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Translational Control of Cyclin B1 mRNA during
Meiotic Maturation: Coordinated Repression
and Cytoplasmic Polyadenylation

Aaron F. Barkoff, Kirsten S. Dickson, Nicola K. Gray,1

and Marvin Wickens2

Department of Biochemistry, University of Wisconsin, 433 Babcock Drive,
Madison, Wisconsin 53706

Translational control is prominent during meiotic maturation and early development. In this report, we investigate a mode
of translational repression in Xenopus laevis oocytes, focusing on the mRNA encoding cyclin B1. Translation of cyclin B1

RNA is relatively inactive in the oocyte and increases dramatically during meiotic maturation. We show, by injection of
ynthetic mRNAs, that the cis-acting sequences responsible for repression of cyclin B1 mRNA reside within its 3*UTR.

Repression can be saturated by increasing the concentration of reporter mRNA injected, suggesting that the cyclin B1
3*UTR sequences provide a binding site for a trans-acting repressor. The sequences that direct repression overlap and
include cytoplasmic polyadenylation elements (CPEs), sequences known to promote cytoplasmic polyadenylation.
However, the presence of a CPE per se appears insufficient to cause repression, as other mRNAs that contain CPEs are not
translationally repressed. We demonstrate that relief of repression and cytoplasmic polyadenylation are intimately linked.
Repressing elements do not override the stimulatory effect of a long poly(A) tail, and polyadenylation of cyclin B1 mRNA
is required for its translational recruitment. Our results suggest that translational recruitment of endogenous cyclin B1
mRNA is a collaborative effect of derepression and poly(A) addition. We discuss several molecular mechanisms that might
underlie this collaboration. © 2000 Academic Press
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INTRODUCTION

During early development, transcription is relatively qui-
escent. As a result, changes in the pattern of protein
synthesis commonly rely on posttranscriptional regulation.
In particular, translational control is critical in a variety of
diverse processes such as pattern formation, the determina-
tion of cell fates, and cell proliferation (reviewed in Curtis
et al., 1995; Wickens et al., 1996; Richter, 1996). Indeed,
many of the mRNAs that regulate the meiotic and mitotic
cell cycles are under translational control (reviewed in
Standart, 1992). These mRNAs include the cyclins, cyclin-
dependent kinases, and c-mos, as well as enzymes required
for DNA replication and chromatin assembly.
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The 39 untranslated region (UTR) is a repository of
egulatory information affecting mRNA expression during
arly development (reviewed in St Johnston and Nüsslein-
olhard, 1992; Curtis et al., 1995; St Johnston, 1995;
ickens et al., 1996; Gray and Wickens, 1998). Both

egative and positive elements appear to function as
inding sites for trans-acting factors, relatively few of
hich have been identified (reviewed in Gray and Wickens,
998). Repressor elements have been identified in many
RNAs, including fem-3, tra-2, and lin-14 in Caenorhab-

itis elegans and hunchback and nanos in Drosophila.
9UTRs can also contain positive-acting translational con-
rol elements, including cytoplasmic polyadenylation ele-
ents (CPEs). CPEs promote regulated extension of preex-

sting mRNA poly(A) tails in the cytoplasm during
evelopment (reviewed in Richter, 1996). Cytoplasmic
olyadenylation commonly correlates with translational
ecruitment: lengthening of the poly(A) tail is associated
ith translational activation and removal of poly(A) with
epression. For several mRNAs, the changes in poly(A)

97

https://core.ac.uk/display/82192365?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


B
(
o
s
t
i

t
a
p
t
B
m
o
(
c
c
d

t
i
m
e
q
r
e
e
r
t
c
r
a
t
e

b

w
o
t

g
o
g
t

98 Barkoff et al.
length are required for the changes in translational activity
(reviewed in Richter, 1996; Gray and Wickens, 1998).

This report focuses on translational regulation of cyclin
B1 mRNA by elements in its 39UTR. We concentrate on the
period of meiotic maturation, in which oocytes advance
from first to second meiosis in response to progesterone.
Several lines of evidence demonstrate that cyclin B1 is
critical both during this interval and in the early embryo.
Cyclin B1 heterodimerizes with a cyclin-dependent kinase
(CDK1) to form maturation-promoting factor (MPF), a com-
plex that drives both meiotic and mitotic cell cycles (Gau-
tier et al., 1990). In Xenopus laevis, overexpression of cyclin

1 in oocytes is sufficient to induce meiotic maturation
Pines and Hunt, 1987; Westendorf et al., 1989); elimination
f specific cyclin B1 mRNAs from embryos disrupts mito-
es after fertilization (Weeks et al., 1991). Cyclin B1 appears
o be essential during early development, since mice lack-
ng cyclin B1 die in utero (Brandeis et al., 1998).

