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A novel regulatory element determines the timing
of Mos mRNA translation during Xenopus
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Progression through vertebrate oocyte maturation
requires that pre-existing, maternally derived mRNAs
be translated in a strict temporal order. The mechan-
ism that controls the timing of oocyte mRNA transla-
tion is unknown. In this study we show that the early
translational induction of the mRNA encoding the
Mos proto-oncogene is mediated through a novel regu-
latory element within the 3’ untranslated region of the
Mos mRNA. This novel element is responsive to the
MAP Kkinase signaling pathway and is distinct from
the late acting, cdc2-responsive, cytoplasmic poly-
adenylation element. Our findings suggest that the
timing of maternal mRNA translation is controlled
through signal transduction pathways targeting
distinct 3’ UTR mRNA elements.
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Introduction

Regulated mRNA translation plays a key role in early
developmental processes, particularly during periods
when gene transcription is inactivated (Wickens et al.,
2000). One such example is during oocyte maturation,
where required changes in protein levels are mediated
through the translational regulation of pre-existing,
maternally derived mRNAs. The translational induction
of maternal mRNAs has been correlated with an increase
in mRNA poly(A) tail length. This evolutionarily con-
served process, termed cytoplasmic polyadenylation, can
be directed through a uridine-rich regulatory element
in the 3’ untranslated region (3 UTR) of the mRNA,
designated the cytoplasmic polyadenylation element
(CPE) (Richter, 1999). CPE sequences and the CPE-
binding protein (CPEB) (Hake and Richter, 1994) appear
to function both in translational repression of the stored
mRNAs in immature oocytes and in facilitating mRNA
cytoplasmic polyadenylation and translational induction in
maturing oocytes (Fox et al., 1989; McGrew et al., 1989;
McGrew and Richter, 1990; Paris and Richter, 1990;
Salles et al., 1992; Standart and Dale, 1993; Gebauer
et al., 1994; Stebbins-Boaz et al., 1996; Stutz et al., 1998;
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de Moor and Richter, 1999; Minshall et al., 1999; Barkoff
et al., 2000; Charlesworth et al., 2000; Tay et al., 2000).

In the frog Xenopus laevis, translational induction of the
mRNA encoding the MAP kinase kinase kinase, Mos,
occurs soon after exposure to the maturation stimulus
progesterone and prior to oocyte germinal vesicle break-
down (GVBD). This early translation of the Mos mRNA is
essential for progesterone-stimulated maturation (Sagata
et al., 1988, 1989; Sheets et al., 1995). In contrast,
translational induction of mRNAs encoding Weel and
cyclin B1 have been shown to occur temporally later in
maturation, around the time of GVBD (Kobayashi et al.,
1991; Murakami and Vande Woude, 1998; Charlesworth
et al., 2000). The translational induction of ‘late’ mRNAs
requires the prior translational induction of the ‘early’ Mos
mRNA (Ballantyne et al., 1997). The temporal order of
Mos, Weel and cyclin Bl mRNA translation is necessary
to ensure hormone-dependent progression through oocyte
meiotic maturation (Freeman et al., 1991; Sheets et al.,
1995; Murakami and Vande Woude, 1998; Howard et al.,
1999; Nakajo et al., 2000). Since the Mos, Weel and
cyclin B mRNA 3’ UTRs all contain CPEs, it is not clear
how CPE sequences alone control the temporal order of
mRNA translation.

The CPE-directed translational activation of the cyclin B1
mRNA has been shown to be regulated by maturation
promoting factor (cdc2 kinase) signaling (Ballantyne et al.,
1997; de Moor and Richter, 1997; Howard et al., 1999). In
contrast to the cyclin BI mRNA, while both the aurora
kinase Eg2 and the cdc2 signaling pathways have been
implicated in the control of Mos protein levels (Nebreda
et al., 1995; Mendez et al., 2000; Castro et al., 2001), Mos
mRNA translation can be stimulated by the MAP kinase
pathway independently of cdc2 activity (Howard et al.,
1999). A role for the CPE in the regulation of Mos mRNA
translation has been suggested by the inhibitory effects
of a dominant-negative CPEB protein upon Mos protein
accumulation in response to progesterone stimulation
(Mendez et al., 2000). However, the necessity for the
Mos CPE in the initiation of Mos mRNA polyadenylation
and translational activation has not been previously tested.
In this study we sought to determine how MAP kinase
signaling targets Mos mRNA translational activation. We
identify a novel element within the Mos mRNA 3’ UTR,
distinct from the CPE, which links MAP kinase signaling
to the early progesterone-stimulated induction of Mos
mRNA translation.

Results

Mos mRNA translation occurs in a
CPEB-independent manner

CPE and CPEB function have been implicated indirectly
in the control of Mos mRNA translation (Mendez et al.,
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2000). However, this Eg2-dependent regulation of Mos
protein accumulation did not explain the previously
characterized stimulation of Mos mRNA cytoplasmic
polyadenylation and translation by the MAP kinase
signaling pathway (Howard et al., 1999). Consequently,
we re-examined the requirement for Eg2 and CPEB
function in the regulation of early Mos mRNA transla-
tional activation prior to GVBD. Using a dominant-
negative form of Xenopus CPEB (CPEB-AA, encoding
alanine substitutions at the sites of Eg2 phosphorylation),
we observed no maturation in dominant-negative CPEB-
expressing oocytes at the time when 50% of the water-
injected oocytes had completed GVBD, consistent with
previous findings (Mendez et al., 2000). However, the
initial translation of Mos protein is not inhibited in these
dominant-negative CPEB-expressing oocytes (Figure 1A),
indicating that the early translational activation of the Mos
mRNA can occur in a CPEB-independent manner.

