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Progesterone stimulation of Xenopus oocyte maturation requires the cytoplasmic polyadenylation-induced
translation of mos and cyclin B mRNAs. One cis element that drives polyadenylation is the CPE, which is
bound by the protein CPEB. Polyadenylation is stimulated by Aurora A (Eg2)-catalyzed CPEB serine 174
phosphorylation, which occurs soon after oocytes are exposed to progesterone. Here, we show that insulin also
stimulates Aurora A-catalyzed CPEB S174 phosphorylation, cytoplasmic polyadenylation, translation, and
oocyte maturation. However, these insulin-induced events are uniquely controlled by PI3 kinase and PKC-�,
which act upstream of Aurora A. The intersection of the progesterone and insulin signaling pathways occurs
at glycogen synthase kinase 3 (GSK-3), which regulates the activity of Aurora A. GSK-3 and Aurora A interact
in vivo, and overexpressed GSK-3 inhibits Aurora A-catalyzed CPEB phosphorylation. In vitro, GSK-3
phosphorylates Aurora A on S290/291, the result of which is an autophosphorylation of serine 349. GSK-3
phosphorylated Aurora A, or Aurora A proteins with S290/291D or S349D mutations, have reduced or no
capacity to phosphorylate CPEB. Conversely, Aurora A proteins with S290/291A or S349A mutations are
constitutively active. These results suggest that the progesterone and insulin stimulate maturation by
inhibiting GSK-3, which allows Aurora A activation and CPEB-mediated translation.
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Fully grown Xenopus oocytes arrested at the end of pro-
phase I are stimulated to re-enter into the meiotic divi-
sions (oocyte maturation) by progesterone. Although the
initial signaling event that is propagated by progesterone
is unclear, it involves an immediate but transient de-
crease in cyclic AMP (cAMP; Sadler and Maller 1989; for
review, see Ferrell 1999) and the activation of Aurora A
(Eg2), a member of the Aurora family of protein kinases
(Andresson and Ruderman 1998). The most proximal
known substrate of Aurora A is CPEB, a sequence-spe-
cific RNA binding protein that stimulates cytoplasmic
polyadenylation and translational activation (Hake and
Richter 1994; Mendez et al. 2000a). CPEB interacts with
the cytoplasmic polyadenylation element (CPE), a cis el-
ement present in the 3� untranslated regions (UTRs) of
several mRNAs including those that encode mos and
cyclin B. The translation of mos mRNA is necessary to
induce the MAP kinase cascade that indirectly activates
M-phase promoting factor (MPF), a heterodimer of cyclin

B and cdc2. MPF is responsible for many manifestations
of oocyte maturation such as germinal vesicle break-
down (GVBD). Aurora phosphorylation of CPEB serine
174 enhances the association of CPEB with CPSF (cleav-
age and polyadenylation specificity factor), possibly
helping to stabilize this group of proteins on the
AAUAAA hexanucleotide, a second cis element essen-
tial for polyadenylation (Mendez et al. 2000a,b). CPSF is
probably responsible for recruiting poly(A) polymerase to
the end of the mRNA.

Polyadenylation-induced mRNA translation requires
maskin, a CPEB and eIF4E-associated factor (Stebbins-
Boaz et al. 1999). Translation of CPE-containing RNAs is
repressed in oocytes because the maskin-eIF4E interac-
tion precludes an eIF4G-eIF4E interaction, which is nec-
essary to correctly position the 40s ribosomal subunit on
the 5� end of the mRNA. During maturation, the newly
elongated poly(A) tail is bound by poly(A) binding pro-
tein (PABP); PABP subsequently interacts with eIF4G,
and together they displace maskin from eIF4E, thereby
stimulating translation (Cao and Richter 2002).

Cytoplasmic polyadenylation is not unique to matur-
ing Xenopus oocytes; it occurs in the oocytes and/or em-
bryos of Drosophila, mice, clams, and sea urchins, and
thus is probably a general feature of early metazoan de-
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velopment (for review, see Richter 2000; Mendez and
Richter 2001). Cytoplasmic polyadenylation also takes
place in vertebrate and invertebrate neurons following
synaptic activation (Wu et al. 1998; Wells et al. 2001;
Huang et al. 2002; Liu and Schwartz 2003). In mamma-
lian neurons, CPEB undergoes Aurora A-mediated phos-
phorylation in response to N-methyl-D-aspartate recep-
tor signaling (Huang et al. 2002), thus demonstrating
that progesterone is not the only agent that can induce
Aurora-mediated activity; indeed, in this regard proges-
terone signaling may be unique to Xenopus oocytes.

To begin to analyze a widely used signaling cascade
that might impact Aurora activity more generally, we
have focused on the insulin signaling pathway. Under
certain circumstances insulin can stimulate Xenopus oo-
cyte maturation, which in contrast to progesterone, re-
quires phosphoinositide 3-kinase (PI3 kinase) and pro-
tein kinase C (isoform zeta) activity (Sadler and Maller
1989; Dominguez et al. 1992; Berra et al. 1993; Liu et al.
1995). At least in mammalian cells, insulin can also sig-
nal through glycogen synthase kinase 3 (GSK-3), whose
activity is usually downregulated in response (Frame and
Cohen 2001; Oriente et al. 2001). In oocytes, the down-
regulation of GSK-3 activity is also thought to be neces-
sary for progesterone stimulation of oocyte maturation
(Fisher et al. 1999). The possible involvement of GSK-3
in insulin-stimulated maturation is not known, nor is
(are) the substrate(s) upon which it might act following
either progesterone or insulin treatment.

In this study, we show that insulin stimulation of oo-
cyte maturation requires Aurora A-catalyzed CPEB ser-
ine 174 phosphorylation and CPE-dependent cytoplas-
mic polyadenylation. Although insulin-induced, but not
progesterone-induced, Aurora A activation is mediated
by PI3 kinase and PKC-�, both pathways require the in-
activation of GSK-3 for oocyte maturation. In immature
oocytes, GSK-3 binds to Aurora A, and the overexpres-
sion of GSK-3 in injected oocytes inhibits CPEB-medi-
ated translation and maturation. In vitro, GSK-3 phos-
phorylates Aurora A on S290/291, the result of which is
an Aurora A autophosphorylation at S349. Autophos-
phorylated Aurora A has a reduced capacity to phos-
phorylate a CPEB substrate. Furthermore, an Aurora A
containing S290/291D or S349D mutations has no ca-
pacity to phosphorylate the same CPEB substrate. Con-
versely, Aurora A proteins with S290/291A or S349A
mutations are constitutively active. These results dem-
onstrate that the progesterone and insulin signaling
pathways stimulate CPEB-mediated translation and oo-
cyte maturation by alleviating the GSK-3 inhibition of
Aurora A activity.