During meiotic maturation and early cleavage divisions,
he translation of several cyclins (Koboyashi et al., 1991)
nd CDK2 (Stebbins-Boaz and Richter, 1994) increases. In
articular, cyclin B1 protein levels rise steadily during this
ime period (Kobayashi et al., 1991). The increase in cyclin
1 mRNA translation is correlated with lengthening of the
RNA’s poly(A) tail, from some 30 nucleotides in the

ocyte to approximately 250 after maturation is complete
Sheets et al., 1994). The 39UTR of cyclin B1 mRNA
ontains several canonical, U-rich CPEs that promote this
ytoplasmic polyadenylation reaction (Sheets et al., 1994;
e Moor and Richter, 1997).
We demonstrate that repression of cyclin B1 mRNA prior

o maturation is mediated by negative regulatory elements
n its 39UTR. Injection of increasing amounts of reporter

RNA relieves this repression, strongly suggesting these
lements function through a trans-acting repressor. A se-
uence including the CPEs of the cyclin B1 39UTR is
esponsible for this repression. Although mutations that
liminate the CPEs also abolish repression, the mere pres-
nce of a CPE in an RNA appears to be insufficient to cause
epression. This suggests that unique elements overlapping
he CPEs, or the unique arrangement of the CPEs in the
yclin B1 39UTR, cause translational repression. Relief of
epression and activation of cytoplasmic polyadenylation
re intimately linked, leading us to suggest that transla-
ional recruitment of cyclin B1 mRNA is a collaborative
ffect of derepression and poly(A) addition.

MATERIALS AND METHODS

Synthetic RNAs

The luciferase/cyclin B1 mRNAs used in Figs. 1–4 have been
described previously (Sheets et al., 1994). The luciferase/polylinker
mRNA, used in Fig. 1, is identical to luciferase/X114 mRNA
(Gillian-Daniel et al., 1998).

Luciferase/cyclin B1-(A)0 and luciferase/cyclin B1-(A)65 mRNAs,

used in Fig. 7, were transcribed from BamHI-digested pAFB62 and

Copyright © 2000 by Academic Press. All right
SpeI-digested pAFB62, respectively. pAFB62 was constructed as
follows. First, a polylinker was placed into the BglII site behind the
(A)65 sequence in pAFB6 (Barkoff et al., 1998). This was done by first
annealing two oligonucleotides, oAFB39 (59-gatctcttaagtatat-
gtacgtaactagtctcgaga-39) and oAFB40 (59-gatctctcgagactagttacgtac-
atatgcttaaga-39). These were then ligated into BglII-digested pAFB6.
This created pAFB61a. Next, the 1-kb band from ScaI/StuI-digested
pAFB61a was ligated to the 4-kb band from SmaI/ScaI-digested
pLuc/B1 (Sheets et al., 1994). This created pAFB62. It contains 30 nt
etween the end of the cyclin B1 39 UTR and the start of the poly(A)

tail and 20 nt between the end of the poly(A) tail and the SpeI site
used to make the (A)65 run-off transcript.

The four luciferase/cyclin B1 variant mRNAs used in Fig. 3 were
transcribed from four separate plasmids: Variant 1 was transcribed
from pAFB65, Variant 2 was transcribed from pAFB66, Variant 3 was
transcribed from pAFB67, and Variant 4 was transcribed from pAFB67.
Each plasmid was digested with BamHI prior to transcription. To
make these plasmids, pairs of oligonucleotides were ordered with the
desired sequences, then annealed and inserted into BglII/BamHI-
digested pLuc/B1 (Sheets et al., 1994). The following oligonucleotides

ere used in the construction of these plasmids: to make pAFB65,
AFB31 (59-gatcgcccgctgtgcggtgttttttaatgttttactggttttaataaagctca-
tttaacatctag-39) and oAFB32 (59-gatcctagatgttaaaatgagctttat-

taaaaccagaaaacattaaaaaacaccgcacag-cgggc-39); to make pAFB66,
oAFB33 (59-gatctaaatagtgtattgtggggggccgtggggcagttggggaataaagctca-
tttttaacatctag-39) and oAFB34 (59-gatcctagatgttaaaatgagctttat-
tccccaactgccccacggccccccacaatacatattta-39); to make pAFB67, oAFB35
(59-gatctaaatagtgtattgtgtttttaatgttttactggttttccgccctagacggggccacgc-
tag -3 9 ) and oAFB36 (5 9 -gatcctagcgtggccccgtctagggcg-
aaaaccagtaaaacattaaaaacacaatacactattta-39); to make pAFB68,
AFB37 (59-gatctaaatagtgtattgtggggggaatgggggactggggggaataaagctca-
ggaacatctag-39) and oAFB38 (59-gatcctagatgttccccctgagc-
ttattccccccagtcccccattcccccacaatacactattta-39).