In seven independent experiments, expression of CPEB-
AA resulted in a delay of oocyte maturation (defined here
as the time for the oocyte population to reach 50% GVBD)
from an average of 4-5 h to an average of 7-8 h.
Segregation of oocytes into those that either had or had not
completed GVBD (GVBD+ or GVBD-, respectively)
demonstrated that completion of GVBD is correlated with
elevated Mos protein levels (Figure 1A). We also found
that expression of the dominant-negative CPEB protein
significantly delayed the accumulation of elevated Mos
protein levels and oocyte GVBD (Figure 1A). It has been
shown previously that Mos protein levels must reach a
critical level for the commitment of oocytes to undergo
GVBD and complete meiotic maturation (Chen and
Cooper, 1997; Chen et al., 1997). We propose that the
dominant-negative CPEB protein does not block the
initial translation of the Mos mRNA as had been
previously suggested (Mendez et al., 2000), but rather
inhibits oocyte GBVD through the attenuation of Mos
protein accumulation.

Since we observed translation of the Mos mRNA in
CPEB-AA-expressing oocytes, we wished to determine
whether this Mos mRNA translation was correlated with
polyadenylation of the Mos 3 UTR. We found that
expression of CPEB-AA did not prevent the temporally
early (4 h, no GVBD) Mos 3" UTR polyadenylation
(Figure 1B, upper panel). This suggests that CPEB-AA
does not inhibit the cytoplasmic polyadenylation or
translational activation of the Mos mRNA. By contrast,
CPEB-AA expression did prevent the cytoplasmic poly-
adenylation of the endogenous CPE-regulated cyclin B1
mRNA (Figure 1B, lower panel).

To confirm that the Mos reporter UTR utilized in
Figure 1B reflected the behavior of the endogenous Mos
mRNA, RT-PCR was employed to assess in vivo poly-
adenylation status (Rassa et al., 2000). Figure 1C demon-
strates that the endogenous Mos mRNA is polyadenylated
in the presence of CPEB-AA, although the progesterone-
stimulated poly(A) tail extension is shorter in oocytes
expressing CPEB-AA when compared with control
oocytes. The reduced length of the Mos mRNA poly(A)
tail extension in CPEB-AA-expressing oocytes nonethe-
less appears sufficient to allow Mos mRNA translational
activation (Figure 1A). A similar reduction in poly(A) tail
extension in CPEB-AA-expressing oocytes was also
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Fig. 1. CPEB-independent control of Mos mRNA translational activ-
ation. (A) Western blot of endogenous Mos protein. Immature oocytes
were injected with 3-6 ng RNA encoding Xenopus CPEB-AA or water
as a negative control, and left for 16 h to express the protein. Oocytes
were stimulated by addition of progesterone. Samples were taken for
both control and CPEB-AA-treated oocytes when the control oocytes
had reached GVBDsq (4 h) and GVBDy( (6 h). Control oocytes were
segregated at GVBDs, based on whether they had (+) or had not (-)
completed GVBD. Expression of CPEB-AA significantly delayed
GVBD but did not prevent low-level Mos protein accumulation prior to
GVBD. This effect on Mos accumulation was observed in four inde-
pendent experiments. At later time points some CPEB-AA-expressing
oocytes underwent GVBD. Segregation of these oocytes based on
GVBD status revealed that oocytes escaping the CPEB-AA block to
maturation then accumulated high levels of Mos protein equivalent to
control, post-GVBD, oocytes. (B) Northern blot showing the differen-
tial effect of CPEB-AA on polyadenylation of Mos UTR and cyclin B1
mRNA. Total RNA was prepared from the same oocyte samples
described in (A) and analyzed for the polyadenylation status of either
the co-injected wild-type terminal 48-nt Mos 3" UTR (Mos UTR) or
the endogenous cyclin Bl mRNA. Polyadenylation (retarded mobility)
of the Mos UTR was observed in CPEB-AA-expressing oocytes. This
experiment was repeated three times with similar results. In contrast,
cyclin Bl polyadenylation was inhibited in CPEB-AA-expressing
oocytes. (C) Polyadenylation of endogenous Mos mRNA analyzed by
RT-PCR. In this experiment GVBDs, was at 6 h and GVBD;o, was
at 8 h. Polyadenylation (retarded mobility) of the Mos mRNA was
observed in CPEB-AA-expressing oocytes following progesterone
stimulation. A representative experiment is shown.

observed with the Mos UTR reporter RNA (Figure 1B).
We conclude that the endogenous Mos mRNA is subject to
CPEB-independent polyadenylation and translational
activation in progesterone-stimulated oocytes.

Mos mRNA cytoplasmic polyadenylation occurs in
a CPE-independent manner

To address directly the requirement for the Mos CPE
sequence in regulating Mos mRNA polyadenylation, the
CPE sequence was disrupted by nucleotide substitution
(UUUUAU to UUUggU) (McGrew and Richter, 1990;
Stebbins-Boaz et al., 1996). Disruption of the Mos CPE
prevented interaction of the Mos 3" UTR with the Xenopus
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Fig. 2. CPE-independent polyadenylation of the Mos 3" UTR. (A) Wild-
type (Howard et al., 1999) and CPE-disrupted Mos UTRs correlating to
the terminal 321 nt of the Mos mRNA 3" UTR were injected into
immature oocytes, and the ability of progesterone to induce poly-
adenylation (retarded mobility) was analyzed by northern blot. At the
times indicated, pools of 10 oocytes were taken and RNA was extrac-
ted. Half of the oocytes had undergone GVBD after 4 h of culture.
(B) Wild-type or mutant Mos UTR probes were analyzed for inter-
action with Xenopus CPEB by RNA electrophoretic mobility shift
assay (EMSA). A specific CPEB binding complex was only observed
with the wild-type Mos UTR probe.