Results

Insulin induces CPE-dependent mRNA
polyadenylation and translation

To determine whether CPE-dependent mRNA polyade-
nylation is a response to insulin signaling, stage VI Xeno-
pus oocytes were injected with radiolabeled CPE-con-
taining and CPE-lacking RNA. Some of the oocytes were

then incubated in the presence of progesterone or insulin
until a white spot at the animal pole was observed, an
indication of germinal vesicle breakdown (GVBD) and
oocyte maturation. RNA from the oocytes was then ex-
tracted and analyzed by gel electrophoresis and autora-
diography. Both insulin- and progesterone-induced poly-
adenylation in a CPE-dependent manner (Fig. 1A).

To assess whether polyadenylation was accompanied
by CPEB phosphorylation, an event necessary for the ac-
tivity of this protein, an in vitro kinase assay was per-
formed using extracts from mock-, progesterone-, or in-
sulin-treated oocytes supplemented with recombinant
CPEB and [�32P] ATP, which was followed by SDS-PAGE.
As expected, both progesterone- and insulin-treated oo-
cytes contained newly synthesized mos as well as high
MPF (H1 kinase) activity, demonstrating that they had
undergone maturation; they also displayed CPEB phos-
phorylating activity. To examine whether insulin, like
progesterone (Mendez et al. 2000a, 2002) leads to the
polyadenylation requiring CPEB serine 174 phosphoryla-
tion, two-dimensional (2D) phospho-peptide mapping
was performed. Two prevalent phospho-peptides were
observed, one of which (Fig. 1B, arrow) was not detected
when a CPEB with an S174A mutation was used as the
substrate. Thus, insulin stimulation leads to CPEB ser-
ine 174 phosphorylation as well as mos synthesis and
MPF activation.

Insulin signaling requires Aurora A-catalyzed CPEB
serine 174 phosphorylation

One characteristic of progesterone-induced maturation
is the feedback of downstream kinases to activate (or
potentiate) upstream events. For example, MPF (cyclinB/
cdc2), while clearly far downstream of initial CPEB ac-
tivity (e.g., Mendez et al. 2002), can induce CPE-depen-
dent polyadenylation if injected into oocytes or added to
an extract prepared from immature oocytes (Paris et al.
1991). Because the elimination of such feedback loop(s)
would allow us to focus on upstream insulin-signaling
events, we ablated mos mRNA with an antisense oligo-
nucleotide, which should prevent MAP kinase and MPF
activation (Sagata et al. 1988). Figure 2A shows that in-
deed the mos antisense oligonucleotide not only pre-
vented insulin- (and progesterone-) stimulated mos syn-
thesis, which is essential for the MAP kinase cascade, it
also prevented MPF activity. However, the mos anti-
sense oligonucleotide (directed against the coding region)
had no effect on the insulin- or progesterone-stimulated
polyadenylation of injected mos 3� UTR (Fig. 2A). Thus,
the insulin and progesterone pathways must converge at
a point upstream of mos mRNA polyadenylation.

Phosphorylation of CPEB serine 174 is essential for
progesterone-induced cytoplasmic polyadenylation dur-
ing oocyte maturation (Mendez et al. 2000a). To deter-
mine whether this event is important for insulin-in-
duced maturation, oocytes were injected with mRNA
encoding either epitope-tagged wild-type CPEB, or a
CPEB containing a serine 174 and serine 180 to alanine
(S174A, S180A) mutation. (S174 lies within the first of
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two LDSR motifs in CPEB; S180 lies within the second.
Although we have no evidence that S180 is ever phos-
phorylated, both serine residues were changed to alanine
to eliminate a possible compensatory phosphorylation of
S180 if S174 was eliminated; cf. Mendez et al. 2000a.)
The oocytes were then incubated with insulin and
scored for oocyte maturation. Figure 2B shows that al-
though myc-tagged wild-type and LDSR mutant CPEB
proteins were synthesized to the same extent (inset, oo-
cyte maturation), only the mutant CPEB protein inhib-
ited both maturation and MPF activity. Not surprisingly,
the LDSR mutant CPEB protein also inhibited insulin-
induced mos synthesis. These results indicate that insu-
lin-stimulated maturation, like progesterone-stimulated
maturation, requires CPEB serine 174 phosphorylation.

Eg2, the Xenopus homolog of Aurora A, is a serine/
threonine kinase (Andresson and Ruderman 1998; Lit-
tlepage et al. 2002) that phosphorylates CPEB serine 174
in progesterone-treated oocytes (Mendez et al. 2000a). To
investigate the necessity of this kinase for insulin sig-
naling, we employed a model peptide substrate derived
from CPEB that obviates the need for 2D peptide map-
ping (Mendez et al. 2000a). For example, when this pep-
tide is affixed to ovalbumin (a molar ratio of ∼8 to 1), it
serves as an efficient substrate for phosphorylation by
either recombinant Aurora A or extracts prepared from
progesterone-matured oocytes (Fig. 2C; Mendez et al.
2000a). However, a mutant peptide with an LDAR motif
was not phosphorylated (Fig. 2C). Most significantly, im-
munodepletion of Aurora A from extracts derived from

insulin-stimulated oocytes significantly depressed CPEB
peptide phosphorylation (cf. mock depletion, Fig. 2C).
These data indicate that Aurora A is an integral compo-
nent of the insulin signaling pathway.

