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tpr-met, a tyrosine kinase oncogene, is the activated form of the met proto-oncogene that encodes the receptor
for hepatocyte growth factor/scatter factor. The tpr-met product (p65tP`-t) was tested for its ability to induce
meiotic maturation in Xenopus oocytes. While src and abl tyrosine kinase oncogene products have previously
been shown to be inactive in this assay, p65tPr-met efficiently induced maturation-promoting factor (MPF)
activation and germinal vesicle breakdown (GVBD) together with the associated increase in ribosomal S6
subunit phosphorylation. tpr-met-mediated MPF activation and GVBD was dependent on the endogenous
c_mos,e, while the increase in S6 protein phosphorylation was not significantly affected by the loss of mos

function. The phosphodiesterase inhibitor 3-isobutyl-l-methylxanthine inhibits tpr-met-mediated GVBD at
concentrations that prevent insulin- but not progesterone-induced oocyte maturation. Moreover, maturation
triggered by tpr-met is also inhibited by cyclic AMP-dependent protein kinase. This is the first demonstration
that a tyrosine kinase oncogene product, p6V5t-met, can induce meiotic maturation in Xenopus oocytes and
activate MPF through a mos-dependent pathway, possibly the insulin or insulinlike growth factor 1 pathway.

The c-met proto-oncogene product has recently been
identified as the hepatocyte growth factor/scatter factor
receptor (7, 27). The met proto-oncogene was discovered via
the activated oncogene, tpr-met (46), that was generated in a
human osteogenic cell line treated with N-methyl-N-nitro-
N-nitrosoguanidine (11). Activation resulted from a DNA
rearrangement between the tpr sequence from chromosome
1 and downstream met tyrosine kinase receptor sequences
located on chromosome 7 (28, 46). The tpr-met product,
5tPr-me6 , induces transformation of NIH 3T3 cells as a

constitutively expressed tyrosine kinase (11).
The Xenopus oocyte system is useful for examining the

events involved in signal transduction (58). Fully grown
Xenopus oocytes arrested at the G2/M border (40) can be
induced to enter M phase by progesterone, insulin, or
insulinlike growth factor 1 (IGF-1). A marked decrease in
cyclic AMP (cAMP) levels is an early biochemical change
that occurs in oocytes after progesterone treatment. This
decrease is due to inhibition of adenylate cyclase (22, 31,
49-51). In contrast, maturation induced by insulin and IGF-1
involves inhibition of adenylate cyclase as well as stimula-
tion of a phosphodiesterase activity (52, 53). The hormones
initiate the activation of maturation-promoting factor (MPF),
germinal vesicle breakdown (GVBD), chromosome conden-
sation, completion of meiosis I, and progression to meta-
phase arrest at meiosis II. MPF is a cytoplasmic protein
kinase activity that participates in GVBD as well as chro-
mosome condensation (38, 42) and consists of the homologs
for the major cell cycle oscillator p34cdc2 and B-type cyclins
(15, 17, 24, 25, 41, 47). The mos proto-oncogene product is
required for both progesterone- and insulin-induced oocyte
maturation and therefore must function downstream from
where these pathways intersect (56). The mos product has
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been shown to be required throughout meiotic maturation
(13, 33) and is an active component of cytostatic factor (57).
Cytostatic factor is believed to be responsible for the arrest
of mature oocytes at metaphase 11 (40) by stabilizing MPF
(57). Protein hyperphosphorylation occurs during meiotic
maturation in Xenopus oocytes (39). The 40S ribosomal
subunit S6 (20) is one growth-associated protein that is
hyperphosphorylated during oocyte maturation (34, 44), and
both S6 kinase phosphorylation and S6 protein phosphory-
lation increase in Xenopus oocytes after progesterone or
insulin treatment (18, 19, 37, 61).
The ras oncogene (2-4, 12, 14) and mos proto-oncogene

(23, 55) products induce progesterone-independent meiotic
maturation in Xenopus oocytes, while v-src (59) and v-abl
(37) tyrosine kinase oncoproteins do not. However, expres-
sion of exogenously added epidermal growth factor receptor
or the trk proto-oncogene product followed by treatment
with the respective ligands (epidermal or nerve growth
factor) induces oocyte maturation (43, 45). Thus, receptor
tyrosine kinases can initiate meiotic maturation, but the
pathway(s) that they utilize to influence G2/M transition and
MPF activation is not known. Receptor tyrosine kinases
have been shown to activate MPF in oocytes, while intra-
cellular oncogenic tyrosine kinases have not. We have
studied the influence of an oncogenic form of a receptor
tyrosine kinase, p65tPrmet, on Xenopus oocyte maturation.
This system was used as a tool to determine possible
pathways involved in MPF activation by oncogenic receptor
kinases and how these pathways may differ from those
affected by the nonreceptor tyrosine kinase oncoproteins.
We show that the tpr-met oncogene can induce GVBD and
activate meiotic maturation in the absence of hormone
stimulation. To begin to identify the activation pathway, we
have tested whether phosphodiesterase inhibitors or the
cAMP-dependent protein kinase catalytic subunit alters the
ability of p65tPr-met to induce maturation events. We have
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also determined the influence of tpr-met on S6 protein
phosphorylation.