In Fig. 4, luciferase/cyclin A1 and luciferase/cyclin B2 mRNAs
were transcribed from BamHI-digested pLuc/A1 and pLuc/B2 (M.
Sheets, unpublished). To make these plasmids, an insert containing
the last 50 nt of the cyclin A1 and cyclin B2 39UTRs were generated
by annealing two ssDNA oligonucleotides. This insert was then
cloned into BglII/BamHI-digested pT7-Luc[BglII at stop codon]
(Gallie, 1991). The following oligonucleotides were used: to make
pLuc/A1, o9201-11 (59-gatctaacttgtgatggtgttaagtgtttttaataaactgac-
tttactcaag-39) and o9201-12 (59-gatccttgagtaaagtcagtttattaaaaa-
cacttaacaccatcacaagtta-39); to make pLuc/B1, o9201-13 (59-
gatctaatgctgtaatgtcagtatgaaataaaacttcacattttttatttg-39) and o9201-
14, (59-gatccaaataaaaaatggaagttttatttcatactgacattacagcatta-39).

Luciferase/c-mos mRNA, also used in Fig. 4, was transcribed
from BamHI-digested pAFB13. The mRNA contains the luciferase
coding region followed by the entire 2-kb 39UTR from c-mos.
pAFB13 was made as follows. The c-mos 39UTR was amplified in a
standard PCR using pXmos-8 (Sagata et al., 1988) as the template.
The primers were up1 (59-ggtagatctcgtccagaacagggagccaatc-39) and
down1 (59-ccgttttggatcctctagacaaatcaatttctttattataaaac-39). The
PCR product was then cloned into BglII/BamHI-digested pT7-
Luc[BglII at stop codon] (Gallie, 1991).

Luciferase/L1 and luciferase/L1-CPE mRNAs, also used in Fig. 4,
were transcribed from AflII-digested pLuc/L1 and pLuc/L1mut,
respectively. These plasmids were made as follows. First, pL1/3Z
(Fox et al., 1992) and pL11CPE/4Z (Verotti et al., 1996) were
used in standard PCR to amplify the 39UTRs of L1 and L1-CPE
mRNAs, respectively. The same primers were used in both PCRs.
They were usL1 (59-cgattcccaagctagggaagcagc-39) and dsL1 (59-

cgggtaccgagctcgaattcc-39) (S. Thompson, unpublished). The PCR

s of reproduction in any form reserved.



p
l
b

m
v
o

d
m
t

t
i
O
l

t

r
P

R
l
e
a

0
D
c

a
f
e
m
b
s
a
a

99Translational Control of Cyclin B1 mRNA
products were cloned into the SmaI site of pLuc/cyclinB1/
polylinker. pLuc/cyclinB1/polylinker was made by inserting a
multiple cloning site (XhoI/SmaI/SpeI/BglII) into the BglII site of
pLuc/B1 (Sheets et al., 1994). The multiple cloning insert was
created by annealing oligos 9408.01 (59-gatcctcgagcccgggactagta-39)
and 9408.02 (59-gatctactagtcccgggctcgag-39) (J. Coller, unpublished).
NS1 and mutant NS1 mRNAs, used in Fig. 8, have been previously
described (Qian et al., 1994).

All mRNAs used in this study were transcribed with T7 RNA
olymerase. Usually, the transcription protocol was the same as for
uciferase mRNAs in Barkoff et al. (1998). When the mRNA was to
e analyzed following oocyte injection, 100 mCi of [a-32P]UTP

rather than 20 mCi was used in the reaction. All mRNAs were
purified as described (Barkoff et al., 1998) and resuspended in 88

M NaCl prior to injection. The integrity of each mRNA was
erified by agarose gel electrophoresis prior to injection into
ocytes.

Oocyte Injection

X. laevis oocytes were isolated, injected, and incubated as
escribed (Ballantyne et al., 1997). In all experiments, 50 nl of
RNA solution was injected. Progesterone (Sigma) was added to

he media to achieve a final concentration of 10 mg/ml, as appro-
priate. Oocyte maturation was determined by analyzing the oo-
cytes for the presence of a white spot, indicative of germinal vesicle
(nuclear) breakdown (GVBD) and completion of first meiosis. In
experiments in which samples were taken at the “end of matura-
tion.” this was two to three times GVBD50 (the time after proges-
erone addition when half of the oocytes display a white spot). All
ncubations of oocytes were done at room temperature (20°C).
ocytes from different frogs were used in all experiments, and at

east 15 oocytes were used for each data point.

Analysis of Injected RNAs

Isolation and purification of injected mRNA from oocytes were
done essentially as described (Verrotti et al., 1996), except that
hree cells were homogenized together, using 100 ml of homogeni-

zation solution per cell. One oocyte equivalent of RNA was loaded
on a 0.8% formaldehyde agarose gel. Following electrophoresis, a
photo of ethidium bromide-stained rRNAs was taken, then RNA
was transferred to nylon membrane. Electrophoresis and transfer of
RNA by capillary action to Biotrans nylon membrane (ICN) were
performed as described (Sambrook et al., 1989). The mRNAs were
adiolabeled in all cases and so were directly visualized using a
hosphorImager (Molecular Dynamics).