PI3 kinase and PKC-� are essential intermediaries
between insulin stimulation and Aurora A activation

Although the results presented above indicate that insu-
lin and progesterone employ many of the same signaling
components to promote oocyte maturation, there are
some important differences between the two
(Dominguez et al. 1992; Berra et al. 1993). For example,
although decreased cAMP levels are required for both
progesterone- and insulin-mediated maturation (Sadler
and Maller 1989), PI3 kinase is required only for the in-
sulin pathway (Berra et al. 1993; Liu et al. 1995). Because
it seemed likely that insulin-stimulated CPE-mediated
and Aurora A-dependent mRNA polyadenylation and
translation could also rely on PI3 kinase, oocytes were
treated with wortmannin, a PI3 kinase inhibitor (Wy-
mann et al. 1996), prior to insulin or progesterone stimu-
lation. Although wortmannin had no effect on any pro-
gesterone-stimulated parameter that we measured, as
expected, this agent blocked insulin-stimulated matura-
tion and MPF activity (Fig. 3A). Most importantly, wort-
mannin also inhibited insulin-stimulated CPEB phos-
phorylation and cytoplasmic polyadenylation.

Two downstream targets activated by insulin-induced
PI3 kinase signaling are FRAP/mTOR and PKC-� (for re-

Figure 1. Insulin stimulation of CPE-dependent polyadenylation. (A) In vitro synthesized radiolabeled RNA, containing or lacking a
CPE, was injected into stage VI oocytes, some of which were incubated in the presence of progesterone or insulin. When a white spot
was visible at the animal pole of these stimulated oocytes, the RNA was extracted and analyzed for polyadenylation by denaturing
polyacrylamide gel electrophoresis. (B) Extracts prepared from unstimulated and stimulated (progesterone or insulin) oocytes were
supplemented with purified recombinant histidine-tagged CPEB and �32P-ATP in an in vitro kinase assay. Following the kinase
reaction, phospho-CPEB was analyzed by SDS-PAGE and autoradiography. Mos was detected by a Western blot, and MPF activity by
an H1 kinase reaction. Extracts from insulin-stimulated oocytes were supplemented with recombinant wild-type CPEB, or recombi-
nant CPEB with S174A and S180A mutations (see text for details), together with �32P-ATP. The resulting phosphorylated CPEB
proteins were subjected to 2D phospho-peptide mapping. The arrow indicates the location of the peptide containing phospho-serine 174.
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view, see Mendez et al. 2001; Cantley 2002). FRAP/
mTOR can stimulate mRNA translation by activating
S6 kinase (Schmelzle and Hall 2000; Kozma and Thomas
2002) and inactivating eIF4EBP (Gingras et al. 2001). To
determine whether FRAP/mTOR functions in CPE-me-

diated mRNA translation, oocytes were incubated in
media containing rapamycin, a specific inhibitor of this
kinase (Schwab et al. 1999) prior to hormone treatment.
Although rapamycin-treated oocytes matured slightly
faster when stimulated with progesterone compared to

Figure 2. Aurora-stimulated CPEB phosphorylation is required for insulin-induced maturation. (A) Oocytes were injected with a mos
antisense oligonucleotide and then stimulated with progesterone or insulin. Some of the oocytes were also injected with CPE-
containing radiolabeled RNA. Mos, MPF, and polyadenylation were analyzed as described in Fig. 1. (B) Oocytes were injected with in
vitro synthesized mRNAs encoding myc-tagged wild-type CPEB or a CPEB with S174A and S180A mutations, some of which were
then stimulated with insulin. The oocytes were then scored for maturation (GVBD), and the expression levels of the injected CPEB
mRNAs were determined by 35S-methionine labeling and immunoprecipitation with myc antibody, followed by SDS-PAGE and
autoradiography (inset). Mos protein and MPF activity were assayed as described in Fig. 1. (C) A peptide corresponding to CPEB residues
163–181, and another containing the same sequence but with S174A, S180A changes were coupled to ovalbumin, and are referred to
as Ova-WT and Ova-AA, respectively. The coupled peptides were subjected to in vitro kinase assays with E.coli-expressed Aurora A
and analyzed by SDS-PAGE and autoradiography. Coomassie blue staining of the gel shows equal loading of peptide conjugates (peptide
phosphorylation). Extracts from insulin-stimulated oocytes were either mock-depleted with pre-immune serum or immunodepleted
with Aurora A antibody; the depleted fractions were then subjected to in vitro kinase assays with Ova-WT peptide, which was analyzed
by SDS-PAGE and autoradiography. Coomassie blue staining of the gel shows equal loading of the peptide conjugate (immunodepletion
of Aurora).
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insulin (data not shown; Schwab et al. 1999), this reagent
had no substantive effect on MPF activity, mos synthe-
sis, CPEB phosphorylation, or cytoplasmic polyadenyla-
tion (Fig. 3B). These data indicate that insulin-stimu-
lated PI3 kinase signaling does not affect CPEB activity
through FRAP/mTOR.

To determine whether PKC-� is required for insu-
lin-stimulated CPEB-induced polyadenylation, oocytes
were injected with either a specific PKC-� inhibitor pep-
tide or, as a control, a specific PKC-� inhibitor peptide
(Dominguez et al. 1992), followed by progesterone or in-
sulin treatment. Figure 3C demonstrates that whereas

Figure 3. PI3 kinase and PKC-� are required for insulin-stimulated polyadenylation. (A) Oocytes were incubated with wortmannin for
2 h and then in some cases, injected with CPE-containing RNA, which was followed by stimulation with progesterone or insulin. MPF
activity, mos protein levels, CPEB phosphorylation, and cytoplasmic polyadenylation were then assessed as described in Fig. 1. (B)
Oocytes were incubated with rapamycin for 2 h, injected with CPE-containing RNA, and the same parameters as in panel A were
assayed. (C) Oocytes were injected with PKC-� inhibitor peptide, PKC-� inhibitor peptide, or mock-injected, and induced to mature
with insulin or progesterone. The same parameters as in A were assayed.

Sarkissian et al.

52 GENES & DEVELOPMENT



the PKC-� inhibitory peptide had no effect on either pro-
gesterone- or insulin-stimulated MPF activity, mos syn-
thesis, CPEB phosphorylation, or cytoplasmic polyade-
nylation, the PKC-� inhibitor inhibited all of these
events with insulin treatment. Therefore, insulin spe-
cifically signals through PI3 kinase and PKC-� to pro-
mote CPE-mediated mRNA polyadenylation.