MATERIALS AND METHODS

Frogs and oocytes. Xenopus laevis females were purchased
from Xenopus I (Ann Arbor, Mich.). Oocytes were surgi-
cally removed and defolliculated either manually or by
incubation in modified Barth solution [MBS; 88 mM NaCl, 1
mM KC1, 2.5 mM NaHCO3, 10 mM N-2-hydroxyethylpiper-
azine-N'-2-ethanesulfonic acid (HEPES; pH 7.5), 0.82 mM
MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2] containing
collagenase A (1.5 mg/ml; Boehringer Mannheim Biochem-
icals, Indianapolis, Ind.) for 2 h (29). The oocytes were
washed extensively, and stage VI oocytes (16) were isolated
and maintained overnight in either MBS or 50% L15 media
(GIBCO, Grand Island, N.Y.).

Oligodeoxyribonucleotide and RNA injections. Eighteen
hours after oocyte isolation, microinjections were performed
by using an Attocyte injector (ATTO Instruments, Rock-
ville, Md.) with 40 nl of a mixture of either antisense or sense

mos-specific oligonucleotides (3 mg/ml) designated A±, B±,
C±, and D± as described by Sagata et al. (56). Subsequent
injection of in vitro-synthesized tpr-met transcripts was
performed 4 h later. The cDNA encoding the tpr-met onco-
gene product (46) had been inserted into the EcoRI restric-
tion site of the Bluescript SK vector (Stratagene, La Jolla,
Calif.). The v-src DNA was inserted into the NdeI restriction
site (containing the translational initiator codon for the T7
capsid gene) of the T7 pAR vector. Capped RNA was
synthesized by using T7 RNA polymerase and reaction
conditions specified by the vender (Promega, Madison,
Wis.). The protein kinase A (PKA) catalytic subunit cDNA
(TPK-1; gift from M. Wigler) was engineered into a T7 RNA
polymerase-containing vector as described by Johnson et al.
(30) and transcribed as stated above. Oocytes were scored
for GVBD, as evidenced by the appearance of a white spot
at the animal pole. This observation was verified by manual
dissection of oocytes after fixation in 10% trichloroacetic
acid.
S6 phosphorylation. Stage VI oocytes were isolated and

prelabeled for 3.5 h at 20°C in MBS containing 32P1 (0.3
mCi/ml; Amersham, Arlington Heights, Ill.). Oocytes were
injected with either tpr-met RNA (10 ng per oocyte) or buffer
and placed in fresh MBS. Groups of 20 injected oocytes were
harvested over a 9-h period and homogenized in 1 ml of
lysing buffer [50 mM piperazine-N,N'-bis(2-ethanesulfonic
acid (PIPES; pH 7.5), 5 mM MgCl2, 5 mM KCl, 50 mM NaF,
4 p.M EDTA, 1% deoxycholate, 1% Triton X-100]. Extracts
were clarified by centrifugation at 10,000 x g for 10 min at
40C. The supernatant was layered over 2 ml of buffer
containing 1.6 M sucrose, 50 mM PIPES (pH 7.5), 5 mM
MgCl2, 0.5 mKCl, and 4 p.M EDTA and centrifuged at
100,000 x g for 16 h at 4°C. The ribosome fraction pellets
were suspended in 2x sample buffer and analyzed by sodium
dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) on a 10% gel.
Phosphoamino acid analysis of S6 proteins. One hundred

oocytes were 32p labeled, and S6 proteins were analyzed as
described above. The band representing the S6 protein was
removed from the gel and homogenized in a buffer contain-
ing 0.5 M NH4CO3, 0.1% SDS, 5% P-mercaptoethanol, and
70 p.g of bovine serum albumin. The homogenate was
incubated at 37°C for 24 h; the gel fragments were then
removed by centrifugation, and the S6 protein was precip-
itated in 20% trichloroacetic acid. The protein was pelleted

at 15,000 x g for 10 min at 4°C and then washed two times
with 100% ethanol and two times with an ether-ethanol (3:1)
solution. The pellet was vacuum dried and hydrolyzed by 6
N HCl for 1.5 h at 110°C. The phosphoamino acids were
separated by thin-layer chromatography and visualized by
autoradiography.
MPF assay. Crude MPF extracts were prepared by homog-

enizing groups of 10 to 20 oocytes in 20 to 40 IlI of extraction
buffer (80 mM sodium 3-glycerophosphate, 20 mM EGTA,
15 mM MgCl2, 20 mM HEPES [pH 7.2], 1 mM ATP, 1 mM
dithiothreitol 5 mM NaF). The homogenate was centrifuged
at 16,000 x g for 5 min at 4°C, and the supernatant was used
for microinjections. Groups of 12 to 14 oocytes were incu-
bated in lx MBS containing cycloheximide (10 ,ug/ml) for 1
h and then injected with 40 nl of the supernatant from each
appropriate donor group. The recipient oocytes were cul-
tured for 3 to 4 h in the presence of cycloheximide and then
examined for GVBD.

