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Abstract Purpose: We have previously found that
microinjection of activated MEK (mitogen activated
kinase kinase) and ERK (mitogen-activated protein;
MAP kinase) fails to induce oocyte maturation, but that
maturation, induced by oncogenic ras-p21 and insulin-
activated cell ras-p21, is blocked by peptides from the
ras-binding domain of raf. We also found that jun kinase
(JNK), on the stress-activated protein (SAP) pathway,
which is critical to the oncogenic ras-p21 signal trans-
duction pathway, is a strong inducer of oocyte matura-
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tion. Our purpose in this study was to determine the role
of the raf~-MEK-MAP kinase pathway in oocyte matu-
ration and how it interacts with JNK from the SAP
pathway. Methods: We microinjected raf dominant
negative mutant mRNA (DN-raf) and the MAP kinase-
specific phosphatase, MKP-T4, either together with
oncogenic p21 or c-raf mRNA, into oocytes or into
oocytes incubated with insulin to determine the effects of
these raf~-MEK-MAP kinase pathway inhibitors. Re-
sults: We found that oocyte maturation induced by both
oncogenic and activated normal p21 is inhibited by both
DN-raf and by MKP-T4. The latter more strongly
blocks the oncogenic pathway. Also an mRNA encoding
a constitutively activated MEK strongly induces oocyte
maturation that is not inhibited by DN-raf or by MKP-
T4. Surprisingly, we found that oocyte maturation
induced by JNK is blocked both by DN-raf'and MKP-
T4. Furthermore, we discovered that c-raf induces oo-
cyte maturation that is inhibited by glutathione-S-
transferase (GST), which we have found to be a potent
and selective inhibitor of INK. Conclusion: We conclude
that there is a strong reciprocal interaction between the
SAP pathway involving JNK and the raf~-MEK-MAP
kinase pathway and that oncogenic ras-p2l can be
preferentially inhibited by MAP kinase inhibitors. The
results imply that blockade of both MAP kinase and
JNK-oncogenic ras-p21 interactions may constitute
selective synergistic combination chemotherapy against
oncogenic ras- induced tumors.

Key words Oncogenic ras-p21 - Oocyte maturation -
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Introduction

Oncogenic ras-p21 proteins and their activated normal
counterpart protein initiate signal transduction cascades
that result in cell growth and proliferation [1]. In stage
VI metaphase-arrested Xenopus laevis oocytes, microin-
jection of oncogenic, but not normal, p21 induces the
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second meiotic division, resulting in oocyte maturation
[2]. Insulin induces oocyte maturation by induction of
cellular ras-p21, since the insulin effect can be completely
blocked by microinjection of the inactivating anti-p21
monoclonal antibody, Y13-259 [3].

Both normal and oncogenic ras-p21 proteins require
membrane insertion via addition of a farnesyl moiety
to the SH-group of Cys 186 [4, 5]. Activation of normal
p21 is dependent on the binding of GTP in place of
GDP promoted by the exchange protein, SOS [6], and
is regulated by GTPase activating protein (GAP) [7].
Both proteins bind to and activate the raf-p74 protein
that activates a mitogen-activated protein (MAP) kin-
ase cascade, in which direct activation of MEK results
in downstream activation of MAP kinases ERK1 and
ERK?2 which are involved in activation of the nuclear
transcription factor, fos [8, 9]. Microinjecting activated
MEK and MAP kinase proteins into oocytes results in
no maturation [10], raising the question of the role
of the raf-MEK-MAP kinase pathway in oocyte
maturation.