CPEB protein (Figure 2B). Consistent with Mos mRNA
translation occurring in a CPEB-independent fashion
(Figure 1), disruption of the CPE did not prevent
progesterone-stimulated cytoplasmic polyadenylation of
the Mos 3" UTR (Figure 2A). This finding suggests that an
element distinct from the CPE regulates the progesterone-
stimulated cytoplasmic polyadenylation of the Mos mRNA.
At later time points, deadenylation of the CPE-disrupted
Mos UTR was consistently observed (Figure 2A), indi-
cating that the CPE may play a role in maintaining the
extended poly(A) tail in mature oocytes.

A novel element controls the cytoplasmic
polyadenylation of the Mos mRNA

Deletion analysis of the Mos 3" UTR revealed that the
sequence within the region encompassing the terminal 48
nucleotides (nt) of the Mos UTR was sufficient to mediate
the CPE-independent Mos mRNA cytoplasmic poly-
adenylation in response to progesterone (Figure 3A).
This region conferred temporally early polyadenylation
(prior to GVBD) to both wild-type and CPE-disrupted Mos
terminal 48-nt UTR transcripts (Figure 3B). Further
deletion of the reporter UTR to include only the terminal
27 nt of the wild-type Mos UTR (Figure 3B, UTR 27),
which retains an intact CPE, resulted in dramatically
attenuated polyadenylation prior to GVBD (Figure 3B).
Significant polyadenylation of the UTR 27 RNA occurred
after GVBD. Similar to the UTR27 reporter RNA,
polyadenylation of a construct encoding nucleotides
31-12 of the wild-type Mos UTR, termed sMos

2800

A UTA 206 UTR B2 UTR 48
{no CPE) [ o CPE) [ro CPE}
I PP 1 P F 1 P P
ol - - 4 = < 4 oclgofn

B PRE  GPE hex
UTR 48 (w)
[ GsT | ) UTR 48 (no CFE)
GST | I UTR 27
GST 9 UTR 31-12 (sMos)
UTR 48 (wt)  UTH 48 (no GPE) UTR 27 UTR 31-12
oL 6 Lo & o o matuion
- - + + = = % % -+ o+ -

- + + GVBD

.-.-,,ﬂiﬂ —_— .--.”"

c -globinMios
f-globinMdos 48-25 -glabin 4B8-28
Progh} - 2 4 4 & - — + + = % 4+ Prog{GVBDy)
GVBD - = = + % = - - 4 - - + oligodT
MuliNNg cmeBae
Polyadenylaton Aesponse Element CPE Hexx

LHUUGCMAUGUGMUAUAUAWU LgﬁAUA.A.ﬁEGM.?UUGAUUUGUCU

48 W om B 12 1

Fig. 3. Identification of a novel Mos 3" UTR regulatory element.
(A) Truncation analysis of the Mos 3’UTR. Immature oocytes were
injected with different lengths of the CPE-disrupted Mos 3" UTR, and
the ability of progesterone to induce polyadenylation (retarded mobil-
ity) was analyzed by northern blot. Total RNA was prepared from
pools of oocytes when 50% of progesterone-stimulated oocytes had
undergone GVBD. CPE-independent polyadenylation was retained
within the last 48 nt of the Mos UTR. (B) Upper panel, schematic rep-
resentation of the UTR constructs employed. The GST open reading
frame (open box) was fused to the Mos 3’ UTR. The polyadenylation
hexanucleotide (gray hexagon), CPE (open circle) and PRE (open rect-
angle) are also indicated. Mutational disruption of the CPE is indicated
by an ‘X’. UTR 27 lacks Mos UTR sequence 5" of the CPE, and sMos
encompasses nucleotides 31-12 of the wild-type Mos UTR (Stebbins-
Boaz et al., 1996). Lower panel, northern blot of wild-type and mutant
Mos UTR-injected oocytes. When 50% of the oocytes had undergone
GVBD, oocytes were segregated into pools that had either had a white
spot at the animal pole (GVBD+) or had not (GVBD-), and total RNA
was extracted. Total RNA was also prepared when all the oocytes had
matured (100% GVBD) and from time-matched immature (Imm)
oocytes. Wild-type 48 UTR and 48 UTR (no CPE) polyadenylation
(retarded mobility) occurred prior to GVBD. CPE-directed polyadenyl-
ation of the Mos UTR 27 RNA and sMos RNA was observed pre-
dominantly after GVBD. (C) Northern blot of B-globin/Mos UTR
chimeras. Total RNA was prepared from wild-type and mutant B-globin
UTR-injected oocytes at the indicated times. Fifty percent of the
oocytes had undergone GVBD (GVBDs;) at 4 h. Where indicated,
oligo(dT) and RNase H were used to remove any poly(A) tails from the
UTR reporter constructs (oligo dT +). (D) Schematic representation
of the relative positions of the polyadenylation response element
(rectangle), CPE (circle) and polyadenylation hexanucleotide (dotted
hexagon) sequences within the last 48 nt of the Mos UTR. The
numbers indicate the position relative to the site of poly(A) addition
(designated 1).