Histone Hi kinase assay. Two microliters of extract was
transferred into 50 ,u of extraction buffer (80 mM sodium
P-glycerophosphate, 20 mM EGTA, 50 mM MgCl2, 20 mM
HEPES [pH 7.2], 1 mM dithiothreitol, 2.5 mM phenyme-
thysulfonyl fluoride, 10 ,ug of leupeptin per ml, 10 ,ug of
aprotinin per ml, 10 ,uM protein kinase inhibitor). The
histone Hi kinase reaction was performed by adding 10 ,ul of
the sample to 6 ,u1 of a mixture containing 1 p.g of histone Hi,
1 mM ATP, and 1 ,uCi of [y-32P]ATP. The reaction mixture
was incubated at room temperature for 15 min, and then the
reaction was stopped by the addition of an equal volume of
2x sample buffer (4% SDS, 20% glycerol, 150 mM Tris-HCl
[pH 6.8], 0.02% bromophenol blue, 5% P-mercaptoethanol).
Samples were resolved by SDS-PAGE on a 10% gel. Gels
were fixed in 40% methanol-5% acetic acid, dried, and
exposed to film.

RESULTS

To test the effect of tpr-met on oocyte maturation, in
vitro-transcribed RNA was injected into fully grown stage
VI Xenopus oocytes. RNA encoding the pp60-src oncogene
product was used as a control. Oocytes injected with RNA
encoding the tpr-met oncoprotein expressed p65sPr-met (data
not shown), and tpr-met transcripts induced GVBD in a
dose-dependent manner (Fig. 1). One to five nanograms of
tpr-met RNA was sufficient to induce >90% GVBD in 18 h.
Moreover, cytosolic extracts prepared from these oocytes
were positive for MPF, demonstrating that the eggs were
arrested at metaphase. As previously reported (59), v-src
was negative in this assay (Fig. 1). To determine whether the
endogenous c-mos was required for tpr-met-induced GVBD,
c-mosxe-specific antisense or sense oligonucleotides (55)
were injected into oocytes 3.5 h prior to injection of tpr-met
RNA. Only the c-mosxe antisense oligonucleotides pre-
vented tpr-met-indpced GVBD and to the same extent as in
progesterone-dependent maturation (3, 12, 56) (Fig. 2).
Thus, the tpr-met tyrosine kinase product can induce meiotic
maturation in a mos-dependent manner and must therefore
function upstream of the mos product.
We determined whether tpr-met induced the phosphory-

lation of the ribosomal subunit S6 since this is an early event
in insulin- or progesterone-stimulated oocyte maturation
(44). Fully grown stage VI oocytes were prelabeled with 32PI
for 3.5 h (32) and subsequently injected with 10 ng of tpr-met
RNA. Over a period of 9 h, ribosomes were isolated and
phosphoproteins were analyzed by SDS-PAGE (Fig. 3). S6
protein phosphorylation increased between 3 and 9 h postin-
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FIG. 1. Induction of oocyte maturation by tpr-met RNA. Fully
grown oocytes were microinjected with 0.2 to 25 ng of capped
tpr-met transcripts (black bars) or capped v-src transcripts (white
bars). The percentage of oocytes undergoing GVBD is represented
by the histogram bars, and the number of oocytes with GVBD over
the number injected is displayed above each bar.

jection, but the major increase occurred at a time equivalent
to its appearance after progesterone- or insulin-induced
maturation, that is, at 0.5 to 0.6 GVBD50 (Fig. 3). Proges-
terone- and insulin-induced S6 protein phosphorylation has
been shown to require the endogenous mos product (3). We
therefore expected that tpr-met-induced S6 phosphorylation
would also be blocked in the presence of antisense c-mosxe
oligonucleotides. Oocytes were prelabeled with 32Pi and
preinjected with either sense or antisense mos oligonucleo-
tides 3 h before tpr-met RNA was injected. As previously
shown, only oocytes injected with tpr-met RNA and c-mosxe
sense oligonucleotides display GVBD. However, very sim-
ilar levels of S6 protein phosphorylation were observed in
both sense and antisense c-mosxe oligonucleotide-injected
oocytes (Fig. 4A). Thus, tpr-met stimulates S6 protein
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FIG. 2. Inhibition of tpr-met-induced GVBD by mos antisense
oligonucleotides. Stage VI oocytes were injected with either mos

antisense (white bars) or sense (gray bars) oligonucleotides 3.5 to 4
h before the injection of capped tpr-met transcripts or progesterone
(10 i±M) treatment. The oocytes were examined 18 h later for
GVBD. The percentages of oocytes undergoing GVBD as a result of
progesterone treatment or injection of tpr-met RNA or buffer alone
are represented by black bars. The number of oocytes that under-
went GVBD over the number injected or treated with hormone is
displayed above each bar.
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FIG. 3. Phosphorylation of S6 protein in oocytes after microin-
jection of tpr-met RNA (10 ng). (A) 32P-labeled stage VI oocytes
were injected with tpr-met RNA or buffer. Oocytes were harvested
over the indicated period of time after injection, and phosphorylated
S6 proteins in ribosomes were analyzed by SDS-PAGE and autora-
diography. (B) Maturation of oocytes induced by tpr-met RNA
(closed squares) was determined for the same batch of oocytes.
Oocytes injected with buffer are represented by open squares. The
radioactivities in bands 0, 3, 6, and 9 of buffer injected are 384, 254,
254, and 234 cpm, respectively, and those in band 3, 6, and 9 of
tpr-met injected are 306, 827, and 1,994 cpm, respectively.