Subsequent to membrane insertion, oncogenic and
normal proteins induce signal transduction pathways
that overlap but are distinct from one another [11], as
evidenced in part by the selective inhibition of oncogenic
p21 versus insulin-activated normal p21 in induction of
oocyte maturation [11]. We have found that small mol-
ecule inhibitors of p21, such as the agent azatyrosine,
selectively block oocyte maturation induced by micro-
injected oncogenic p21 [11]. Microinjection of the se-
lective protein kinase C (PKC) inhibitor, CGP 41 251, a
staurosporine derivative, but not its inactive homolog,
CGP 42 700, strongly inhibits oncogenic p21, but only
weakly inhibits insulin-induced oocyte maturation [12,
13]. Since microinjection of PKC induces oocyte matu-
ration that cannot be inhibited by Y13-259, but onco-
genic p21 induces oocyte maturation that is inhibited by
CGP 41 251, we concluded that PKC is a required
downstream element on the oncogenic ras-p21 signal
transduction pathway [11, 12].

In molecular modeling studies [14, 15, 16], we found
that there are regions of the average structures of on-
cogenic forms of p21 that differ significantly in tertiary
structure from that of the corresponding regions of the
average structure of the normal protein. Peptides cor-
responding to these regions, in particular p21 peptides
35-47 (corresponding to an effector domain involved in
binding to GAP and raf [7, 8]), 96-110, and 115-126,
block oncogenic p21 protein-induced oocyte maturation
but only minimally inhibit insulin-induced oocyte mat-
uration [11]. Thus these peptides selectively block on-
cogenic p2l, but not activated normal p2l-induced
oocyte maturation.

We found that oncogenic ras-p21 binds in vitro to the
nuclear transcriptional activation protein, jun, and its
activating kinase, jun N-terminal kinase (JNK) with
higher affinities than its normal counterpart protein [17,
18]. INK is a stress-activated protein (SAP) normally
activated by the upstream kinases, MEKK, MEK4, and

MEK?7 in response to such stimuli as UV light, oxidative
stress, and osmotic shock [19]. Microinjection of either
JNK or jun into oocytes induces oocyte maturation
[20, 21], in contrast to MEK and MAP kinase, neither of
which produces this effect [10].

In the in vitro assays, we found that the two in-
hibitory ras-p21 peptides, 96-110 and 115-126, strongly
block the binding of p21 to JNK in vitro [17, 18]. The
dose-response curve for inhibition of the 96-110 pep-
tide of oncogenic p2l-induced oocyte maturation su-
perimposes on the inhibition curve for the binding of
oncogenic p21 to JNK [22], suggesting that this peptide
blocks oncogenic p21l-induced maturation by inhibiting
the binding of p21 to JNK. Since neither peptide
blocks insulin-induced oocyte maturation and
since both completely block oncogenic p2l-induced
maturation, we concluded that oncogenic but not
activated normal p21 requires a direct interaction with
JNK /jun.

In further support of this conclusion, we have iden-
tified a specific protein inhibitor of JNK, that binds with
high affinity to the JNK-jun complex and whose
sequence is identical to that for the = isozyme of gluta-
thione-S-transferase (GST-n) [23]. This protein blocks
JNK-induced activating phosphorylation of jun but has
no effect on a number of different kinases including
MAP kinase, PKA, src, PKC, and CKII [23]. We have
found that GST blocks oncogenic p21-induced matura-
tion but has no effect on insulin-induced oocyte matu-
ration [21, 24], further suggesting that oncogenic p2l
induces maturation by a JNK/jun-dependent pathway
not required by activated normal p21 [21, 24].

Since PKC and JNK each induce rapid oocyte mat-
uration and are required for oncogenic p2l-induced
oocyte maturation, we investigated the interrelationship
of these two proteins on the ras-p21 signal transduction
pathway [25]. CGP 41 251, which blocks PKC-induced
oocyte maturation, also blocks JNK-induced matura-
tion; GST, which blocks JNK-induced oocyte matura-
tion, also blocks PKC-induced maturation [25]. These
proteins therefore appear to be interdependent in the
induction of maturation [25]. Based on molecular dy-
namics modeling studies of p21 bound to the ras-binding
domain (RBD) of raf, we identified three regions of the
RBD (residues 62-76, 97-110, and 111-121), which are
candidates for being effector loops of the protein [26].
We have synthesized peptides corresponding to these
regions and found that all three strongly block both
oncogenic p21- and insulin-induced oocyte maturation
[27], suggesting that raf-p74 is a common target for both
oncogenic and activated normal p2l proteins. Since
JNK, jun, and PKC are all essential proteins on the
oncogenic p2l signal transduction pathway, we now
explore the relationship of these proteins to raf and its
target kinase, MEK. In view of our previous findings
that neither activated MEK nor MAP kinase induces
oocyte maturation, we also re-examine the role of the
MAP kinase pathway in oncogenic ras-induced oocyte
maturation.