(Stebbins-Boaz et al., 1996) was temporally late and
occurred at GVBD, indicating that nucleotides 5" of
position 31 within the wild-type Mos UTR are important
for temporally early polyadenylation in response to
progesterone stimulation. We conclude that a novel
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Fig. 4. The PRE directs temporally early mRNA translation in response
to progesterone. (A) Schematic representation of the GST reporter
RNA constructs. The relative positions of the polyadenylation hexa-
nucleotide (gray hexagon), CPE (open circle) and PRE (open rectangle)
are indicated. (B) GST western blot of protein lysates prepared from
oocytes injected with equivalent amounts of GST B-globin/PRE or GST
[-globin/CPE reporter RNAs.

polyadenylation response element (PRE), distinct from
the previously characterized CPE sequence, includes
sequence 5 of the CPE and directs pre-GVBD Mos
mRNA polyadenylation. CPE-directed polyadenylation,
by contrast, occurs predominantly after GVBD.

To define further the position of the PRE within the Mos
3’ UTR, we determined if nucleotides 48 to 28, immedi-
ately 5" of the CPE sequence in the Mos 3" UTR, were
sufficient to mediate CPE-independent polyadenylation of
the Mos mRNA prior to GVBD. These nucleotides were
inserted into the B-globin 3’ UTR, which does not undergo
cytoplasmic polyadenylation (Figure 3C) (Hyman and
Wormington, 1988; Varnum and Wormington, 1990), at
an equivalent position relative to the polyadenylation
hexanucleotide sequence as found in the Mos 3° UTR. This
21-nt region, which lacks a functional CPE sequence,
did not direct progesterone-dependent cytoplasmic poly-
adenylation (Figure 3C, B-globin/Mos 48-28). However,
inclusion of the first three 5” uridines of the CPE
(nucleotides 27-25), which precede the diguanosine
nucleotide substitution mutations in the CPE-disrupted
Mos UTR, was sufficient to confer progesterone-
dependent cytoplasmic polyadenylation to the chimeric
B-globin/Mos UTR prior to GVBD (Figure 3C, B-globin/
Mos 48-25). We conclude that the PRE sequence is
present within the 24-nt region spanning nucleotides
48-25 of the Mos 3’ UTR and partially overlaps the CPE
sequence (Figure 3D).

The PRE directs early translational induction in
response to progesterone stimulation

We utilized a glutathione S-transferase (GST) reporter
RNA assay (Charlesworth et al., 2000) to confirm that the
PRE directs early translation of the Mos mRNA. The Mos
PRE sequence was inserted into the B-globin 3" UTR (at
equivalent positions relative to the polyadenylation
hexanucleotide as found in the Mos 3° UTR) fused
downstream of the GST coding region (Figure 4A).
Injection of oocytes with the Mos PRE-containing GST
reporter RNA resulted in significant progesterone-stimu-
lated accumulation of GST protein prior to GVBD

CPE-independent Mos mRNA translational activation

(Figure 4B). In contrast, injection of a Mos CPE-contain-
ing GST reporter RNA directed GST translation at later
times during maturation, but gave rise to very little
translation prior to GVBD (Figure 4B). These results
correlate with the timing of PRE- and CPE-directed Mos 3’
UTR cytoplasmic polyadenylation (Figure 3). Deletion of
the six 5’ nucleotides of the PRE (nucleotides 48-43)
ablated PRE-directed translational activation (data not
shown), indicating that the PRE may encompass the entire
24 nt region indicated in Figure 3D (nucleotides 48-25 of
the Mos 3" UTR).

The PRE sequence is responsive to MAP kinase
signaling

Xenopus p42 MAP kinase activation has been shown to be
an early response to progesterone stimulation (Fisher et al.,
1999, 2000). We have previously shown that inhibition of
MAP kinase signaling attenuates Mos mRNA polyadenyl-
ation and translation in response to progesterone stimula-
tion (Howard et al., 1999). We wished to determine if the
PRE was a target of MAP kinase signaling. We found that
activation of the MAP kinase pathway, through the
injection of exogenous Mos RNA (encoding a GST Mos
fusion protein) into immature oocytes resulted in poly-
adenylation of the Mos UTR reporter RNA containing the
PRE [Figure 5A, left panel, Mos UTR 48 (no CPE)].
Similar to the effect on the wild-type Mos UTR (Howard
et al., 1999), the GST Mos-induced polyadenylation of the
PRE-containing (CPE-disrupted) Mos UTR was ablated
with the MAP kinase phosphatase rVH6, but was not
inhibited by the cdc2 inhibitor Weel (Figure 5A, left
panel). Activation of cdc2 by injection of cyclin B1 protein
(Solomon et al., 1990; Freeman et al., 1991) induced
polyadenylation of the PRE containing (CPE-disrupted)
Mos UTR, but this PRE-mediated polyadenylation was
inhibited by co-expression of rVH6 (Figure SA, left
panel). This result indicates that cdc2-induced PRE
polyadenylation requires activation of MAP kinase sig-
naling. The ability of active cdc2 to subsequently stimulate
the MAP kinase pathway via an indirect feedback
mechanism has been reported previously (Gotoh er al.,
1991). To verify that it was the PRE and not other
sequences within the last 48 nt of the Mos 3" UTR that was
MAP kinase responsive, the B-globin/PRE construct was
utilized (Figure 5A, right panel). Similar to the Mos UTR
48 (no CPE), cyclin-stimulated polyadenylation of the
B-globin/PRE UTR was attenuated by rVH6 co-expres-
sion. By contrast, a Mos UTR retaining the CPE, but not
the PRE, undergoes cdc2-stimulated cytoplasmic poly-
adenylation that is not inhibited by rVH6 (Figure 5B, Mos
UTR 27), indicating that the CPE is not a direct target of
MAP kinase signaling. Furthermore, MAP kinase-stimu-
lated polyadenylation of Mos UTR 27 is inhibited by
Weel co-expression, demonstrating that the CPE-medi-
ated polyadenylation requires cdc2 activity (Figure 5B,
GST Mos/GST 107Weel). Taken together, our data
indicate that the PRE is the target of MAP kinase signaling
while the CPE is the target of cdc2-dependent signaling.