phosphorylation in the absence of pp39mos. Phosphoamino
acid analysis of the S6 protein showed only phosphoserine
residues (Fig. 4B), and hyperphosphorylation was there
fore not the result of direct tyrosine phosphorylation by
p5tpr-met

Progesterone stimulation of oocytes has been reported to
result in the decrease of cAMP as well as the cAMP-
dependent PKA activity (35, 58), and injection of the cata-
lytic PKA subunit into Xenopus oocytes blocks progester-
one-induced meiotic maturation (38, 58). We tested the
influence of PKA activity on tpr-met function by coinjecting
fully grown oocytes with RNA encoding the PKA catalytic
subunit and tpr-met. As with progesterone (38), the catalytic
PKA subunit also prevented tpr-met induction of meiotic
maturation (Fig. 5), even when tpr-met transcripts were
injected 1 h before PKA RNA (data not shown). These
experiments raised the question of whether tpr-met-induced
maturation was sensitive to 3-isobutyl-1-methylxanthine
(IBMX). IBMX, a phosphodiesterase inhibitor, has been
shown to be a more potent inhibitor of the insulin-induced
oocyte maturation pathway than it is of progesterone-in-
duced maturation (53). We determined whether tpr-met-
induced oocyte maturation was also sensitive to low levels of
IBMX. Oocytes were injected with tpr-met RNA and ex-
posed to the IBMX at concentrations that inhibit insulin- and
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FIG. 4. Evidence that mos antisense oligonucleotides do not
inhibit S6 phosphorylation induced by tpr-met. (A) Twenty-five
oocytes were 32P labeled as described in Materials and Methods and
then injected with either c-mosxe sense or antisense oligonucleotides
or buffer 2 h prior to an injection of 10 ng of tpr-met RNA. S6
proteins were isolated and analyzed as described in Materials and
Methods. The numbers of radioactive counts in the bands represent-
ing S6 from oocytes injected with either buffer or tpr-met RNA and
antisense or sense oligonucleotides are 614, 2,377, and 3,355,
respectively. (B) Phosphoamino acid analysis of tpr-met-induced S6
phosphorylation. 32P-labeled stage VI oocytes were injected with
tpr-met RNA. Oocytes were harvested 18 h later, and S6 proteins
were fractionated by SDS-PAGE. The S6 protein was then sub-
jected to phosphoamino acid analysis as described in Materials and
Methods. The phosphorylated amino acids were visualized by
autoradiography.

IGF-1 (20 to 50 ,uM)- but not progesterone-induced meiotic
maturation (53) (Fig. 6). These analyses show that IBMX
treatment prevents tpr-met-induced GVBD and the appear-
ance of MPF-associated Hi histone kinase activity (Fig. 6),
suggesting that the oncogene functions through the insulin or

IGF-1 pathway.

DISCUSSION

tpr-met is the first tyrosine kinase oncogene product
shown to induce meiotic maturation in Xenopus oocytes.
Sadler and Maller have used nonselective phosphodiesterase
inhibitors (IBMX, papaverine, and theophylline) to show
that oocyte maturation induced by insulin, IGF-1, and on-

cogenic ras protein requires the stimulation of a phosphodi-
esterase, while maturation induced by progesterone does not
(53). Our studies show that tpr-met-induced maturation is
sensitive to IBMX at concentrations equivalent to those that
inhibit insulin, IGF-1, and the ras oncoprotein (53), suggest-
ing that tpr-met also functions in this pathway and not the
progesterone pathway. Although uncertain, it is possible
that the tpr-met product as well as certain tyrosine kinase
growth factor receptors such as those for insulin, IGF-1,
epidermal growth factor, and nerve growth factor induce
oocyte maturation through a similar pathway that converges
with the natural progesterone pathway upstream from mos.

It has been suggested that low concentrations of IBMX (30
,uM) inhibit insulin-induced maturation by arresting cAMP-
phosphodiesterase activity and, there is a large body of data
showing that induction of oocyte maturation results in a

decrease of intracellular cAMP (1, 35, 38, 54). There are

O .
CAPK: - +

Progesterone Tpr-met

FIG. 5. Inhibition of tpr-met-induced maturation by expression
of the PKA catalytic subunit. Stage VI oocytes were treated with
progesterone (10 ,uM) or injected with capped tpr-met RNA (10 ng)
at the same time they either were (+) or were not (-) being injected
with the PKA catalytic subunit RNA (CAPK). GVBD was assessed
18 h later. A subset of 10 oocytes was harvested, and homogenates
were prepared and tested for histone Hi kinase activity as described
in Materials and Methods. The phosphorylated histones were ana-

lyzed by 10% SDS-PAGE and autoradiography. The resulting bands
are displayed above the corresponding histogram bars.

exceptions, however; Birchmeier et al. (4) and Sadler et al.
(54) have both reported that cAMP levels are not reduced
during meiotic maturation triggered by the p2lras oncopro-
tein. Moreover, Gelerstein et al. (26) showed that acetylcho-
line treatment of oocytes lowers cAMP levels but does not
initiate GVBD (26). They also show that adenosine prevents
cAMP reduction in oocytes that are induced to mature with
progesterone (26). Despite these discordant results, it has
been shown that the cAMP-dependent PKA catalytic sub-
unit inhibits progesterone-induced maturation (38). We show
that the PKA catalytic subunit inhibits tpr-met-induced
maturation, suggesting that the PKA acts downstream from
the point in the maturation pathway where progesterone and
tpr-met converge.