Luciferase Assay

Oocytes were pooled into groups of five and homogenized in
200–1000 ml 13 Cell Lysis Buffer (Promega). The homogenate was
next centrifuged for 10 min at 12,000g at 4°C and the clear
supernatant isolated. The lysate was brought to room tempera-
ture before being assayed. The clear lysate (2.5–50 ml) was assayed.
The reaction was initiated by adding 100 ml Luciferase Assay

eagent (Promega). Photons were counted with a Monolight 2010
uminometer (Analytical Luminescence Laboratory). Average lucif-
rase activity values were calculated for each type of sample, from

t least three pools of five cells.

Copyright © 2000 by Academic Press. All right
Polysome Analysis

Pools of 20 oocytes were homogenized in 750 ml of ice-cold
buffer PB [0.3 M KCl, 2 mM MgCl2, 20 mM Tris–HCl (pH 7.5),
.05% deoxycholate] containing 0.15 mg/ml cycloheximide, 2 mM
TT, 0.5 mg/ml heparin, and 0.25 mg/ml RNasin. Samples were

entrifuged at 4°C for 10 min at 11,750g, and 500 ml of the clarified
cytosol was removed and loaded onto an 11-ml gradient (50–10%)
in buffer PB containing 0.15 mg/ml cycloheximide, 2 mM DTT, 0.5
mg/ml heparin, and 0.12 mg/ml RNasin. Gradients were centrifuged
t 4°C in a Beckman SW 41 rotor at 39,000 rpm for 2 h and were
ractionated as previously described (Gray et al., 1994). RNA was
xtracted from the fractions using TRI Reagent according to the
anufacturer’s instructions. RNAs were analyzed using Northern

lotting and the B1 mRNA was detected using a PCR-derived probe
ynthesized from plasmid XlB1/GEM (Minshall et al., 1989) using
n oligonucleotide containing the T7 RNA polymerase primer and
n oligo of the sequence 59gcatacttgttcttaacagtc 39.

RESULTS

The Cyclin B1 3*UTR Causes Translational
Repression

Sequences in the 39UTR of cyclin B1 mRNA stimulate its
translation during progesterone-induced meiotic matura-
tion by promoting cytoplasmic polyadenylation (Sheets et
al., 1994). Thus translation of a luciferase reporter mRNA
carrying a 58-nt portion of the cyclin B1 39UTR increases
after progesterone treatment. Surprisingly, we found that
the magnitude of the translational increase, measured as
the ratio of luciferase activity with and without progester-
one, was elevated when lower mRNA concentrations were
injected (see below) compared to previous studies (Sheets et
al., 1994). In principle, the elevation could be due either to
a decrease in the level of translation in the absence of
progesterone or to a greater increase in the level of transla-
tion after progesterone was added.

To determine whether the 58-nt portion of the cyclin B1
39UTR contains sequences that can direct translational
repression prior to meiotic maturation, we compared the
translation of this mRNA to that of a control construct
containing polylinker sequence fused downstream of the
luciferase coding sequence. mRNAs encoding these con-
structs were injected into stage VI oocytes at concentra-
tions (0.1 fmol per oocyte) comparable to that of endoge-
nous B1 mRNA (Kobayashi et al., 1991; data not shown).
Expression of the luciferase/cyclin B1 reporter mRNA was
reduced sevenfold compared to that of the control mRNA
(Fig. 1A). The decrease in luciferase activity was not due to
differential stability of the reporter mRNAs, as assessed by
gel electrophoresis and autoradiography (Fig. 1B). We con-
clude that the cyclin B1 39UTR contains sequences that

cause translational repression in oocytes.

s of reproduction in any form reserved.
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100 Barkoff et al.
A Titratable Factor Is Responsible for
Translational Repression of Cyclin B1

To determine whether the factor(s) responsible for
39UTR-mediated repression could be titrated, we injected
different concentrations of the luciferase/cyclin B1 reporter
mRNA into oocytes. Concentrations spanning a range of
three orders of magnitude were tested. Translational effi-
ciency was calculated as the quantity of luciferase activity
produced per femtomole of injected mRNA (Fig. 2A). At low
concentrations of mRNA (0.01 to 0.1 fmol), the transla-
tional efficiency of the mRNA carrying the cyclin B1
39UTR was low and nearly constant (Fig. 2A). However, as
higher concentrations (0.5 to 10 fmol per cell) were injected,
its translational efficiency increased progressively (Fig. 2A).
In contrast, the control mRNA carrying an artificial se-
quence as its 39UTR displayed no significant change in
translational efficiency from 0.1 to 10 fmol injected mRNA