Glycogen synthase kinase 3 is an upstream negative
regulator of Aurora A

GSK-3 is a component of the insulin-signaling pathway
that is inhibited by two upstream kinases, PKC-� and
PKB/AKT (Frame and Cohen 2001; Oriente et al. 2001).
In oocytes, GSK3 activity decreases during oocyte matu-
ration, and its overexpression can inhibit progesterone-
induced maturation (Fisher et al. 1999). Indeed, whereas
GSK-3 injection inhibited all progesterone- or insulin-
stimulated CPE-mediated signaling events including cy-
toplasmic polyadenylation, CPEB phosphorylation, mos
synthesis, MPF activity, and oocyte maturation (Fig. 4A),
the kinase-dead version of the enzyme had no effect (data
not shown). These results suggest that not only is GSK-3
activity upstream of CPEB and Aurora A-mediated trans-
lation, but that the activity is inhibitory. If so, then per-
haps GSK-3 inhibits Aurora A by directly phosphorylat-
ing the enzyme. To assess these possibilities, we per-
formed both an in vivo binding experiment as well as in
vitro kinase assays. Figure 4B (top) demonstrates that
GSK-3 immunoprecipitation from oocytes also copre-
cipitates Aurora A, and that GSK-3 phosphorylates Au-
rora A (the kinase-dead version of Aurora A, K169R, was
employed so that possible autophosphorylation would be
eliminated) in vitro, primarily at one or two sites. By
employing truncated Aurora A proteins for in vitro ki-
nase reactions, we localized the site of GSK-3 phosphory-
lation of Aurora A as residing between residues 285 and
302 (Fig. 4B, bottom). Utilizing site-directed mutagen-
esis, the mutation of two serine residues, at positions
S290 and S291, eliminated all phosphorylation of Aurora
A by GSK-3 (Fig. 4B, bottom).

Aurora A is differentially phosphorylated
during oocyte maturation

The results presented thus far indicate that the proges-
terone and insulin signaling pathways control CPE-me-
diated mRNA translation through Aurora A function.
Although the activation of this kinase requires a direct
upstream Aurora A phosphorylating event (Andresson
and Ruderman 1998; Walter et al. 2000; Eyers et al. 2003;
Littlepage et al. 2002; Tsai et al. 2003; cf. Ma et al. 2003
for evidence of a biphasic activation of Aurora A during
maturation), our data showing that GSK-3 phosphoryla-
tion of Aurora A is correlated with the inhibition of oo-
cyte maturation (Fig. 4) suggest that Aurora A activity
might also be subject to negative regulation. If true, sites
of phosphorylation on Aurora A should decrease as oo-
cyte maturation progresses. To investigate this possibil-
ity, extracts prepared from immature or progesterone- or
insulin-stimulated oocytes were primed with recombi-

nant Aurora A and �32P-ATP; following an incubation
period, Aurora A was isolated and processed for 2D phos-
pho-peptide mapping. Figure 5A (top) shows that a phos-
pho-peptide that was particularly prominent in imma-
ture oocyte extracts diminished upon progesterone-in-
duced maturation; this decrease also occurred with
insulin-induced maturation (insulin data not shown). A
longer exposure of this same map (Fig. 5A, lower panel)
shows that several additional phospho-peptides were
similarly reduced during maturation (solid arrows); one
also appeared to increase (open arrow). Although the
structure of the most prevalent phospho-peptide in Fig-
ure 5A (top) is unknown, we noted that Littlepage et al.
(2002) used mass spectrometry to identify S349 as one of
several Aurora A-phosphorylated residues; these investi-
gators also showed that an S349D mutation inhibited
kinase activity of the enzyme. Because an Aurora A in-
hibitory phosphorylation might be expected to diminish
during maturation, we suspected that the phospho-pep-
tide shown in Figure 5A could contain S349. Indeed, an
S349A mutation abolished the phosphorylation of this
peptide (Fig. 5B).

GSK-3 inhibits Aurora A activity through
an autophosphorylation event

If GSK-3 is an upstream negative regulator of Aurora A,
then the kinase activity of Aurora A should be inhibited
following GSK-3 phosphorylation. Figure 6A demon-
strates that the ability of Aurora A to phosphorylate the
CPEB-derived peptide (cf. Fig. 2) indeed was inhibited, by
∼50%, when this kinase was phosphorylated by GSK-3.

Recent studies have indicated that Aurora A has auto-
phosphorylation capabilities that lead to its activation.
TPX2, a factor involved in mitotic spindle assembly, pro-
motes this autophosphorylation on Aurora A T295 (Ey-
ers et al. 2003; Tsai et al. 2003). We found that E. coli-
expressed Aurora A, when pretreated with phosphatase
prior to incubation with GSK-3, became phosphorylated
on S349 (Fig. 6B). Because GSK-3 does not phosphorylate
this site (see Fig. 4), this phosphorylation event must
occur through an autophosphorylation mechanism.

These observations, coupled with our previous results
showing that S349 phosphorylation diminishes as matu-
ration progresses (Fig. 5A) and those of Littlepage et al.
(2002) who demonstrated that phospho-S349 inhibits ki-
nase activity, suggest that a priming phosphorylation on
Aurora A S290/S291 by GSK-3 stimulates the Aurora A
autophosphorylation at S349, which inhibits Aurora A
catalytic activity. The importance of the negatively act-
ing S349 autophosphorylation is underscored by the ob-
servation that an Aurora A mutant (S349A) retained al-
most all of its capacity to phosphorylate a CPEB sub-
strate even when phosphorylated by GSK-3 (Fig. 6C).
Furthermore, an Aurora A containing an S349D muta-
tion was completely inactive (Fig. 6C), as demonstrated
initially by Littlepage et al. (2002). Finally, the impor-
tance of the GSK-3 phosphorylation of Aurora A was
shown by additional kinase reactions. An Aurora A con-
taining S290A/S291A mutations retained its capacity to
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phosphorylate the CPEB-derived peptide substrate even
in the presence of GSK-3. Conversely, Aurora A contain-
ing S290D/291D mutations was catalytically inactive
(Fig. 6C). In addition, when Aurora A S290A/S291A was
incubated in extracts derived from immature oocytes,
the phosphorylation of S349 was substantially reduced
compared to the wild-type protein (Fig. 6D). These data
reaffirm that S290/291 phosphorylation is required for
S349 phosphorylation in immature oocyte extracts.