In Xenopus oocytes, the ribosomal S6 protein has been
shown to be hyperphosphorylated after initiation of meiotic
maturation by progesterone (19, 44), insulin (18, 36), or the
activated ras oncoprotein (3, 32). However, S6 phosphory-
lation is also stimulated by v-src (59) and v-abl (37) protein
kinases, even though these products are unable to induce
meiotic maturation. The tpr-met product also induces phos-
phorylation of ribosomal S6 protein, even when maturation
is prevented by loss of endogenous pp39mOs, and appears to
be similar to the ras oncoprotein in this regard (3). Ribo-
somal S6 protein phosphorylation is implicated in cell pro-
liferation and transformation (5, 6, 35, 59, 61), and results
from many laboratories indicate that in Xenopus oocytes as

well as in cultured cells, there are multiple pathways that
lead to S6 phosphorylation.
S6 kinases are normally activated during Xenopus oocyte

maturation (19) and can be activated by murine mitogen-
activated protein kinases in vitro (17). Mitogen-activated
protein kinases resemble extracellular signal-related kinases
(8, 48) and myelin basic protein kinases (9, 48), which
become tyrosine phosphorylated as MPF is activated in
Xenopus oocytes (10, 21), and these kinases may activate S6

A
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FIG. 6. Inhibition by IBMX of tpr-met RNA-induced GVBD and
histone Hi kinase activity. (A) Fully grown stage VI oocytes were
injected with capped tpr-met RNA (10 ng) or treated with proges-
terone (10 ,uM) or insulin (2 F.M) in the presence of 0 to 50 ,uM IBMX
as indicated. Oocytes were examined for GVBD 9 to 18 h later. The
number of oocytes that underwent GVBD over the number injected
or treated with hormone is represented at the end of the appropriate
histogram bar. (B) Fully grown stage VI oocytes were injected with
capped tpr-met RNA or treated with progesterone (10 ,uM) in the
presence or absence of 30 F.M IBMX; 10 to 20 oocytes were
collected 9 h later, and homogenates were prepared and tested for
histone Hi kinase activity as described in Materials and Methods.
The phosphorylated histones were analyzed by 10% SDS-PAGE and
autoradiography.

kinases (9, 10, 20, 21). It is also possible that tpr-met and
some other oncoproteins (v-src and ras) activate S6 protein
kinase(s) or an S6 protein kinase activator(s) present in
Xenopus oocytes that does not require mos function or
alternatively, and they may inactivate an S6 protein phos-
phatase.
Another possibility may be that in oocytes, polysomes are

preprogrammed with specific maternal mRNA to function at
different stages of maturation or early development and that
their activation occurs in conjunction with S6 phosphoryla-
tion. For example, pp39mos synthesis occurs within 1 to 2 h
after progesterone treatment (55), and perhaps pp39mos
synthesis requires ribosomal subunit S6 phosphorylation to
initiate translation from mos-specific polysomes. In this
model, other inducers of S6 phosphorylation (v-src and
v-abl) may target different polysome fractions of the devel-
opmental program. Further, our data with tpr-met are similar
to the S6 phosphorylation results obtained by Barrett et al.
(3) with the ras oncoprotein in mos-depleted oocytes. Inter-
estingly, they show that S6 phosphorylation induced by
insulin and progesterone is inhibited by mos depletion (3).

6 A5

3 2

28 28
I-1_

This would indicate that S6 hyperphosphorylation is down-
stream of mos or alternatively that S6 phosphorylation of
mos-specific polysomes is a key early event. In this model,
the slight reduction in S6 phosphorylation observed when
either the ras oncoprotein (3) or tpr-met (Fig. 4A) is intro-
duced into mos-depleted oocytes may result from reduction
of the phosphorylation of endogenous mos-specific poly-
some required for the translation of mos product and the
initiation of the maturation process. In this model, it would
also be possible for tpr-met to function through an S6
phosphorylation-dependent feedback loop, initiating mos
translation and thereby causing entry into the maturation
pathway.

ACKNOWLEDGMENTS
We thank Marilyn Powers for synthesizing and purifying oligode-

oxyribonucleotides, Linda Miller for plasmid purification, Renping
Zhou for helpful discussions, Nori Sagata for sharing his valuable
expertise and knowledge, Michael Wigler for the gift of TPK-1
cDNA, James Resnick, Renping Zhou, Donna Faletto, Peter Dono-
van, Joan Brugge, and Deborah Morrison for critical reading of the
manuscript, Anne Arthur for editorial assistance, and Lori Summers
and Joan Hopkins for superb performance in preparing the manu-
script.

This research was sponsored in part by the National Cancer
Institute under contract NO1-CO-74101 with ABL.