Materials and methods

Proteins

Val 12-Ha-ras-p21 and the normal Gly 12-p21 proteins were
overexpressed in E. coli using the pGH-L9 expression vector con-
taining the chemically synthesized Ha-ras gene, as previously
described [28]. Protein kinase C, beta isoform, was purchased from
Upstate Biotechnology (Lake Placid, N.Y.) and used directly.
Jun-N-terminal kinase (JNK1) was prepared by overexpression of
the pGEX-JNK vector in E. coli as described previously [17]. The
GST-JNK fusion protein was further purified on glutathione
affinity columns as described previously. Insulin and glutathione-
S-transferase, purified on a glutathione affinity column, were both
purchased from Sigma (St. Louis, Mo., USA).

Peptides, protein kinase C inhibitors, and mRNA constructs

The ras peptide (96-110) and the three raf peptides (62-76),
(97-110), and (111-121) from the ras binding domain, as well as the
control peptide from cytochrome P-450 called X13, were prepared
using solid-phase synthesis. All peptides were purified using HPLC,
such that the purity was >99% [27]. A specific PKC inhibitor,
CGP 41 251 and its inactive analog, CGP 42 700, were both
obtained as gifts from Novartis Pharma (Basel, Switzerland).
Dominant negative (DN) ras-p21 (encoding [Asn'’]Ha-ras) was
prepared as described in [29]. Construction of both c-raf'and DN-
raf cDNAs was performed using pBluescript 11 SK(+) vector [29].
Each construct was then linearized and transcribed using an in vitro
transcription kit (Ambion, Austin, Tex., USA). Constitutively ac-
tive MEK and MAP kinase-specific phosphatase (MKP-T4) were
prepared as described previously [30]. The cDNAs for both were
sub-cloned into transcription vectors and were then transcribed
with SP6 or T7 RNA polymerase [30]. The control mRNA for
p-galactosidase was obtained as described previously [25].

Oocyte microinjection

Oocytes were obtained from X. laevis frogs from Connecticut
Valley Biological (Southhampton, Mass., USA) as described pre-
viously [11]. All microinjection experiments were performed at least
six times on 30 oocytes, prepared from collagenase-digested ovar-
ian follicles, which were then incubated at 19 °C for 12-24 h.
Microinjected oocytes were incubated in Barth’s medium or Barth’s
medium containing insulin, present at a concentration of 10 pg/ml,
for 36 h at 19 °C. Oocyte maturation was determined by observing
germinal vesicle breakdown (GVBD). The proteins [V* '*|Ha-
ras-p21, INK, PKC-f, and the mRNA for c-raf, MEK, and MAP
kinase phosphatase were all injected alone or co-injected with an-
other protein, peptide or mRNA encoding a protein. Negative
controls included f-Gal mRNA and the X-13 peptide, which
corresponds to a segment of cytochrome P-450 [21].

Results

As shown in Fig. 1A, dominant negative (DN-) raf
strongly inhibited maturation induced by both onco-
genic p21 and insulin. Injection of the specific inacti-
vating MAP kinase phosphatase, MKP-T4, also blocked
maturation induced by oncogenic p21 and insulin but, as
shown in Fig. 1A, caused a twofold increase in inhibi-
tion of oncogenic p21, compared with that found for
insulin, suggesting that insulin can induce pathways that
are independent of MEK and MAP kinase. That the
inhibition caused by the mRNA for the dominant
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negative mutant of raf and for MKP-T4 was a specific
effect of mRNA on Val 12-p21 and insulin is supported
by the finding that microinjection of the mRNA for
f-gal protein had no inhibitory effect on the ability of
either agent to induce maturation (Fig. 1A). The control
X13 peptide (Fig. 2A) and the p21 96-110 peptide (not
shown) had no effect on c-raf-induced oocyte matura-
tion. Typical time courses for oncogenic p21- and insu-
lin-induced oocyte maturation and their inhibition by
DN raf and MKP-T4 are shown in Fig. 1B.