To examine the in vivo requirement for these phos-

phorylation events, we injected Aurora A wild-type as
well as S290/291A and S349A mutant proteins into oo-
cytes and examined the CPE-mediated polyadenylation
of a reporter RNA. When stimulated with a low amount
of progesterone (0.01 µg/mL), the Aurora A S290/291A
and S349A mutant proteins enhanced the rate of RNA
polyadenylation compared to both the control (nonin-
jected) and the Aurora A wild-type protein (Fig. 6E, note
2-h timepoint). Aurora A S290/291A and S349A mutant
proteins stimulated the rate of CPEB S174 phosphoryla-

Figure 4. GSK-3 inhibits CPE-mediated translation in both insulin and progesterone signaling pathways. (A) Oocytes were injected
with mRNA encoding a myc-tagged wild-type GSK-3 (Pierce and Kimelman 1995), some of which were then stimulated with insulin
or progesterone. The oocytes were then scored for maturation (GVBD). The expression level of the injected GSK-3 mRNA was
determined by a Western blot using myc antibody (inset). Polyadenylation, CPEB phosphorylation, mos protein levels, and MPF
activity were assayed as in Fig. 1. (B) Oocyte extracts were immunoselected with GSK-3 antibody, or pre-immune serum, and then
Western blotted and probed with Aurora A antibody (top). Purified kinase-dead Aurora A with a K169R mutation (to eliminate possible
autophosphorylation) was incubated with recombinant GSK-3 and �32P-ATP; phospho-Aurora was then analyzed by both SDS-PAGE
and 2D phospho-peptide mapping. Several truncated Aurora A proteins, as well as a protein with S290/291A mutations, were expressed
in E. coli, subjected to phosphorylation by recombinant GSK-3 in vitro, and analyzed by SDS-PAGE (bottom panel).
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tion as well (data not shown). Taken together, these re-
sults suggest that in immature oocytes, GSK-3 is an up-
stream kinase that phosphorylates and inactivates Au-
rora A through an autophosphorylation mechanism.
Upon progesterone or insulin treatment, GSK-3 is inhib-
ited, leading to the activation of Aurora A, the phos-
phorylation of CPEB, cytoplasmic polyadenylation,
mRNA translation, and oocyte maturation.

GSK-3-mediated Aurora A phosphorylation decreases
during oocyte maturation

The decrease in GSK-3 activity during progesterone-in-
duced oocyte maturation (Fisher et al. 1999) is one im-
portant event that is required for Aurora A activation.
We wished to determine whether GSK-3-mediated Au-
rora A phosphorylation activity also decreased during in-
sulin-induced maturation. However, several experi-
ments that would allow us to examine this possibility in
a quantitative manner had to be performed first. We im-
munoprecipitated GSK-3 from extracts derived from im-
mature oocytes and used this material as the kinase
source to ensure that only GSK-3 activity would be
monitored. GSK-3, which was successfully precipitated
from immature oocyte extracts (Fig. 7A, top panel), phos-
phorylated a wild-type GSK-3 substrate peptide (derived
from glycogen synthase) but not a mutant peptide (Fig.
7A, lower panel). One interesting fact about this sub-

strate peptide is that it contains a phospho-serine residue
(position 21) downstream of the GSK-3 phosphorylation
site (position 17); S21 is necessary to “prime” the sub-
strate for GSK-3 phosphorylation at serine 17 (Bijur et al.
2000).

To determine whether GSK-3 phosphorylation of Au-
rora A also requires a priming event, we incubated an
Aurora A-derived peptide with protein kinase A (PKA);
PKA is known to phosphorylate T295 (Eyers et al. 2003;
Tsai et al. 2003), which is in a position similar to the
priming site on the glycogen synthase peptide. When in-
cubated with GSK-3 immunoprecipitated from imma-
ture oocyte extracts, the PKA-phosphorylated peptide
was found to be a much better substrate than the peptide
that lacked the PKA phosphorylation (Fig. 7B, left). This
peptide, as well as one with an S290A/S291A mutation,
was incubated with GSK-3 that was immunoprecipitated
from control, progesterone-treated, or insulin-treated oo-
cytes (Fig. 7B, right, note Western showing equal GSK-3
immunoprecipitation in all cases). Whereas the mutant
peptide was a very poor phosphorylation substrate, the
wild-type peptide was heavily phosphorylated by GSK-3
from immature oocytes. Moreover, the phosphorylation
of the peptide decreased, albeit not dramatically, during
both progesterone- and insulin-stimulated maturation.

To confirm that Aurora A is indeed T295-phosphory-
lated in vivo, oocyte extracts were subjected to Western
blot analysis using a phospho-specific antibody directed

Figure 5. Aurora A is differentially phos-
phorylated during oocyte maturation. (A)
E. coli-expressed phosphatase-treated Au-
rora A was incubated in extracts from im-
mature or progesterone-stimulated oo-
cytes primed with �32P-ATP. The result-
ing phosphorylated Aurora proteins were
resolved by 2D phospho-peptide mapping.
The top panel shows a short exposure; the
bottom shows a longer exposure. Solid ar-
rows indicate phospho-peptides that di-
minished during maturation; the open ar-
row denotes a phospho-peptide that in-
creased during this time. (B) Identical
phospho-peptide mapping procedures were
performed with wild-type or S349A Au-
rora A proteins. The arrow denotes the
phospho-peptide that contains S349.
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against human Aurora A phospho-T288 (Eyers et al.
2003; Tsai et al. 2003). To verify that this antibody could
recognize the Xenopus form of phospho-T288 (which

corresponds to phospho-T295), recombinant wild-type
(active) or T294A/T295A mutant (kinase-dead) Aurora A
proteins (both derived from Xenopus) were subjected to