REFERENCES
1. Allende, C. C., R. Bravo, and J. E. Aflende. 1977. Comparison of

in vivo and in vitro properties of cyclic adenosine 3'-5' mono-
phosphate phosphodiesterase of amphibian oocytes. J. Biol.
Chem. 252:4662-4666.

2. Allende, C. C., M. V. Hinrichs, E. Santos, and J. E. Aflende.
1988. Oncogenic ras protein induces meiotic maturation of
amphibian oocytes in the presence of protein synthesis inhibi-
tors. FEBS Lett. 234:426-430.

3. Barrett, C. B., R. M. Schroetke, F. A. Van der Hoorn, S. K.
Nordeen, and J. L. Mailer. 1990. Ha-rasVall2 nhS9 activates S6
kinase and p34cdc2 kinase in Xenopus oocytes: evidence for
c-mosx"-dependent and independent pathways. Mol. Cell. Biol.
10:310-315.

4. Birchmeier, C., D. Broek, and M. Wigler. 1985. ras proteins can
induce meiosis in Xenopus oocytes. Cell 43:615-621.

5. Blenis, J., C. J. Kuo, and R. L. Erikson. 1987. Identification of
a ribosomal protein S6 kinase regulated by transformation and
growth promoting stimuli. J. Biol. Chem. 262:14373-14376.

6. Blenis, J., Y. Sugimoto, H. P. Blemann, and R. L. Erikson. 1985.
Analysis of S6 phosphorylation in quiescent cells stimulated
with serum growth factors, a tumor promoter, or by expression
of the Rous sarcoma virus transforming gene product. Cancer
Cells 3:381-388.

7. Bottaro, D. P., J. S. Rubin, D. L. Faletto, A. M.-L. Chan, T. E.
Kmiecik, G. F. Vande Woude, and S. A. Aaronson. 1991.
Identification of the hepatocyte growth factor receptor as the
c-met proto-oncogene product. Science 251:802-804.

8. Boulton, T. G., S. H. Nye, D. J. Robbins, N. Y. Ip, E.
Radziejewska, S. D. Morganbesser, R. A. DePinho, N. Panayota-
tos, M. Cobb, and G. D. Yancopoulos. 1991. ERKS: a family of
protein-serine/threonine kinases that are activated and tyrosine
phosphorylated in response to insulin and NGF. Cell 65:663-
675.

9. Chung, J., S. Pelech, and J. Blenis. 1991. Mitogen-activated
Swiss mouse 3T3 RSK kinases I and II are related to pp44mPk
from sea star oocytes and participate in the regulation of ppgo0k
activity. Proc. Natl. Acad. Sci. USA 88:4981-4985.

10. Cicerelli, M. F., S. Pelech, and E. Krebs. 1988. Activation of
multiple protein kinases during burst in protein phosphorylation
that precedes the first meiotic cell division in Xenopus oocytes.
J. Biol. Chem. 263:2009-2019.

11. Cooper, C. S., M. Park, D. G. Blair, M. A. Tainsky, K. Huebner,
C. M. Croce, and G. F. Vande Woude. 1984. Molecular cloning

VOL . 1 l, 1991



5990 DAAR ET AL.

of a new transforming gene from a chemically-transformed
human cell line. Nature (London) 311:29-33.

12. Daar, I., A. R. Nebreda, N. Yew, P. Sass, R. Paules, E. Santos,
M. Wigler, and G. F. Vande Woude. 1991. The ras oncoprotein
and m-phase activity. Science 253:74-76.

13. Daar, I., R. Paules, and G. F. Vande Woude. 1991. A charac-
terization of cytostatic factor activity from Xenopus eggs and
c-mos transformed cells. J. Cell Biol. 114:329-335.

14. Desphande, A. K., and H.-F. Kung. 1987. Insulin induction of
Xenopus laevis oocyte maturation is inhibited by monoclonal
antibody against p21 ras proteins. Mol. Cell. Biol. 7:1285-1288.

15. Draetta, G., F. Luca, J. Westendorf, L. Brizuela, J. Ruderman,
and D. Beach. 1989. cdc2 protein kinase is complexed with both
cyclin A and B: evidence for proteolytic inactivation of MPF.
Cell 56:829-838.

16. Dumont, J. 1972. Oogenesis in Xenopus laevis: stages of oocyte
development in laboratory maintained animals. J. Morphol.
136:153-180.

17. Dunphy, W. G., L. Brizuela, D. Beach, and J. Newport. 1988.
The Xenopus cdc2 protein is a component of MPF, a cytoplas-
mic regulator of mitosis. Cell 54:423-431.

18. El-Etr, M., S. Schorderet-Slatkine, and E. E. Baulieu. 1979.
Meiotic maturation in Xenopus laevis oocytes initiated by
insulin. Science 205:1397-1399.

19. Erikson, E., D. Stefanovic, J. Blenis, R. L. Erikson, and J. L.
Mailer. 1987. Antibodies to Xenopus egg S6 kinase II recognize
S6 kinase from progesterone-and-insulin-stimulated Xenopus
oocytes and from proliferating chicken embryo fibroblasts. Mol.
Cell. Biol. 7:3147-3155.