Polyadenylation of the Mos mRNA correlates with
progesterone-stimulated MAP kinase activation

Previous studies have examined the signaling dependency
of maternal mRNA translation using ectopic MAP kinase
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Fig. 5. The polyadenylation response element (PRE) is the target of
MAP kinase signaling. Immature oocytes were injected with RNA
encoding GST107Weel to inhibit cdc2 activity or GSTrVH6 to inhibit
MAP kinase activity, and left overnight to express the protein (Howard
et al., 1999). Oocytes were then injected with RNA specifying PRE- or
CPE-containing Mos UTRs (A and B, respectively) or a PRE-contain-
ing B-globin UTR (A, right panel), and left untreated (Imm) or co-
injected with RNA encoding GST Mos to stimulate MAP kinase signal-
ing, or cyclin Bl protein to activate cdc2 signaling (Howard et al.,
1999). Pools of oocytes injected with the PRE-containing construct
were prepared when 50% of the stimulated oocytes had undergone
GVBD. Because PRE-mediated polyadenylation is temporally early,
only oocytes that had not undergone GVBD were selected. Pools of
oocytes injected with the CPE-containing construct were prepared
when 100% of the stimulated oocytes had undergone GVBD, since
CPE-mediated polyadenylation occurs predominantly after GVBD.
Total RNA was prepared and protein lysates were taken from these
pools. The polyadenylation status of the injected Mos UTRs was asses-
sed by northern blot analyses (retarded mobility is indicative of poly-
adenylation). MAP kinase activity was assessed by western blot using
phosphoMAP kinase antibodies, and cdc2 activity was assessed by
western blot with phosphohistone H1 antibodies following an in vitro
kinase assay (see Materials and methods) from the same samples util-
ized for northern blot analyses. The presence of the CPE sequence is
represented schematically by an open circle, the PRE by a rectangle
and the polyadenylation hexanucleotide by a gray hexagon.

and cdc2 activators. To address the role of signaling
pathways in regulating the timing of progesterone-stimu-
lated Mos mRNA translational activation in vivo, we
determined the timing of Mos and cyclin B1 cytoplasmic
polyadenylation relative to the activation of the MAP
kinase and cdc2 pathways. In progesterone-stimulated
oocytes, MAP kinase was activated prior to cdc2
activation and before GVBD (Figure 6A, left panel).
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Fig. 6. Mos polyadenylation temporally correlates with MAP kinase
activation. Oocytes were injected with the terminal 321 nt Mos UTR
reporter RNA and then left either untreated (Imm) or stimulated to
mature (prog or cyclin protein) as indicated. Maturation kinetics of
each oocyte population is indicated (% GVBD). Protein lysates and
RNA extraction were prepared from pools of oocytes at the indicated
times. Immature (Imm) oocyte samples were taken after 4 h. (A) Time
course of progesterone- (prog) or cyclin-stimulated MAP kinase activ-
ation (upper panel), and cdc2 activation (lower panel). The MAP kinase
activity in the sample was assessed by western blot using phosphoMAP
kinase antibodies and cdc2 activity was measured by radiolabel
incorporation into histone H1 (see Materials and methods). Samples
were also analyzed by northern blot for polyadenylation (retarded
mobility) of the 321-nt wild-type Mos UTR (B) and for endogenous
cyclin Bl mRNA polyadenylation (C). While cyclin Bl injection
advanced cdc2 activation and cyclin Bl mRNA polyadenylation, the
injected oocytes reached 50% GVBD at the same rate as progesterone-
treated oocytes (3 h).

Polyadenylation of the Mos UTR coincided with MAP
kinase activation (Figure 6B). In contrast, polyadenylation
of the cyclin BI mRNA occurred after cdc2 activation and
after GVBD (Figure 6C), consistent with previous reports
demonstrating CPE- and cdc2-dependent polyadenylation
of cyclin Bl mRNA (Ballantyne et al., 1997; de Moor and
Richter, 1997; Howard et al., 1999).

To determine if these correlations were causal, we
reversed the relative order of MAP kinase and cdc2
activation by injecting recombinant cyclin B protein into
immature oocytes in the absence of progesterone. Utilizing
this technique, robust cdc2 activity is observed before
MAP kinase activity (Figure 6A, right panel). The timing
of polyadenylation of endogenous cyclin Bl mRNA was
advanced in oocytes that were injected with cyclin B
protein when compared with progesterone-treated oocytes
(Figure 6C). By contrast, the onset of Mos UTR
polyadenylation was delayed in cyclin B protein-injected
oocytes compared with progesterone-treated oocytes
(Figure 6B). These results demonstrate that initiation of
Mos mRNA polyadenylation correlates with activation of
the MAP kinase, but not the cdc2 pathway, while cyclin
B1 mRNA polyadenylation occurs subsequent to the
activation of the cdc2 pathway during progesterone-
stimulated Xenopus oocyte maturation.