Figure 6. GSK-3 inhibits Aurora A kinase activity. (A) Aurora A was incubated with or without recombinant GSK-3, purified, then
used to phosphorylate the CPEB-derived peptide substrate. Top panel: the radiolabeled CPEB peptide (Ova-WT peptide); middle panel:
a Coomassie blue-stained gel showing equal loading of Ova-WT; lower panel: a Western blot of Aurora A showing equal amounts used
in the assay. The histogram quantifies the amount of phosphorylated peptide from three experiments (P < 0.05, Student’s t-test). (B)
Phosphatase-treated Aurora A incubated with GSK-3 and �32P-ATP was analyzed by SDS-PAGE and 2D phospho-peptide mapping. The
arrow refers to an Aurora A autophosphorylated phospho-peptide that was stimulated by recombinant GSK-3. (C) Aurora A (wild-type
or proteins with S349A, S349D, S290A/S291A, or S290/291D mutations), some of which were pre-incubated with recombinant GSK-3,
were used to phosphorylate the CPEB-derived peptide linked to ovalbumin. Top panel: radiolabeled Ova-WT peptide; middle and
bottom panels: Coomassie blue staining of gels showing equal loading of Ova-WT and Aurora A. Note that the Aurora A proteins
containing aspartate (D) substitutions have slightly faster electrophoretic mobilities than wild-type or alanine (A)-containing proteins.
(D) E. coli-expressed phosphatase-treated Aurora A wild-type and S290A/S291A mutant were incubated in extracts from immature
extracts supplemented with �32P-ATP. The resulting phosphorylated Aurora proteins were resolved by 2D phospho-peptide mapping
as in Fig. 5. The arrow denotes the S349-containing phospho-peptide. (E) To determine the effects of Aurora A S290A/S291A and S349A
on CPE-mediated mRNA polyadenylation, oocytes were co-injected with recombinant Aurora A proteins (wild-type or mutant) and in
vitro synthesized radiolabeled CPE-containing RNA (cf. Fig. 1). The oocytes were incubated with progesterone (0.01 µg/mL), harvested
0, 2, or 4 h later, and processed for polyadenylation analysis (lower panel).

Sarkissian et al.

56 GENES & DEVELOPMENT



Figure 7. GSK-3 mediated Aurora A phosphorylation decreases during oocyte maturation. (A) A Western blot (top panel) verifies that
GSK-3 can be immunoprecipitated from immature extracts (lane 2), but not when extracts were incubated with protein A beads alone (lane
1). Lane 3 shows GSK-3 in unfractionated extracts. The bottom panel shows that immunoprecipitated GSK-3 phosphorylates a wild-type
(WT) GSK-3 substrate peptide containing a “priming” phosphate at S21 (derived from glycogen synthase), but not a peptide with an S21A
mutation, which removes the priming phosphorylation. The site of GSK-3 phosphorylation on the peptide (at S17) is noted. (B) A peptide
derived from Xenopus Aurora A was phosphorylated with PKA and then used as a substrate for GSK-3 that had been immunoprecipitated
from extracts derived from immature oocytes. The relative amount of peptide phosphorylation was quantified by a phosphorimager (left).
This same peptide, as well as one with S290A/S291A mutations, was used as a substrate for GSK-3 that had been immunoprecipitated from
control, progesterone-treated, or insulin-treated oocytes (the boxed Western blot shows equal GSK-3 immunoprecipitation). As above, the
extent of phosphorylation was quantified by a phosphorimager (right). (C) Recombinant Xenopus wild-type Aurora A, or an Aurora with
T294/295A mutations were Western blotted and probed with anti-human Aurora A phospho-specific T295 antibody. The gel was also
stained with Coomassie blue to show equal loading of the gel (left). Protein from immature, progesterone-treated, and insulin-treated
oocytes was Western blotted and probed with both the Aurora A phospho-specific T295 antibody and conventional Aurora A antibody.
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Western blotting analysis. Only the wild-type protein
was detected on the Western blot, which demonstrates
that the anti-human antibody specifically recognizes
frog Aurora A only when it is phosphorylated on T295.
This antibody was then used to probe a Western blot of
protein from immature and progesterone- and insulin-
matured oocytes. Aurora A phospho-T295 was detected
in all samples in equal amounts, which shows that not
only is this “activating” phosphorylation present on in-
active protein (in immature oocytes), but that this phos-
phorylation does not increase as the protein becomes
active. Thus, other events, such as the inhibitory
GSK-3 phosphorylation, must be alleviated as matura-
tion proceeds.

Discussion

Our studies suggest several key signaling events in pro-
gesterone- and insulin-induced oocyte maturation (Fig.
8). Both signaling pathways activate CPEB-mediated mos
mRNA polyadenylation and translation and all the pre-
viously established downstream events such as MPF ac-
tivation and germinal vesicle breakdown (Mendez and
Richter 2001). The events upstream of CPEB, however,
show some pathway-specific characteristics. For ex-
ample, oocytes do not respond to insulin treatment un-
less they are derived from frogs that had been “primed”
with a subovulatory injection of a gonadotropic hor-
mone. The gonadotropin induces the synthesis of IRS-1
in oocytes (Chuang et al. 1993a,b) which when phos-
phorylated by ligand binding to the insulin receptor ty-
rosine kinase activates PI3 kinase and the atypical PKC-
�. The progesterone pathway does not require either of
these kinases. Most importantly, however, both path-
ways inactivate GSK-3, a kinase that indirectly inhibits
CPEB S174 phosphorylation and mos RNA polyadenyla-
tion. GSK-3 would thus appear to act constitutively in
immature oocytes by phosphorylating Aurora A on resi-
due(s) S290/291. This event induces Aurora A to auto-
phosphorylate S349, which keeps this kinase inactive;
hence, CPEB is neither phosphorylated nor active. The
small but discernible inactivation of GSK-3 by proges-
terone or insulin presumably is accompanied by phos-
phatase activity that dephosphorylates both S290/291
and S349 on Aurora A, allowing this kinase to become
active. Interestingly, the “activating” T295 phosphory-
lation appears to be present on inactive Aurora A in im-
mature oocytes; the level of this phosphorylation event
does not increase as maturation proceeds.