20. Erikson, R. L. 1991. Structure, expression and regulation of
protein kinases involved in phosphorylation of ribosomal pro-
tein S6. J. Biol. Chem. 266:6007-6101.

21. Ferreli, J. E., M. Wu, J. C. Gerhardt, and G. S. Martin. 1991.
Cell cycle tyrosine phosphorylation of p34cdc2 and a microtu-
bule-associated protein kinase homolog in Xenopus oocytes and
eggs. Mol. Cell. Biol. 11:1965-1971.

22. Finidori-Lepicard, J., S. Schorderet-Slatkine, J. Hanoune, and
E. E. Baulieu. 1981. Progesterone inhibits membrane-bound
adenylate cyclase in Xenopus laevis oocytes. Nature (London)
292:255-257.

23. Freeman, R. S., K. M. Pickham, J. P. Kanki, B. A. Lee, S. V.
Pena, and D. S. Donoghue. 1989. Xenopus homolog of the mos
proto-oncogene transforms mammalian fibroblasts and induces
maturation of Xenopus oocytes. Proc. Natl. Acad. Sci. USA
86:5805-5809.

24. Gautier, J., J. Minshull, M. Lohka, T. Hunt, and J. Maller.
1990. Cyclin is a component of maturation-promoting factor
from Xenopus. Cell 60:487-494.

25. Gautier, J., C. Norbury, M. Lohka, P. Nurse, and J. Maller.
1988. Purified maturation promoting factor contains the product
of a Xenopus homolog of the fission yeast cell cycle control gene
cdc2. Cell 54:433-439.

26. Gelerstein, S., H. Shapira, N. Dascal, R. Yekuel, and Y. Oron.
1988. Is a decrease in cyclic AMP a necessary and sufficient
signal for maturation of amphibian oocytes? Dev. Biol. 127:25-
32.

27. Gherardi, E., and M. Stoker. 1991. Cancer cells: hepatocyte
growth factor-scatter factor: mitogen, motogen, and met, p.
227-232. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y.

28. Gonzatti-Haces, M., A. Seth, M. Park, T. Copeland, S. Oroszlan,
and G. F. Vande Woude. 1988. Characterization of the tpr-met
oncogene p65 and the met protooncogene p140 protein-tyrosine
kinases. Proc. Natl. Acad. Sci. USA 85:21-25.

29. Gurdon, J. B., and M. P. Wickens. 1983. The use of Xenopus
oocytes for the expression of cloned genes. Methods Enzymol.
101:370-387.

30. Johnson, K. E., S. Cameron, T. Toda, M. Wigler, and M. J.
Zoller. 1987. Expression in Escherichia coli of BCY1, the
regulatory subunit of cyclic AMP-dependent protein kinase
from Saccharomyces cerevisiae. J. Biol. Chem. 262:8636-8642.

31. Jordana, X., C. C. Aflende, and J. E. Allende. 1981. Guanine
nucleotides are required for progesterone inhibition of amphib-

ian oocyte adenylate cyclase. Biochem. Int. 3:527-532.
32. Kamata, T., and H.-F. Kung. 1990. Modulation of maturation

and ribosomal S6 phosphorylation in Xenopus oocytes by
microinjection of oncogenic ras protein and protein kinase C.
Mol. Cell. Biol. 10:880-886.

33. Kanki, J. P., and D. J. Donoghue. 1991. Progression from
meiosis I to meiosis II in Xenopus oocytes requires de novo
translation of the mosxe protooncogene. Proc. Natl. Acad. Sci.
USA 88:5794-5798.

34. Kruppa, J., D. Darmer, H. Kalthoff, and D. Richter. 1983. The
phosphorylation of ribosomal protein S6 from progesterone
stimulated Xenopus laevis oocytes. Eur. J. Biochem. 129:537-
542.

35. Mailer, J. 1983. Interaction of steroids with the cyclic nucleo-
tide system in amphibian oocytes. Adv. Cyclic Nucleotide Res.
15:295-236.

36. Maller, J. L. 1985. Regulation of amphibian oocyte maturation.
Cell Differ. 16:211-221.

37. Maller, J. L., J. G. Foulkes, E. Erikson, and D. Baltimore. 1985.
Phosphorylation of ribosomal protein S6 on serine after micro-
injection of the Abelson murine leukemia virus tyrosine-specific
protein kinase into Xenopus oocytes. Proc. Natl. Acad. Sci.
USA 82:272-276.

38. Mailer, J. L., and E. G. Krebs. 1977. Progesterone stimulated
meiotic cell division in Xenopus oocytes. J. Biol. Chem. 252:
1712-1718.

39. Maller, J. L., M. Wu, and J. C. Gerhardt. 1977. Changes in
protein phosphorylation accompanying maturation of Xenopus
laevis oocytes. Dev. Biol. 58:295-312.

40. Masui, Y., and H. J. Clarke. 1979. Oocyte maturation. Int. Rev.
Cytol. 57:185-282.

41. Meijer, L., D. Arion, R. Goisteyn, J. Pines, L. Brizuela, T. Hunt,
and D. Beach. 1989. Cyclin is a component of the sea urchin
M-phase specific histone Hi kinase. EMBO J. 8:2275-2282.