Discussion

Mos protein levels must reach a critical threshold within
progesterone-stimulated oocytes for the commitment to
transition through GVBD and complete meiotic matur-
ation (Chen and Cooper, 1997; Chen et al., 1997). Mos
protein levels are controlled at the level of Mos mRNA
translation (Sagata et al., 1988, 1989; Sheets et al., 1995).
It has hitherto been assumed that the translational
activation of the Mos mRNA is regulated through the
CPE sequence in the Mos mRNA 3" UTR (Sheets et al.,
1995; Mendez et al., 2000), although this had not been
tested directly. In the present study, we report that the
initial translational activation of the Mos mRNA occurs in
a CPE- and CPEB- independent manner. The initial
translational activation of the Mos mRNA is mediated by a
novel regulatory element, the PRE, which resides within
nucleotides 48-25 [relative to the site of poly(A) addition]
of the Mos mRNA 3" UTR. Our data demonstrate that
while the Mos PRE and CPE sequences are partially
overlapping within the Mos 3" UTR, the two sequences are
functionally separable. Progesterone-stimulated, PRE-
directed cytoplasmic polyadenylation and translational
induction temporally precede CPE-directed cytoplasmic
polyadenylation and translational induction (Figures 3 and
4). We report here that the PRE is the target of MAP kinase
signaling, while CPE-directed cytoplasmic polyadenyl-
ation is stimulated by cdc2 activity (Figure 5). Since
progesterone-stimulated MAP kinase pathway activation
is temporally distinct from cdc2 activation (Figure 6), our
results establish a mechanism by which the timing of PRE-
dependent and CPE-dependent mRNA translation can be
differentially regulated in response to hormonal stimula-
tion.

Several lines of evidence have implicated the CPE
sequence in the translation of the Mos mRNA. Consistent
with earlier work, we found that expression of a dominant-
negative CPEB-AA protein attenuates high level Mos
protein accumulation and oocyte cell cycle progression.
However, we found that CPEB-AA does not block the
initial polyadenylation and translation of the Mos mRNA
in response to progesterone stimulation (Figure 1). We
propose that the apparent discrepancy between our
findings and those of a prior report (Mendez et al., 2000)
is due to variation in both the time of sample preparation
and the Mos UTR reporter constructs utilized in the two
studies. We examined Mos protein accumulation at early
times following progesterone stimulation (prior to
GVBD). Since Mos protein is unstable prior to cdc2
activation and GVBD (Nebreda et al., 1995; Castro et al.,
2001), degradation of Mos may have precluded detection
at the time point analyzed by Mendez et al. Moreover, the
sMos UTR reporter used in the prior study lacked the PRE
sequence and so was not capable of undergoing the
temporally early CPE- and CPEB-independent poly-
adenylation we observed with the PRE-containing, endo-
genous Mos mRNA and wild-type Mos UTR reporter
RNAs (Figures 1 and 3B). A role for CPE-directed Mos
mRNA translational activation has also been inferred from
experiments utilizing antisense oligonucleotide-directed
truncation of endogenous Xenopus Mos mRNA with
subsequent prosthetic Mos 3 UTR RNA rescue (Sheets
et al., 1995). However, while elegantly demonstrating a
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requirement for Mos mRNA polyadenylation in vivo, the
prosthetic rescue construct (containing the terminal 83 nt
of the Mos 3’ UTR) did not distinguish between the PRE
and the CPE in mediating the early cytoplasmic poly-
adenylation and translational activation of the Mos
mRNA.

The findings reported in this study suggest a molecular
explanation for the biphasic accumulation of Mos protein
observed following progesterone stimulation (Gotoh ez al.,
1995). We propose that progesterone stimulates tempor-
ally early, PRE-mediated Mos mRNA translational activ-
ation via MAP kinase signaling (Figure 7A). Since this
first phase can occur in the presence of CPEB-AA
(Figure 1A), we conclude that it is independent of CPEB
and the Eg2 signaling pathway. Subsequently, and prior to
GVBD, Eg2-dependent regulation of CPEB, cdc2 activ-
ation and CPE-mediated mRNA translation are required to
enhance Mos protein accumulation to levels necessary for
GVBD and to commit oocytes to the all-or-none transition
through meiotic maturation (Figure 7A). Our findings
indicate that in the absence of CPEB-dependent mRNA
translation, PRE-mediated translational activation of the
Mos mRNA is not sufficient to elevate Mos protein to
levels necessary to progress through meiotic maturation.
This may be a consequence of the transient nature of PRE-
mediated cytoplasmic polyadenylation in the absence of a
functional CPE sequence (Figures 2 and 3). The PRE and
CPE sequences may thus function sequentially to initiate
and maintain Mos protein accumulation in vivo in response
to progesterone stimulation. The model shown in Figure
TA depicts cdc2 targeting the Mos CPE sequence later in
maturation. We do not, however, rule out a contribution
from other CPE-regulated maternal mRNAs in the
enhanced, CPEB-dependent accumulation of Mos protein
just prior to GVBD. Such CPE-containing mRNAs may
encode activators of cdc2, since cdc2 activity has been
demonstrated to be required for stable Mos protein
accumulation (Nebreda et al., 1995; Castro et al., 2001).