Our results suggest that both oncogenic and activated
normal ras-p21 require raf-p74 in induction of matura-
tion and that MAP kinase appears to be more critical on
the signaling pathway for oncogenic p21 than for insu-
lin-activated cellular p21. Since the DN mutant of c-raf
blocked both oncogenic p21- and insulin-induced oocyte
maturation, we investigated whether c-raf, as a critical
target for both oncogenic and activated normal p2l,
itself could induce oocyte maturation. As shown in
Fig. 2A, c-raf mRNA strongly induces oocyte matura-
tion, an effect which is almost completely abolished by
co-injection of the mRNA for its DN mutant. Similar
inhibition of c-raf-induced oocyte maturation was
achieved by co-injection of mRNA for MKP-T4
(Fig. 2A). As expected, the [Asn''JHa-ras-p21 DN p21
mutant completely blocked oncogenic p2l-induced
maturation but failed to inhibit c-raf-induced matura-
tion (not shown). Typical time courses for c-raf-induced
oocyte maturation and its inhibition by DN-raf, MKP-
T4, and raf peptide 97-110 (as discussed below) are
shown in Fig. 2B.

In earlier studies, we identified three peptide domains
from the RBD of raf that were likely to be effector do-
mains and synthesized three peptides corresponding to
these domains [26]. Microinjection of each of these
peptides into oocytes strongly inhibited both Val 12-
p21- and insulin-induced oocyte maturation [27]. Since
these peptides were derived from raf, we have investi-
gated whether they can also inhibit c-raf-induced oocyte
maturation. As shown in Fig. 2A, each of these peptides
was found to induce a four-to-five-fold inhibition of
c-raf-induced maturation, suggesting that all three RBD
peptides block ras-p21 at the level of its interaction with
c-raf. The most pronounced inhibition was achieved
with the 97-110 peptide, a finding that correlates with
prior results for its inhibition of oncogenic 21 [27].

Since c-raf induces maturation which is inhibited by
MKP-T4 (Fig. 2), we investigated whether MEK could
itself induce maturation since it is the direct target of
activated raf [9]. We previously found that microinjec-
tion of activated and cloned purified forms of MEK fails
to induce oocyte maturation [10]. A construct gene en-
coding a constitutively active form of MEK [31] has
been transfected into NIH 3T3 cells, which were found
to undergo transformation [31]. We have obtained the
mRNA for this construct and microinjected it into
oocytes.

As shown in Fig. 3, constitutively active MEK,
in contrast to the wild-type protein, strongly induces
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Fig. 1 A Effects of dominant A 100
negative-raf (dNR in figure) and
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oocyte maturation, an effect which is not inhibited by
DN-raf or by MKP-T4. Lack of inhibition of constitu-
tively activated MEK by DN-raf is consistent with
MEK’s being downstream of raf. Since MEK is known
to activate MAP kinase, it is surprising that MEK-
induced maturation is not blocked by MKP-T4. This
result suggests that constitutively activated MEK may
induce MAP kinase-independent signal transduction
pathways.

In contrast to the results we obtained with wild-type
MEK protein, microinjection of wild-type JNK protein
into oocytes strongly induces maturation [20, 21]. Since
oncogenic p21 interacts with JNK but also requires raf
and MEK (Figs. 1 and 2), we explored whether JNK
may require activation of the raf~-MEK-MAP kinase
pathway. Surprisingly, as shown in Fig. 4, co-injection

Time in Hours

of DN-raf with JNK or co-injection of MKP-T4,
strongly inhibits JNK-induced oocyte maturation. In
contrast to Fig. 4, the ras-p21 96-110 peptide that
blocks the interaction of p21 with JNK does not block
JNK-induced maturation, as found previously [20, 21].