FIG. 1. The cyclin B1 39UTR causes translational repression.
ocytes were injected with 0.1 fmol/cell of radiolabeled luciferase

eporter mRNAs, an amount equal to the amount of endogenous
yclin B1 mRNA (Kobayashi et al., 1991). Following incubation for

4 h, oocytes were homogenized and prepared for either luciferase
assays or recovery of RNA. The two mRNAs used differ only in the
39UTR. One mRNA contains the cyclin B1 39UTR and the other
contains an equivalent length of polylinker as its 39UTR. The
experiment was repeated four times, and a representative experi-
ment is shown. (A) Histogram of luciferase activity, normalized to
the luciferase activity directed by luciferase/cyclin B1 mRNA. (B)
PhosphorImager scan of a denaturing agarose gel, showing the
radiolabeled reporter mRNAs following isolation from oocytes.
Ethidium-stained 18S ribosomal RNA, providing a control for RNA
loading, is shown below.
(Fig. 2B). The shape of the curve in Fig. 2A suggests that the

Copyright © 2000 by Academic Press. All right
yclin B1 39UTR mediates repression at low concentra-
ions, which is progressively relieved beyond a threshold
oncentration of approximately 0.1 fmol per oocyte. For
implicity, we refer to this form of repression as “low-dose
epression.” The magnitude of low-dose repression cannot
e rigorously calculated from a concentration curve with a
ingle mRNA (e.g., Fig. 2A) since translational activity
ontinues to rise even at the highest doses tested (i.e., the
utative repressor has not been fully titrated). However,
omparison of mRNAs with cyclin B1 or control 39UTRs
uggests that the magnitude of repression is at least 10-fold
Fig. 2A vs 2B; see also Figs. 3 and 4).

From our results we infer that at least one factor required
or low-dose repression can be saturated. In one simple

odel, a titratable trans-acting factor causes repression of
he reporter mRNA. At low concentrations of an mRNA
arrying the cyclin B1 39UTR, essentially all of the mRNA
s repressed. At higher concentrations, the factor is titrated,
nd more of the mRNA is translated.

Relief of Low-Dose Repression during Maturation

To examine whether repression persists during meiotic
maturation, we injected the same range of mRNA concen-
trations into oocytes, then induced meiotic maturation by
adding progesterone. After maturation was complete, we
assayed luciferase activity and again determined transla-
tional efficiency. Translational efficiency was higher in
progesterone-treated oocytes (note the difference in the
scale of y axes in Figs. 2A and 2C) and did not change
significantly as a function of concentration (Fig. 2C). Trans-
lational efficiency was also unaltered for the control mRNA
in both oocytes and matured oocytes (Fig. 2B vs 2D).
However, the control mRNA was translated less efficiently
than the luciferase/cyclin B1 mRNA following maturation,
presumably due to polyadenylation of luciferase/cyclin B1
mRNA (see below). The data in Fig. 2 demonstrate that the
apparent magnitude of translational regulation during mei-
otic maturation varies with the concentration of mRNA
injected; in this particular experiment, it ranged from 50- to
10-fold, between 0.01 and 10 fmol mRNA, respectively.

We conclude that low-dose repression mediated by the
cyclin B1 39UTR is relieved during meiotic maturation. A
simple model follows that the trans-acting factors respon-
sible for low-dose repression in oocytes are inactivated
during that period.

CPEs Are Required for Translational Repression

To identify the specific sequences within the 58-nt region
of the cyclin B1 39UTR that cause low-dose repression, we
constructed variants of the luciferase/cyclin B1 reporter
mRNA (Fig. 3A). Variants 1 to 3 contain clusters of trans-
version mutations within the 58-nt cyclin B1 39UTR and
collectively alter every nucleotide (Fig. 3A). All mRNAs

were injected at identical, low concentrations (0.1 fmol per

s of reproduction in any form reserved.
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101Translational Control of Cyclin B1 mRNA
oocyte) and luciferase activity was assayed (Fig. 3B). At this
low dose, the mRNA carrying the wild-type 39UTR se-
quence (WT) yielded little luciferase activity. Variant 1,
mutated in the first 16 nt of the cyclin B1 reporter 39UTR,

as also repressed. However, Variant 2, carrying mutations
n the central 22 nt of the sequence, and Variant 3, in which
he last 20 nt had been replaced, were both derepressed in
he oocyte: Variant 2 by sevenfold and Variant 3 by three-
old. The increases in luciferase activity observed with
ariants 2 and 3 appear to be due to disruption of low-dose

epression since all mRNAs yielded similar luciferase ac-
ivities when injected at a high dose (data not shown).