Progesterone-stimulated translational activation of the
Mos mRNA leads to the establishment of a Mos/MAP
kinase positive feedback loop (Figure 7B, dotted line) that
is important for progression through meiosis (Matten et al.,
1996; Roy et al., 1996; Howard et al., 1999). Based on the
data presented in this study, we extend these previous
findings and demonstrate that the ability of MAP kinase to
induce Mos mRNA translation is mediated by PRE-
directed cytoplasmic polyadenylation. Within the context
of this feedback loop, MAP kinase activity is both
upstream and downstream of Mos mRNA translation.
MAP kinase activation also leads to cdc2 activation,
through p90 Rsk-mediated inactivation of the cdc2
inhibitory kinase Mytl (Palmer ef al., 1998). While our
data indicate that the PRE is the early temporal determin-
ant of Mos mRNA cytoplasmic polyadenylation and
translational activation, it remains to be determined if
MAP kinase mediates the initial progesterone-stimulated
induction of Mos mRNA translation. While MAP kinase
activation was reported to occur prior to Mos protein
accumulation (Fisher et al., 2000), this temporally early
MAP kinase activity still required the translation of
unidentified maternal mRNAs. It is possible that a novel
progesterone-stimulated signaling pathway initially tar-
gets the Mos PRE sequence. Further work will be required
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Fig. 7. (A) Sequential model of Mos mRNA translational control in response to progesterone stimulation. In this model, PRE-directed Mos mRNA
translational activation precedes CPE-directed translation as a consequence of progesterone-stimulated MAP kinase activation preceding cdc2
activation. Solid arrows denote causal relationships between processes. (B) Signal transduction pathways that converge upon cdc2 activation and
GVBD in progesterone-stimulated Xenopus oocytes. Positive feedback loops are indicated by dotted lines. See text for details.

to elucidate the signaling pathway that triggers the initial
translation of the Mos mRNA prior to establishment of the
Mos/MAP kinase feedback loop.

In addition to the Mos/MAP kinase pathway, additional
signaling pathways have been implicated in cdc2 activ-
ation (Figure 7B). These pathways include: (i) the aurora
kinase family member Eg2, which has been implicated in
the activation of CPE/CPEB-mediated maternal mRNA
translation (Mendez et al., 2000); (ii) Ringo (aka Speedy),
a cyclin-independent activator of cdc2 (Ferby et al., 1999;
Lenormand et al., 1999); and (iii) the polo-like protein
kinase signaling pathway (PLKK1 and Plx1), which leads
to activation of the pre-MPF cdc2 pool through cdc25-
dependent dephosphorylation of cdc2 (Kumagai and
Dunphy, 1996; Abrieu et al., 1998; Qian et al., 1998a,b;
Karaiskou et al., 1999). It appears that these pathways
may cooperate with the Mos/MAP kinase pathway
since inhibition of any one pathway delays or inhibits
progesterone-stimulated oocyte maturation.

Based on the findings of this study, we conclude that the
early temporal activation of MAP kinase signaling targets
PRE-directed mRNA translation, while subsequent cdc2
activation results in later CPE-directed mRNA translation
and thereby establishes a mechanism to control the
temporal order of maternal mRNA translational recruit-
ment. A search of the 3' UTR database (Pesole et al., 2002)
has revealed that additional Xenopus maternal mRNAs
contain PRE-related sequences including FGF receptor 1,
DNA topoisomerase 1, Ringo and cyclin B3. Like the

2804

Mos mRNA, the FGF receptor 1 and Ringo mRNAs
have been shown to be translationally activated early,
prior to GVBD, in response to progesterone stimulation
(Culp and Musci, 1998; Ferby et al., 1999). Thus, PRE
sequences may present a common mechanism through
which to induce the early translational activation of
maternal mRNAs during progesterone-stimulated oocyte
maturation.

Materials and methods

Plasmid constructions and RNA synthesis

Standard PCR mutagenesis was employed to introduce disruptive
nucleotide substitutions into the Mos CPE sequence (TTTTAT to
TTTggT) within the terminal 321 bp of the Mos 3" UTR (Howard et al.,
1999). A series of truncations in the CPE-disrupted Mos 321 UTR were
generated by inserting a 5" Xhol site by standard PCR mutagenesis to
make UTRs containing the last 206, 82 and 48 nt. CPE-independent
polyadenylation was retained in the last 48 nt. The Mos UTR 27 construct
encompasses nucleotides 27 to 1 of the wild-type Mos UTR sequence
[where 1 is designated as the site of poly(A) addition]. The sMos
construct (Stebbins-Boaz et al., 1996) encompasses nucleotides 31-12 of
the wild-type Mos UTR sequence (CPE, polyadenylation hexanucleotide
and four flanking nucleotides to side) and was generated using PCR
primers incorporating a 5" Xbal site and a 3" PstI site. The Mos PRE and
CPE sequences were introduced into the B-globin 3 UTR by PCR
mutagenesis. The Mos and B-globin UTR constructs were subcloned
downstream of the GST coding region in the pGEM GST vector
(Charlesworth et al., 2000). For in vitro transcription, all Mos UTR
plasmids were linearized with Xbal, except the sMos UTR plasmid which
was linearized with Pstfl. The sequence integrity of all mutant UTR
constructs was confirmed by DNA sequencing. The construction of the
GST—Xenopus CPEB expression plasmid as well as Mos UTR wild-type



and CPE-disrupted EMSA probe plasmids has been described elsewhere
(Welk et al., 2001). The dominant-negative Xenopus CPEB was
constructed using PCR mutagenesis with S174A to S180A mutations
essentially as described previously (Mendez et al., 2000). All constructs
were transcribed with SP6 RNA Polymerase (Promega), as described
previously (Melton et al., 1984). The EMSA probes were synthesized
without a 5" diGTP cap. The GST Mos, GST 107Weel and GST rVH6
expression constructs have been described previously (Howard et al.,
1999).