These results suggest that JNK, an element of the
SAPs pathway [19], depends for its effect on the raf-
MEK-MAP kinase pathway. Other studies have sug-
gested that there is minimal cross-talk between these
pathways [32]. The results also suggest the possible
activation of JNK by raf and/or by MEK/MAP kinase
in oocytes.

Since JNK is dependent upon raf/MEK in induction
of maturation, we have further explored whether inhi-
bition of JNK has an effect on raf-induced oocyte
maturation. We have found that GST protein is a strong



Fig. 2 A c-raf induces oocyte
maturation, which is inhibited
by dominant negative-raf
(dNR), MKP-T4, and three
peptides from the ras-binding
domain of raf, corresponding to
residues 62-76, 97-110, and
111-121. DNraf and MKP-T4
were injected at a concentration
of 200 pg/ml; c-raf and all
peptides were injected at a
concentration of 100 pg/ml. B
Time course of c-raf-induced
oocyte maturation alone and
with dominant negative raf’
(dNR), MKP-T4, and raf 97—
110 peptide

Fig. 3 Constitutively activated
MEK induces oocyte matura-
tion which is not inhibited by
dominant negative-raf (dNR;
200 pg/ml), MKP-T4 (200 pg/
ml), glutathione-S-transferase
(100 pg/ml), a jun-N-terminal
kinase inhibitor or the f-Gal
control mRNA (200 pg/ml)

>

Percent Maturation

Percent Maturation

100

445

90 -
80 |
70

60 -
50 1
40
30
20 |
10 -

c-raf

c-raf c-raf c-vaf c-raf c-raf c-raf
+ + * + + +
dNR MKPp-T4 raf raf raf X-13
62-76 97-110 111-121 peptide
peptide peptide peptide

100
90 -
80 -
70 -
60 -
50
40 -
30 -
20
10 4

—e—c-raf

—a—c-raf + dNR

——c-raf + MKP -

i T4
_,,_;-;—f—_,_,-—:!?—/ —*—c-raf + raf 97-
: 110

Percent Maturation

100

Time in Hours

90 -
80 -
70 -
60 -
50

40 -
30 -
20 -
10 -

MEK MEK MEK MEK MEK

p-gal dNR MKP-T4 GST




446

Fig. 4 jun-N-terminal kinase 100
induces oocyte maturation that
is not inhibited by the f-Gal 90 -
control (200 pg/ml) or by the c 80 A
ras-p21 peptide 96-110 (425 pg/ )
ml), but is inhibited by domi- g 70 -
nant negative-raf (dNR) and - 60
MKP-T4 (each at a concentra- 3 7
tion of 200 pg/ml) g 50 |
t 40 -
]
% 30
o 20 -
10
O |

JNK

inhibitor of JNK-induced activation of jun but has no
effect on activation of MAP kinase [23]. Therefore, we
co-injected c-raf with GST into oocytes. As shown in
Fig. 5, GST causes about a twofold inhibition of c-raf-
induced oocyte maturation. On the other hand GST fails
to inhibit oocyte maturation when co-injected with
constitutively activated MEK (Fig. 3).

These results suggest that INK and c-raf require one
another on the maturation induction pathway and that
the GST inhibition of oocyte maturation induced by
c-raf occurs at the level of this protein rather than at
MEK or MAP kinase. This conclusion is further based
on our previous observation that GST does not inhibit
MAP kinase in vitro [23]. If JINK is a target of raf, GST
inhibition of JNK could also explain its inhibition of raf-
induced maturation.

We have found that induction of maturation by JNK
depends on activation of PKC [25]. Reciprocally, to
induce maturation, PKC requires activation of JNK
[25]. These conclusions are based on the findings that the
PKC inhibitor, CGP 41 251, which selectively blocks
PKC, also blocks JNK-induced oocyte maturation and

JNK JNK JINK JNK
+ + + +
B-gal p21 dNR MKP-T4
96-110
peptide
that GST, which selectively blocks JNK-induced

activation of jum, reciprocally blocks PKC-induced
oocyte maturation [25].