The sequences altered in Variants 2 and 3 contain mul-

FIG. 2. A titratable factor is responsible for translational rep
concentrations of luciferase/cyclin B1 reporter mRNA (0.01, 0.05
concentrations of luciferase/polylinker reporter mRNA (0.1 or 10
progesterone. Oocytes were collected at the end of maturation. Th
shown. Each plot graphs “translational efficiency,” defined as luci
mRNA injected (fmol). In A and C, results of experiments using oo
by differently shaded symbols. Luciferase activity from cells injecte
shown as a hybrid symbol. (A) Luciferase/cyclin B1 mRNA i
progesterone; (C) luciferase/cyclin B1 mRNA injected, progesteron
iple U-rich sequences that can stimulate cytoplasmic poly- a

Copyright © 2000 by Academic Press. All right
denylation (CPEs; Fig. 3A; Stebbins-Boaz et al., 1996; M.
heets and M. Wickens, unpublished results). To test
hether the CPEs were required for translational repres-

ion, we constructed Variant 4, in which all uridines in a
ract of four or more consecutive nucleotides were changed
o guanosines. At a low dose, Variant 4 was translated
0-fold more efficiently than the wild-type reporter mRNA,
emonstrating both that the U-rich tracts are required for
epression and that the repressive effect of U-rich sequences
n the second and third blocks is additive. At a high dose,
ariant 4 displayed the same efficiency as the unmodified
9UTR sequence, demonstrating that the sequence alter-
tions affect low-dose repression and not basal translational

ion of cyclin B1. Oocytes were injected with seven different
, 0.5, 1.0, 5.0, or 10.0 fmol/cell; A and C) or with two different
l/cell; B and D). Half of each batch of oocytes was treated with
periment was repeated five times. A representative experiment is
activity per femtomole of mRNA injected, versus the amount of

s from two different frogs are shown in the same graph, indicated
th 0.1 fmol RNA/cell was the same in the two experiments and is
ed, no progesterone; (B) luciferase/control mRNA injected, no
ed; (D) luciferase/control mRNA injected, progesterone added.
ress
, 0.1
fmo

is ex
ferase
cyte
d wi

nject
ctivity (data not shown). Similarly, the five mRNAs tested
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102 Barkoff et al.
were equally stable and were present at the same concen-
trations in the oocyte (Fig. 3C), thus the differences ob-
served (Fig. 3B) reflect changes in relative translational
activity. We conclude that the sequences required for re-
pression overlap with CPEs.

Other mRNAs Containing CPEs Are Not
Translationally Repressed

To determine whether the presence of a CPE is sufficient
to cause translational repression, several other reporter
mRNAs carrying 39UTRs that promote cytoplasmic poly-

FIG. 3. CPEs are required for translational repression. Oocytes w
Oocytes were collected for luciferase assays and RNA analysis follo
a representative experiment is shown. (A) Sequences of the 39U
enclosed in a black box; putative cytoplasmic polyadenylation elem
wild-type sequence are shown in lowercase letters. The wild-type
mRNA used throughout this paper is shown at the top (WT). Seq
shown below (Var 1–4). (B) Histogram of luciferase activities prod
luciferase activity directed by luciferase/cyclin B1 (wild type) mR
reporter mRNAs following isolation from oocytes. Ethidium-stain
adenylation were constructed. In particular, we prepared f

Copyright © 2000 by Academic Press. All right
uciferase mRNAs with the 39UTRs of X. laevis cyclin A1,
yclin B2, and c-mos (Fig. 4A). Previous work established
hat each of these mRNAs supports cytoplasmic polyade-
ylation and identified the U-rich sequences as being re-
ponsible for this activation (Sheets et al., 1994; Fox et al.,
989; McGrew et al., 1989). In addition, we analyzed both
he ribosomal protein L1 39UTR, which lacks a CPE, and a
ariant of the L1 39UTR (L11CPE), into which
UUUUUAU (a canonical CPE) had been inserted. The
11CPE 39UTR receives poly(A) during maturation, while
he wt L1 39UTR does not (Verrotti et al., 1996). Each
RNA was injected into resting oocytes at a low dose (0.1

njected with 0.1 fmol/cell radiolabeled luciferase reporter mRNA.
g 4 h of incubation. The experiment was repeated three times, and
of the reporter mRNAs. Polyadenylation signals (AAUAAA) are
s are in white boxes; nucleotides that have been changed from the
ence of the cyclin B1 39UTR in the luciferase/cyclin B1 reporter

es of the 39UTRs in the mutant luciferase/cyclin B1 reporters are
from the constant amount of mRNA injected, normalized to the
(C) PhosphorImager scan of denaturing agarose gel, showing the
S ribosomal RNA is shown in the bottom.
ere i
win

TRs
ent
sequ

uenc
uced
NA.
mol per cell), and luciferase activity was determined.

s of reproduction in any form reserved.
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103Translational Control of Cyclin B1 mRNA
At low doses the luciferase/cyclin B1 reporter mRNA was
repressed (Fig. 4B). No other mRNA was comparably re-
pressed. Rather, the other mRNAs yielded luciferase activi-
ties 4.5- to 7.5-fold higher than that of the cyclin B1
chimera (Fig. 4B). Translation of the mRNA carrying the
L11CPE 39UTR was actually higher than that of the same
mRNA lacking the CPE (Fig. 4B). The translational effi-
ciency of only the luciferase/cyclin B1 mRNA was altered
at high doses (10 fmol per cell; data not shown). Differences
were not due to differential stability of the transcripts (Fig.
4C). We conclude that the mere presence of a CPE is
insufficient to cause translational repression. Instead, some

