 1993].
Microinjection of either the Mos protein or
active MPF into oocytes induces activation of
p42MAPK [Pogada et al., 1993; Ferrel et al., 1991;
Gotoh et al., 1991a]. Mos-mediated activation of
MPF is probably mediated by cyclin B, since this
protein is a substrate for the Mos protein kinase
[Roy et al., 1990], suggesting the existence of a
linear pathway Mos — MPF — MAPK. How-
ever, other alternatives may also coexist, since
recent evidence indicates that the Raf-1 kinase
is necessary for ras-induced GVBD and MAPK
activation [Fabian et al., 1993], and Mos can
also activate MAPK in vitro by phosphorylation
of the MAP kinase kinase, Mek [Posada et al.,
1993; Nebreda and Hunt, 1993]. These results,
along with those demonstrating a physical inter-
action between ras-p21 and Raf-1 in mamma-
lian cells and yeast [Moodie et al., 1993; Zhang
et al., 1993; Vojtek et al., 1993; Warne et al.,
1993], suggest another independent linear path-
way to activate MAPK such as Ras — Raf-1 —
MAPK. These results suggest that MAP kinase
may be a universal step for cell cycle regulation.
However we have shown that MAPK is not the
only crosspoint for GVBD in Xenopus laevis
oocytes since we have observed GVBD in the
absence of MAPK activity by microinjection of
PLA2. Furthermore, this result implies that

Progesterone ____,. mos

CHX

6-DMAP

2-AP may be an important tool to unveal MAPK-
independent pathways in this system.

The results obtained after in vivo treatment
with CHX, 6-DMAP, and 2-AP lead us to con-
sider the model described in Figure 8. Progester-
one seems to follow a linear pathway for induc-
tion of GVBD, with the sequential activation of
Mos, MPF, and p42MAFX, Both MPF and p42MAPK
activation by progesterone are sensitive to CHX,
most likely by inhibition of the synthesis of Mos.
In contrast, ras-p21 may be involved in an alter-
native pathway since GVBD preceeds MPF acti-
vation. The late activation of MPF induced by
ras-p21 is sensitive to CHX. It is achieved
through a protein that needs de novo protein
synthesis, and this is taking place most likely
during MPF activation of mitosis 11, which re-
quires cyclin B synthesis. Inhibition of this
branch by CHX would allow ras to induce GVBD
by an alternative pathway to that used by proges-
terone, involving a cascade of different kinases
such as Raf-1 and/or Mek, which also leads to
p42MAPK getivation.

Our results with 6-DMAP treatment indicate
that MPF activity is required for progesterone-
induced but not for ras-induced p42MAPK getiva-
tion. However, 6-DMAP blocked GVBD induced
by either progesterone or ras (data not shown),
suggesting that this drug may affect either MAP
kinase itself or other kinase(s) essential for

Ras

Raf-1
S6 Kil

v /

MEKs 4 MAPK __, GVBD

-AP

Fig. 8. Suggested model for progesterone and ras-dependent signalling pathways during oocyte matura-

tion. See text for details.
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GVBD, in agreement with the alternative path-
ways described for ras [Shibuya et al., 1992;
Itoh et al., 1993]. We have also observed that,
similar to the results with 2-AP, PLA,-induced
GVBD is insensitive to 6-DMAP (data not
shown), suggesting that neither of these two
drugs is toxic to the oocytes. This could be
explained considering the recent observation that
p42MAPK phosphorylates and activates PLA,, sug-
gesting that PLA, is placed downstream to
p42MAPK [Tin et al., 1993]. Furthermore, we
have recently published that generation of lipid
metabolites by PLA2 (araquidonic acid, Lyso-
PC, and Lyso-PI) are potent biological agents in
this system. Thus, further characterization of
the signaling pathways used by these lipid me-
tabolites will be essential to define more pre-
cisely all the components involved in the regula-
tion of the cell cycle. The results presented in
our study indicate that p42MAPK can be consid-
ered as an essential convergence point between
progesterone and ras pathways in the oocyte
system. Whether MAPK activation is the only
requirement to achieve GVBD or not is still an
important issue to be investigated. Qur study
suggest the existence of at least one alternative
pathway.
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