Since PKC is a known activator of raf [33], we ex-
plored the effects of CGP 41 251 on raf-induced oocyte
maturation and the effect of DN mutant raf on PKC-
induced oocyte maturation. As shown in Fig. 5, the PKC
inhibitor, CGP 41 251, caused almost a twofold inhibi-
tion of c-raf-induced oocyte maturation. Conversely,
both DN-raf and MKP-T4, strongly blocked PKC-in-
duced oocyte maturation. None of these agents (DN-raf,
MKP-T4, GST, and CGP 41 251) inhibited constitu-
tively activated MEK as shown in Fig. 3 (results for
CGP 41 251 not shown), a result that is consistent with
previous findings that MEK is a downstream element on
the raf pathway [9].

Discussion

Our results establish that c-raf'is a vital target of both
oncogenic and activated cellular ras-p21 in oocytes, as

Fig. 5 Effects of protein kinase 100
C- (PKC) specific inhibitor,
CGP 41 251 (100 pg/ml) and 90
the jun-N-terminal kinase 80
(JNK) specific inhibitor, gluta- s
thione-S-transferase (100 pg/ s 70 -
ml), on c-raf (100 pg/ml) in- g 60
duction of oocyte maturation. 43
Also shown are the effects of = 50
dominant negative raf (dNR) £ 40
and MKP-T4 (both at 200 g/ s
ml) on PKC-induced oocyte e 130
maturation Y
20
10
0

c-raf

c-raf c-raf PKC PKC PKC
+ + + +
CGP41251 GST dNR MKP-T4



evidenced by complete inhibition of Val 12-p21- and
insulin-induced oocyte maturation by DN-raf. This
agent has been found to block erythroid differentiation
of the ventral mesoderm in Xenopus embryonic
development [29], establishing that the ras-raf signal
transduction pathway is central to this stage of
embryogenesis. Thus both oncogenic and normal pro-
teins require intact raf for expression of their cellular
effects. That raf lies downstream of ras in oocyte
maturation is supported by the findings that neither
DN-ras nor the p21 96-110 inhibitory peptide blocks
c-raf induction of oocyte maturation.

We have previously found that both oncogenic and
activated normal p21 proteins require membrane inser-
tion prior to induction of cell signaling [11]. We pos-
tulate that, subsequent to membrane insertion, both
proteins activate c-raf. Since each protein induces
oocyte maturation by divergent pathways, we further
infer that pathway divergences must therefore occur
concurrently with or after the interaction of each pro-
tein with raf.

Microinjection of c-raf into oocytes induces matura-
tion, an effect which is blocked both by DN-raf and by
MAP kinase phosphatase. The latter result supports the
finding that MAP kinase is a critical target of raf [34] on
the oocyte maturation pathway. That MEK is down-
stream of raf on the raf signal transduction pathway in
oocytes is further supported by the findings that con-
stitutively activated MEK induces oocyte maturation
which is not inhibited by DN-raf (Fig. 3).

From molecular modeling studies [26], we identified
three regions of the RBD of raf (i.e., RBD residues 62—
76, 97-110, and 111-121) as putative effector domains
involved in raf activation. Peptides corresponding to
these three domains were synthesized and were found to
block both oncogenic p21- and insulin-activated c-ras-
p21-induced oocyte maturation. From these results, we
postulated that both oncogenic and activated normal
p21 require activation of raf on their respective path-
ways [27]. We now find that these three RBD peptides
block oocyte maturation induced by c-raf (Fig. 2). Since
these peptides inhibit ras-p21 and raf, a downstream
target of ras, we conclude that the three RBD peptides
inhibit raf directly. These peptides may (1) block the
interaction of ras-p21 with the RBD, (2) block the ac-
tivation by the RBD of the kinase domain of raf; or
(3) interfere with the interaction of raf with MEK, its
immediate downstream target.