Aurora undergoes several phosphorylation events that
are cell-cycle-controlled. Walter et al. (2000) first dem-
onstrated that at least in vitro, Aurora B could be phos-
phorylated and activated by PKA. This PKA site is con-
served in all Aurora proteins, including T295 in Xenopus
Aurora A. Interestingly, those investigators used recom-
binant enzyme, which based on our observations and
those of others (Littlepage et al. 2002: Eyers et al. 2003)
was probably already phosphorylated and active. In an-
other study, Frank-Valliant and colleagues (2000) noted
that during oocyte maturation, Aurora A (referred to as

Eg2) underwent an SDS gel mobility shift typical during
germinal vesicle breakdown, which occurs with several
proteins that are phosphorylated by MPF that becomes
active at this time. However, Aurora A does not appear
to be a substrate of MPF, as the addition of roscovitin, an
MPF inhibitor, to egg extracts had no effect on Aurora A
phosphorylation (Littlepage et al. 2002). Moreover, we
could not phosphorylate Aurora A in vitro with purified
MPF (data not shown).

An increase in Aurora A activity subsequent to MPF
activation and germinal vesicle breakdown that was ob-
served by Frank-Valliant et al. (2000) could be due, at
least in part, to increased translation of Aurora A

Figure 8. Proposed signaling pathways used by progesterone
and insulin to stimulate oocyte maturation. Whereas insulin
signals through insulin receptor substrate 1 (IRS-1), PI3 kinase,
and PKC-�, progesterone uses none of these components. Both
pathways, however, converge on and inactivate GSK-3. In the
immature oocyte, GSK-3 phosphorylates Aurora A S290/S291,
which in turn stimulates an Aurora A inhibitory autophos-
phorylation on S349. GSK-3 inactivation leads to the dephos-
phorylation of these residues, which is required for Aurora A
activation. Other components, such as TPX2, may be involved
in Aurora A activation at this time. It is noteworthy that T295
phosphorylation, which is important for kinase activity, is ob-
served in both immature and mature oocytes. Active Aurora A
then phosphorylates CPEB S174, which induces polyadenyla-
tion and translation of mos mRNA. Mos protein subsequently
stimulates the Map kinase cascade, MPF activation, and oocyte
maturation.
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mRNA. In Xenopus, Aurora A (Eg2) was one of several
mRNAs identified initially as undergoing polyadenyla-
tion during the transition from an (immature) oocyte to
an egg (Paris et al. 1988). Many CPE-containing mRNAs,
with mos being a notable exclusion, undergo polyade-
nylation-induced translation after MPF activation, when
it is necessary to partially destroy CPEB (de Moor and
Richter 1997; Mendez et al. 2002). The 3� UTR of Aurora
A mRNA contains putative CPEs, and these might drive
polyadenylation and translation subsequent to MPF
activation.

Using extracts derived from Xenopus eggs arrested at
metaphase II, Littlepage et al. (2002) performed mass
spectrometry to identify three prominent sites of phos-
phorylation: S53, T295, and S349. They ascribed a stimu-
latory activity to phospho-T295 and an inhibitory activ-
ity to phospho-S349. Phospho-T295 has subsequently
been shown to be a site of autophosphorylation that is
stimulated by TPX2 (target protein for Xenopus kinesin-
like protein 2), a spindle protein that is regulated by the
Ran GTPase (Eyers et al. 2003; Tsai et al. 2003). In one
study, TPX2 stimulation of Aurora A phosphorylation
and activation also required microtubules (Tsai et al.
2003); but in another study (Eyers et al. 2003), this was
not the case.

Although TPX2 and PKA both modulate Aurora A ac-
tivity during mitosis, the extent to which they do so
during oocyte maturation is unclear. For example, T295,
whose phosphorylation is necessary for Aurora A activa-
tion, lies within a PKA site that is phosphorylated by
this kinase in vitro (Walter et al. 2000). However, PKA
activity, which is thought to be high in oocytes, must
decrease, at least transiently, for maturation to occur
(e.g., Sadler and Maller 1981). Such a decrease would be
inconsistent with Aurora A activation. Indeed, our re-
sults show that T295 is already phosphorylated in im-
mature oocytes (Fig 7B), and that there is no detectable
increase during maturation. This observation points to
other sites on Aurora A (i.e., those phosphorylated by
GSK-3) that are important for keeping this kinase inac-
tive until maturation is initiated. Whether PKA is re-
sponsible for the phosphorylation of T295 in immature
oocytes is unclear. In fact, recent evidence by Schmidt
and Nebreda (2002) suggests that PKA effects on oocyte
maturation do not even require catalytic activity of the
enzyme; this would also be inconsistent with Aurora A
activation by PKA. It is certainly possible that other ki-
nases, which might be active early during maturation,
recognize and phosphorylate T295.

Andersen et al. (1998, 2003) demonstrated that the pro-
tein kinase PKB/AKT can stimulate oocyte maturation.
PKB/AKT, like PKC-�, is a component of the insulin sig-
naling pathway that inhibits GSK-3 activity (Frame and
Cohen 2001; Oriente et al. 2001). Although we have no
evidence to suggest that PKB/AKT can promote CPE-
mediated translation, as is the case with PKC-� (Fig. 3), it
may be that PKB/AKT and PKC-� work together to fully
inhibit GSK-3 activity. For example, in L6hIR muscle
cells, Oriente et al. (2001) found that complete GSK-3
inhibition by insulin stimulation required the activity of

both PKC-� and PKB/AKT. In vitro, the GSK-3 activity
with PKB/AKT phosphorylation was found to be only
35%–40% inhibited; however, GSK-3 pretreated with
PKC-� followed by PKB/AKT phosphorylation reduced
GSK-3 activity by more than 70% (Oriente et al. 2001).
Thus, insulin stimulation of oocyte maturation might
require the combined activity of both PKC-� and PKB/
AKT to fully inhibit GSK-3 and thereby lead to Aurora A
activation.

The Xenopus oocyte model for insulin-induced matu-
ration could have important implications for insulin sig-
naling in other contexts. For example, CPEB-dependent
polyadenylation might occur in some mammalian so-
matic cells stimulated with insulin. In addition, signal-
ing events initiated by ligands other than insulin could
require regulation of Aurora by GSK-3. Consider also
that the control of CPEB-mediated polyadenylation at
synapses of hippocampal neurons appears to be regulated
by Aurora-catalyzed phosphorylation (Huang et al. 2002),
and we would posit that Aurora activity, which is con-
trolled by N-methyl-D-aspartate receptor signaling,
might be regulated by GSK-3. Although GSK-3 is neuro-
nal (Graef et al. 1999), it is unclear whether it is post-
synaptic; this possible localization, and its role in CPEB
activity, if any, is under investigation.