FIG. 4. Other mRNAs containing CPEs are not translationally rep
reporter mRNA. Oocytes were collected for luciferase assays and R
twice, and a representative experiment is shown. (A) Sequences o
signal (AAUAAA) is enclosed in a black box; putative cytoplasmic p
activities produced from the constant low (0.1 fmol) amount o
luciferase/cyclin B1 (wild type) mRNA. (C) PhosphorImager scan
isolation from oocytes. Ethidium-stained 18S ribosomal RNA, pro
facet of the specific sequence within the cyclin B1 39UTR,
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hat overlaps with or encompasses its CPEs, is responsible
or translational repression.

Derepression of Cyclin B1 Occurs after GVBD

To systematically evaluate when repression directed by
the cyclin B1 39UTR was relieved, we injected the
luciferase/cyclin B1 reporter mRNA into oocytes at low
concentrations, induced meiotic maturation, and collected
oocytes at various times throughout meiotic maturation.
Translation increased substantially only after GVBD oc-
curred (Fig. 5). Similarly, cytoplasmic polyadenylation of

d. Oocytes were injected with 0.1 fmol/cell radiolabeled luciferase
nalysis following 4 h of incubation. The experiment was repeated
39UTRs of the reporter mRNAs are shown. The polyadenylation

denylation elements are in white boxes. (B) Histogram of luciferase
NA injected, normalized to the luciferase activity directed by
denaturing agarose gel, showing the reporter mRNAs following

g a control for RNA loading, is shown at the bottom.
resse
NA a
f the
olya
f mR
of a
cyclin B1 mRNA occurs at or shortly after GVBD (Ballan-

s of reproduction in any form reserved.



104 Barkoff et al.
tyne et al., 1997). These data are consistent with models in
which relief of low-dose repression requires GVBD and/or
poly(A) addition.

Cytoplasmic Polyadenylation Is Required
for Derepression

To test whether cytoplasmic polyadenylation is required
to relieve repression by the cyclin B1 39UTR, we injected a
luciferase/cyclin B1 reporter mRNA containing a point
mutation in AAUAAA (AAgAAA). This mutation prevents
cytoplasmic polyadenylation (Fox et al., 1989). If relief from
repression were independent of polyadenylation, then an
mRNA carrying this mutation would still show increased
translational activity during maturation.

In resting oocytes, as expected, the mutant reporter
mRNA was translationally repressed, yielding a level of
luciferase comparable to that of an mRNA carrying a
wild-type cyclin B1 39UTR (Fig. 6A, Mut vs WT, 2proges-
terone). Additionally, a dose–response curve obtained using
this mRNA demonstrated low-dose repression (data not
shown). These data demonstrate that AAUAAA is not
required for repression. Upon induction of meiotic matura-
tion, translation of the mutant reporter mRNA did not
change significantly, indicating that repression was not
relieved (Fig. 6A, Mut, 1progesterone). In contrast, the
activity of the wild-type reporter was stimulated more than
60-fold (Fig. 6A, WT, 1progesterone). Both mRNAs were
stable throughout meiotic maturation (Fig. 6B), indicating
that the difference in luciferase expression was due to a

FIG. 5. Derepression of cyclin B1 occurs after GVBD. Oocytes
were injected with 0.1 fmol/cell luciferase/cyclin B1 mRNA. All
oocytes were then treated with progesterone to induce meiotic
maturation. Oocytes were collected and frozen at 1, 2, 3, and 16 h
after progesterone application. In this experiment, GVBD50 oc-
curred at 2.5 h. At 2 h all oocytes were still immature, and at 3 h
all oocytes had undergone GVBD. Luciferase activity is shown
relative to that in the 1-h time point sample. This experiment was
repeated twice, and a representative experiment is shown.
difference in translation and not mRNA stability.

Copyright © 2000 by Academic Press. All right
Polyadenylation Confers Resistance
to Translational Repression

To determine the effect of a preexisting poly(A) tail on
translational repression, we constructed a luciferase/cyclin
B1 reporter mRNA with a poly(A) tail of 65 adenosines
following its 39UTR. This mRNA was injected into oocytes
at three different concentrations. For comparison, a nonade-
nylated luciferase/cyclin B1 reporter mRNA was injected
into oocytes at equal concentrations. Consistent with the
known stimulatory effects of poly(A) on translation (re-
viewed in Richter, 1996; Gray and Wickens, 1998), the
polyadenylated reporter mRNA was translated more effi-
ciently than the nonadenylated mRNA, as assessed by
luciferase activity. Importantly, the polyadenylated mRNA
was translated with comparable efficiency (luciferase activ-
ity per fmol of RNA injected) from 0.01 to 10 fmol of
mRNA injected (Fig. 7). Thus the stimulatory effects of the
poly(A) tail were not significantly abrogated by repression.