Since MAP kinase is a known direct target of raf-
activated blockade of MAP kinase using MKP-T4,
would be expected to block both oncogenic p21- and
insulin-induced oocyte maturation. However, as shown
in Fig. I, MKP-T4 exerts a significantly stronger effect
on oncogenic p21 than on its normal counterpart pro-
tein, suggesting that induction of oocyte maturation by
activated normal p21 is partially independent of MEK
activation. This finding points to the possibility that
MAP kinase inhibitors may effect the selective inhibition
of oncogenic p21 leaving the normal pathway intact and
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may therefore be effective as anti-ras-induced tumor
agents.

A unique pathway induced by oncogenic p21, but not
by normal activated p21, is direct activation of JNK/jun
[17, 21]. Since microinjection of JNK (or jun) into oo-
cytes results in maturation (Fig. 5; [20, 21]), activation
of JNK is not likely to be due to its interaction with
cellular p21. Consistent with this conclusion is the
finding that the ras-p21 96-110 peptide, which blocks
the interaction between JNK and ras-p21, does not in-
terfere with activation of microinjected JNK (Fig. 1A).
JNK is a downstream target on the SAP pathway, which
has been found to be almost completely independent of
the raf-MEK-MAP kinase pathway [32].

It is therefore surprising that JNK-induced matura-
tion is blocked by both raf- and MAP kinase-specific
inhibitors (Fig. 4). These results imply that an intact raf-
MEK-MAP kinase axis is required for proper expression
of JNK. There are several possible interactions among
these pathway elements that can explain these results.
One possibility is that activation of microinjected JNK
occurs as a consequence of a direct interaction between
JNK and cellular raf between JNK and raf-activated
MEK or between JNK and MAP kinase. Any of these
two possible events would imply that microinjected JNK
can be directly activated by any of these proteins. Inhi-
bition of JINK-induced maturation by MKP-T4 may be
brought about either if activated cellular MAP kinase is
involved in the activation of JNK or if MKP-T4 has a
broader specificity such that activated JNK is directly
dephosphorylated by this phosphatase. Either event
would result in a decreased level of activated JNK in
oocytes.

Alternatively, activation of microinjected JNK may
be independent of the raf~MEK pathway, but its
expression in inducing maturation may require an intact
but independent raf-MEK-MAP kinase pathway. The
latter results in activation of the nuclear transcription
factor, fos, which is required for the formation of the
heterodimeric AP-1 complex with jun, the direct target
of JNK, although JNK can activate fos [35]. This latter
possibility still leaves open the question as to the
mechanism by which, in oocytes, the ra-MEK-MAP
kinase pathway becomes activated after microinjection
of JNK. We have recently found that MAP kinase
(ERK-1) levels in resting oocytes are high, but the
active, phosphorylated levels are not expressed in these
oocytes (J. Michl and M.R. Pincus, unpublished
observations).

Regardless of the nature of the interaction between
JNK and raf~-MEK, it is clear that a strong reciprocal
interaction exists between these proteins in the induction
of oocyte maturation. Not only do raf'and MAP kinase
inhibitors cause about a fivefold inhibition of JNK-
induced maturation (Fig. 4), but GST, a specific inhib-
itor of JNK [23], causes about a twofold inhibition of
raf-induced oocyte maturation (Fig. 5). The latter
implies that the raf-MEK pathway is partially dependent
on an intact INK-jun pathway.
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This particular interaction between the pathways
appears to be unique to the oncogenic ras pathway
because GST inhibits oncogenic p2l-induced matura-
tion but does not inhibit insulin-induced oocyte matu-
ration [24]. However, insulin-induced maturation
depends on raf (Fig. 1), which itself is partially inhibited
by GST. We therefore conclude that GST selectively
blocks a raf-induced pathway utilized selectively by
oncogenic ras-p21.