Materials and methods

Oocyte preparation and injections

Xenopus laevis females were injected with pregnant mare se-
rum gonadotropin (50 IU); 4 to 7 d later, ovarian lobes were
removed and treated with collagenase and dispase (de Moor and
Richter 1997), and stage VI oocytes were selected and cultured
in Barth’s medium for all procedures. Oocytes were injected
with 30 nL of the indicated in vitro transcribed radiolabeled or
radioinert mRNA suspended in water at a concentration of 0.1
to 0.5 µM. Mos antisense oligonucleotide was injected as de-
scribed (de Moor and Richter 1997). PKC-� and PKC-� inhibitor
peptides were obtained from Bioscience International and sus-
pended in water at a concentration of 1mg/mL. PKC peptides
were injected 2 h before induction of maturation by progester-
one or insulin. To induce maturation, oocytes were incubated in
media containing insulin (5–50 µM) or progesterone (1 µM) for
3–6 h (progesterone) or 8–16 h (insulin). After incubation, the
oocytes were collected and frozen on solid CO2 and stored at
−80°C. In vitro synthesis of mRNAs encoding myc-tagged CPEB
and GSK-3 proteins has been described (Pierce and Kimelman
1995; Mendez et al. 2000a). Oocytes were treated with rapamy-
cin (2 µg/mL) or wortmannin (0.5 µM) as described (Liu et al.
1995; Schwab et al. 1999).

Kinase assays

For kinase assays, 10 oocytes were homogenized in 200 µL of H1
kinase buffer (80 mM sodium �-glycerophosphate, 20 mM
EGTA, 15 mM MgCl2, 50 mM NaVaO4) containing protease
inhibitors (leupeptin, pepstatin, and chymostatin, each at 10
µg/mL) and centrifuged for 5 min at 4°C at 15,000g. E. coli-
expressed his-tagged CPEB protein was obtained as described
(Stebbins-Boaz et al. 1996). The peptides VRGSRLDTRPILD-
SRSS (wild-type) and peptide VRGSRLDARPILDARSS (mutant)
corresponding to residues 163 to 181 on murine CPEB, which
contained a C-terminal cysteine, were coupled to maleimide-
activated ovalbumin (Pierce). Kinase assays for CPEB phos-
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phorylation were performed in a total volume of 40 µL contain-
ing 20 µL of kinase buffer [10 mM MgCl2, 1 mM dithiothreitol,
20 mM HEPES pH 7.7, 50 mM KCl, and 30 µM (�-32P) ATP (0.16
mCi mL−1)], 10 µL of CPEB substrate (0.5 µg), and 10 µL of
extracts prepared from mock, progesterone-, or insulin-stimu-
lated oocyte extracts. Kinase assays for MPF activity was con-
ducted as in de Moor and Richter (1997). Reaction mixtures
were incubated for 15 min at 30°C followed by 2D phospho-
peptide mapping (Boyle at al. 1991). Xenopus Aurora A (An-
dresson and Ruderman 1998) was cloned into pet30a vector,
expressed in E. coli, and purified on Ni-agarose beads (QIAGEN).
Aurora A truncations were generated by PCR using oligodeoxy-
nucleotides complementary to sequences within the C-termi-
nus. Aurora K169R, S349A, S290A/S291A, T294A/T295A,
S290D/S291D, and S349D mutations were made using a Strata-
gene Site-Directed Mutagenesis Kit. Recombinant Aurora was
dephosphorylated by �-phosphatase (New England Biolabs).
GSK-3 kinase assays were performed as described by the manu-
facturer (Upstate). Inactivation of Aurora kinase proteins by
GSK-3 was conducted by first incubating Aurora A with GSK-3
in GSK-3 kinase buffer (Upstate) for 30 min at 30°C. Aurora was
then extracted using Ni-agarose beads for 2 h at 4°C. These
beads were then washed and incubated with Ova-WT peptide in
the kinase buffer described for CPEB phosphorylation (above) for
30 min at 30°C, followed by SDS-PAGE and autoradiography.
GSK-3 substrate peptides derived from glycogen synthase (GS
WT, containing a priming phospho-serine at residue 21; GS MT,
containing S21A, which cannot be primed) were obtained from
Upstate and used at a concentration of 0.5 mg/mL. Aurora A
peptides (WT GWSVHAPSSRRTTLCGTLC and MT GWS-
VHAPAARRTTLCGTLC) corresponding to residues 283–300 of
Aurora A were used at a concentration of 1 mg/mL. The pep-
tides were incubated with immunoprecipitated GSK-3 in GSK-3
kinase buffer as described above, followed by SDS-PAGE and
autoradiography.

Immunodepletion of Aurora A and immunoprecipitation
of GSK-3

Rabbit antiserum was generated against bacterially expressed
his-tagged Xenopus Aurora A (Eg2, Andresson and Ruderman
1998). Immunodepletion of Aurora from oocyte extracts was
conducted as described (Hake and Richter 1994; Mendez et al.
2000a) using specific antibody coupled to protein A Sepharose.
The depleted extract was then used in a kinase assay with sub-
strate CPEB peptide coupled to ovalbumin (see above and Men-
dez et al. 2000a). Immunoprecipitation of GSK-3 from imma-
ture, progesterone-, or insulin-matured oocytes was performed
as described (Fisher et al. 1999).

Polyadenylation and Western procedures

To assay polyadenylation of injected radiolabeled CPE contain-
ing or lacking RNA (de Moor et al. 1997), total RNA was iso-
lated from oocytes that had been injected with radiolabeled
RNA by the p-aminosalicylic acid-sodium dodecyl sulfate (SDS)
method (de Moor and Richter 1997). The RNA was analyzed by
electrophoresis on a 6% polyacrylamide gel containing 50%
urea and 1X Tris-borate-EDTA buffer and phosphorimaging.
Western blotting was performed as discussed by Mendez et al.
(2000a). Anti-phospho-T295 Aurora A antibody was purchased
from Cell Signaling Technology.
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