42. Miake-lye, R., J. W. Newport, and M. W. Kirschner. 1983.
Maturation promoting factor induces nuclear envelope break-
down in cycloheximide arrested embryo of Xenopus laevis. J.
Cell Biol. 97:81-91.

43. Nebreda, A. R., D. Martin-Zanca, D. Kaplan, L. Parada, and E.
Santos. 1991. Induction of NGF of meiotic maturation of Xeno-
pus oocytes expressing the trk protooncogene product. Science
252:558-561.

44. Nielsen, P. J., G. Thomas, and J. L. Maller. 1982. Increased
phosphorylation of ribosomal protein S6 during meiotic matu-
ration of Xenopus oocytes. Proc. Natl. Acad. Sci. USA 79:
2937-2941.

45. Opresko, L. K., and H. S. Wiley. 1990. Functional reconstitution
of the human epidermal growth factor receptor system in
Xenopus oocytes. J. Cell Biol. 111:1661-1671.

46. Park, M., M. Dean, C. S. Cooper, M. Schmidt, S. J. O'Brien,
D. G. Blair, and G. F. Vande Woude. 1986. Mechanism of met
oncogene activation. Cell 45:895-904.

47. Pines, J., and T. Hunter. 1989. Isolation of a human cyclin
cDNA: evidence for cyclin mRNA and protein regulation in the
cell cycle and for interaction with p34cdc2. Cell 58:833846.

48. Posada, J., J. Sanhera, S. Pelech, R. Aebersold, and J. A.
Cooper. 1991. Tyrosine phosphorylation and activation of ho-
mologous protein kinases during oocyte maturation and mitoge-
nic activation of fibroblasts. Mol. Cell. Biol. 11:2517-2528.

49. Sadler, S. E., and J. L. Maller. 1981. Progesterone inhibits
adenylate cyclase in Xenopus oocytes: action on the guanine
nucleotide regulatory protein. J. Biol. Chem. 256:6368-6373.

50. Sadler, S. E., and J. L. Mailer. 1983. Inhibition of Xenopus
oocyte adenylate cyclase by progesterone and 2,5'-dideoxyad-
enosine is associated with slowing of guanine nucleotide ex-
change. J. Biol. Chem. 258:7935-7941.

51. Sadler, S. E., and J. L. Maller. 1985. Inhibition of Xenopus
oocyte adenylate cyclase by progesterone: a novel mechanism
of action. Adv. Cyclic Nucleotide Protein Phosph. Res. 19:179-
194.

52. Sadler, S. E., and J. L. Maller. 1987. In vivo regulation of cyclic
AMP phosphodiesterase in Xenopus oocytes: stimulation by
insulin and insulin-like growth factor 1. J. Biol. Chem. 262:

MOL. CELL. BIOL.



tpr-met INDUCES OOCYTE MATURATION 5991

10644-10650.
53. Sadler, S. E., and J. L. Mailer. 1989. A similar pool of cyclic

AMP phosphodiesterase in Xenopus oocytes is stimulated by
insulin, insulin-like growth factor 1 and [Val-12, Thr-59] Ha-ras
protein. J. Biol. Chem. 264:856-861.

54. Sadler, S. E., J. L. Mailer, and J. B. Gibbs. 1990. Transforming
ras proteins accelerate hormone-induced maturation and stim-
ulate cyclic AMP phosphodiesterase in Xenopus oocytes. Mol.
Cell. Biol. 10:1689-16%.

55. Sagata, N., I. Daar, M. Oskarsson, S. D. Showalter, and G. F.
Vande Woude. 1989. The product of the mos proto-oncogene is
a candidate "initiator" for oocyte maturation. Science 245:643-
646.

56. Sagata, N., M. Oskarsson, T. Copeland, J. Brumbaugh, and
G. F. Vande Woude. 1988. Function of c-mos proto-oncogene
product in meiotic maturation in Xenopus oocytes. Nature
(London) 335:519-525.

57. Sagata, N., N. Watanabe, G. F. Vande Woude, and Y. Ikawa.

1989. The c-mos proto-oncogene product is a cytostatic factor
responsible for meiotic arrest in vertebrate eggs. Nature (Lon-
don) 342:512-518.

58. Smith, L. D. 1989. The induction of oocyte maturation: trans-
membrane signalling events and regulation of the cell cycle.
Development 107:685-699.

59. Spivak, J. G., R. L. Erikson, and J. Mailer. 1984. Microinjection
of pp6iv'src into Xenopus oocytes increases phosphorylation of
ribosomal protein S6 and accelerates the rate of progesterone-
induced meiotic maturation. Mol. Cell. Biol. 4:1631-1634.

60. Sturgil, T. W., L. B. Ray, E. Erikson, and J. L. Mailer. 1988.
Insulin-stimulated MAP-2 kinase phosphorylates and activates
ribosomal protein S6 kinase II. Nature (London) 334:715-718.

61. Thomas, G., J. Martin-Perez, M. Siegman, and A. Otte. 1982.
The effect of serum, EGF, PGF2A and insulin on S6 phosphor-
ylation and the initiation of protein and DNA synthesis. Cell
30:235-242.

VOL. 11, 1991