In addition to JNK, oncogenic p21 requires PKC on
the oocyte maturation pathway [23]. Both JNK and PKC
require reciprocal activation on the oncogenic p2l
pathway [25]. Since PKC is known to activate raf[33], we
have studied the effects of PKC inhibitors on raf-induced
oocyte maturation. The specific PKC inhibitor,
CGP 41 251 [13], induces about a twofold inhibition of
raf-induced oocyte maturation (Fig. 5). Reciprocally,
both DN-raf'and MKP-T4 induce a fivefold inhibition of
PKC-induced oocyte maturation (Fig. 5). Since the
concentration of CGP 41 251 (1 pM) completely blocks
maturation induced by PKC but partially blocks raf-in-
duced maturation, it is likely that raf can be activated by
PKC-independent pathways. Inhibition of PKC-
induced oocyte maturation by DN-raf and MKP-T4 may
imply that PKC acts directly through the raf-MEK
pathway; or that PKC requires JNK which, in turn, re-
quires the raf~-MEK pathway; or that mutually activated
PKC and JNK both require raf-MEK-MAP kinase.

The possible relationships among the different
elements of the pathway involved in oncogenic p21- and
insulin-activated cellular p21-induced oocyte maturation
are summarized in Fig. 6. Both oncogenic and activated
normal p21 require direct interaction with raf. Oncogenic
p21 requires raf activation of MEK (solid arrow), while
activated normal p21 does not completely depend on
activation of MEK (broken arrow). Since activated nor-
mal p21 requires raf, the possibility exists that raf may
activate another pathway (question mark in the box).

Previously, we found that the cyclin inhibitor, INH,
the active component of which is phosphatase-2A,
blocks insulin-induced oocyte maturation but only
minimally affects oncogenic p2l-induced maturation
[10]. This result suggested that activated cellular but not
oncogenic p21 required early activation of the cyclins.
Thus in Fig. 6, we show an “‘alternative” raf pathway
for activated cellular p21 involving cyclins. Oncogenic
p21 activates JINK, which, for induction of maturation,
depends on raf and MEK (arrow 1) and on PKC (arrow
2). PKC, in turn, depends on both JNK and on the raf-
MEK pathway (arrow 3). Activation of JNK and MAP
kinase results in activation of jun and fos, respectively,
and in the formation of the AP1 transcription complex.
Fig. 6 summarizes discrete steps at which oncogenic p21
can be selectively inhibited: at the p21-JNK level (p21
peptide 96-110), at the JNK-PKC level (GST and
CGP 41 251), at the PKC-raf~-MEK level (GST and
CGP 41 251), and at the MEK-MAP kinase level
(MKP-T4). Inhibition at more than one of these steps
should result in a synergistic block of oncogenic ras-p21.

Fig. 6 Summary of proposed pathway elements of the oncogenic
(p21*, left side of figure) and activated normal ras-p21 (right side of
figure) proteins. Both oncogenic and normal proteins depend on
raf. Since MKP-T4, the MAP kinase phosphatase, inhibits
oncogenic more than activated normal p21, two arrows from raf’
have been drawn, one dashed to MEK, indicating that this is one of
a number of possible targets for c-ras-activated raf and the
rightmost (large) arrow from raf indicating other pathways that
may be activated by raf (box with question mark). The leftmost
arrow from raf shows that activation of MEK by raf is the unique
pathway induced by oncogenic p21. Since activated normal p21 has
been found to require activation of cyclins, the latter proteins are
shown to be essential to the signal transduction pathway induced
by this protein [10]. Oncogenic p21 requires jun-N-terminal kinase
(JNK) [21] which, reciprocally, requires activation of raf (circled 1
in figure). Similarly, JNK reciprocally requires protein kinase C
(PKC; circled 2 in figure) [25]. Finally PKC and raf interact in a
mutually dependent manner (circled 3 in figure). Activation of jun
and fos by JNK and mitogen-activated protein (MAP) kinase on
the stress-activated and raf~MEK-MAP kinase pathways, respec-
tively, results in the formation of the heterodimeric AP-1 complex
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