Oocyte cultures and injections

Dumont stage VI immature oocytes were isolated as described previously
(Charlesworth et al., 2000) and polyadenylation was analyzed following
injection with 0.5-1 ng of reporter RNA. To reveal progesterone-
inducible translation, GST reporter RNAs were injected at 0.05-0.1 ng of
RNA per oocyte in order to reduce the background level of translation
(Charlesworth et al., 2000). Oocytes were stimulated with 2 pg/ml
progesterone (Sigma) and the rate of GVBD was monitored
morphologically by the appearance of a white spot on the animal
hemisphere. Except where indicated, pools of oocytes were harvested in
proportion to the percentage GVBD in each sample, and immature control
samples were prepared at the same time as the progesterone-stimulated
oocyte samples. Recombinant human cyclin Bl protein (lacking the
D-box) was expressed and purified as described previously (Kumagai and
Dunphy, 1995). Results shown are representative experiments that were
typically repeated three times with similar results.

Western blot analyses

Preparation of protein lysates and western blot analyses were performed
as previously described (Howard et al., 1999). Rabbit polyclonal antibody
against GST (Z-5) and Xenopus c-Mos (C237) were obtained from Santa
Cruz Biotechnology, Inc. MAPK activation was visualized with an
antibody specific for the activated, phosphorylated form of the enzyme
obtained from New England Biolabs. For analysis of both protein and
RNA from the same oocyte samples, pools of oocytes were rapidly lysed
in Nonidet P-40 buffer as described above; a portion was then removed
and mixed immediately with RNA STAT-60 (see below).

Cdc2 kinase assays

To assay the activity of cdc2 specifically, cyclin-dependent kinase
complexes were affinity purified using GST—pl3sucl beads (Upstate
Biotech Inc., Lake Placid, NY) prior to the kinase assay as described
previously (Howard et al., 1999). The beads were then incubated with
30 ul of histone H1 and 20 pCi of [y-*P]ATP. Samples were resolved by
SDS-PAGE on 12% polyacrylamide gels (Novex), and the phospho-
proteins were visualized by autoradiography. Alternatively, the beads
were incubated in 30 pl containing 50 uM histone H1 and 66 uM ATP.
Samples were then resolved by SDS-PAGE on 12% polyacrylamide gels
(Novex), and the phosphorylation status of the histone HI protein
substrate determined by western blotting with phosphohistone H1
antibodies (06-597; Upstate Biotech Inc.).

Polyadenylation assay using northern blot analyses

Total RNA was purified from oocytes using RNA STAT-60 (Tel-Test B),
and the polyadenylation status of injected reporter RNAs and endogenous
cyclin Bl mRNA was assayed by northern blot as described previously
(Howard et al., 1999). Northern blots were hybridized with a GST-
specific probe, a Mos UTR probe or a Xenopus cyclin Bl probe as
indicated, and visualized using the AlkPhos Direct system with CDP-
Star™ chemiluminescence (Amersham Life Science). Retarded mRNA
mobility is indicative of 3’ UTR polyadenylation. To confirm that any
increase in mRNA size was specifically due to polyadenylation, RNA
samples were treated with RNase H and oligo(dT) to eliminate any
poly(A) tail prior to gel analysis. RNase H reactions were performed as
described previously (Howard et al., 1999)

Polyadenylation assay using RT-PCR

To assay for endogenous Mos mRNA polyadenylation, the PolyA Assay
(Rassa et al., 2000) was utilized. The assay was performed essentially as
described by Rassa et al. (2000) with the following modifications. Fifty
picomoles of oligonucleotide P1 (Rassa et al., 2000) were ligated to
600 ng of total RNA using T4 RNA ligase (New England Biolabs). The
ligase was then heat inactivated at 65°C for 15 min. Reverse transcription
was performed in a 50 pl reaction with 50 pmol P1” (Rassa et al., 2000)
using Superscript II (Invitrogen), following the manufacturer’s instruc-
tions. After inactivation of Superscript II, 2 U of RNase H (Promega)
were added for 30 min at 37°C. The cDNA preparation (2 pul) and a gene-
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specific primer that anneals to nucleotides —73 to —50 of the Mos 3" UTR
(5’-GTTGCATTGCTGTTTAAGTGGTAA) was used in a 50 pl Pfu
(Stratagene) PCR containing a total of 3 mM Mg?2*. The PCR consisted of
30 cycles under the following conditions: 94°C for 30 s, 56°C for 1 min,
72°C for 1 min. For each condition, two reactions were performed that
were pooled and purified using the PCR purification protocol from
QIAquick (Qiagen). PCR products were resolved on a 2% agarose
(Invitrogen) gel and visualized using ethidium bromide staining. The size
of the Mos UTR PCR product in immature control or CPEB-AA-
expressing oocytes was 125 bp (Figure 1C, lower open arrowhead, which
represents 73 nt of amplified 3" UTR prior to the site of poly(A) addition,
24 nt of the 3’ PCR anchor primer P1, plus the poly(A) tail which appears
to be ~28 nt in immature oocytes). In progesterone-stimulated control
oocytes, the Mos PCR product increased to 156 nt in a distinct
subpopulation of the mRNAs (Figure 1C, upper open arrowhead,
representing an increase in the size of the Mos mRNA poly(A) from 28
nt to ~60 nt). In progesterone-stimulated CPEB-AA-expressing oocytes,
several populations of polyadenylated Mos mRNAs were observed
(Figure 1C, closed arrowheads), representing Mos mRNAs with mean
poly(A) tails of 35 and 50 nt.

Electrophoretic mobility gel shift assay

Protein for gel shift assays was prepared by coupled transcription/
translation in a rabbit reticulocyte lysate system and RNA binding activity
determined as described previously (Charlesworth et al., 2000; Welk
et al., 2001).
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