FIG. 6. Cytoplasmic polyadenylation is required for derepression.
Oocytes were injected with 0.1 fmol/cell radiolabeled luciferase
reporter mRNA. Half of each batch of oocytes was treated with
progesterone to induce meiotic maturation. At the end of matura-
tion oocytes were collected for either luciferase assays or RNA
analysis. The two reporter mRNAs differ only in one nucleotide,
the third nucleotide of the hexanucleotide polyadenylation signal.
“WT” has AAUAAA whereas “Mut” has AAgAAA. The experi-
ment was repeated three times, and a representative experiment is
shown. (A) Histogram of luciferase activities produced from the
constant amount of mRNA injected, normalized to the luciferase
activity directed by luciferase/cyclin B1 mRNA. (B) PhosphorIm-
ager scan of a denaturing agarose gel, showing the reporter mRNAs
following isolation from oocytes. Ethidium-stained 18S ribosomal

RNA, providing a control for RNA loading, is shown at the bottom.
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105Translational Control of Cyclin B1 mRNA
Cytoplasmic Polyadenylation Is Required for the
Translational Activation of Endogenous B1 mRNA

The previous experiments, using reporter mRNAs, sug-
gest that translational activation of cyclin B1 mRNA is
dependent upon cytoplasmic polyadenylation. To deter-
mine whether the activation of endogenous cyclin B1
mRNA during meiotic maturation was polyadenylation-
dependent, we inhibited polyadenylation using the influ-
enza virus protein, NS1. NS1 interacts with the 30-kDa
subunit of cleavage and polyadenylation specificity factor
(CPSF; Nemeroff et al., 1998). Overexpression of NS1 in the
oocyte prevents cytoplasmic polyadenylation (Dickson et
al., 1999) and so provides a specific reagent with which to
block polyadenylation in vivo.

mRNAs encoding NS1 and a mutant form of NS1
(NS1mut), which does not interact with CPSF (Qian et al.,
994), were prepared by in vitro transcription and injected
nto oocytes. After overnight incubation to permit protein
roduction, meiotic maturation was induced in both unin-
ected and NS1-expressing cells. To assess the effect of NS1
n polyadenylation of endogenous cyclin B1 mRNA, total
NA was isolated and the length of cyclin B1 mRNA
nalyzed by Northern blotting. Cyclin B1 mRNA normally
eceives approximately 200 As during meiotic maturation,
esulting in a detectable change in its electrophoretic mo-
ility (Fig. 8A, lane 2 vs lane 1). The addition of a long
oly(A) tail is prevented by expression of NS1 (Fig. 8A, lane
vs lane 3), but not by the mutant form of NS1 that does

FIG. 7. Polyadenylation confers resistance to translational repres-
sion. Oocytes were injected with three different concentrations of
either luciferase/cyclin B1-(A)0 reporter mRNA (bottom trace) or
uciferase/cyclin B1-(A)65 reporter mRNA (top trace). The three
oncentrations were 0.1, 1.0, and 10.0 fmol/cell. Following incu-
ation for 4 h oocytes were collected for luciferase assays. The
xperiment was repeated twice, and the results obtained were
veraged. The average translational efficiency (luciferase activity/
mol RNA) as a function of amount of RNA injected is displayed.
ot interact with CPSF (Fig. 8A, lane 5 vs lane 6). m

Copyright © 2000 by Academic Press. All right
The effect of NS1 on the translation of cyclin B1 mRNA
as assessed by sedimentation analysis of polyribosomes.

n matured oocytes lacking NS1 protein, a fraction of cyclin
1 mRNA is associated with polyribosomes and distributed
hrough the faster sedimenting region of the gradient (Fig.
B(1); the positions of 80S subunits and polyribosomes are
ndicated in the absorbance trace at the bottom). Only a

inority of cyclin B1 mRNA associates with polysomes
fter maturation, as observed with other endogenous
RNAs (e.g., Tafuri and Wolffe, 1993). Expression of NS1

rotein abrogates the apparent recruitment of the mRNA
nto large polyribosomes (Fig. 8B(2)).
A series of control experiments was performed to test the

pecificity of both the sedimentation assay and the inhibi-
ory effect of NS1. In these studies, the gradients were
eparated into fewer fractions (Fig. 8C). The data demon-
trate that the faster sedimentation of cyclin B1 mRNA
equires maturation, as it was observed only after proges-
erone treatment (Fig. 8C(1) vs 8C(2)). EDTA treatment of
xtracts of oocytes that had undergone maturation abol-
shed the rapid sedimentation, consistent with dissociation
f polysomes by this agent (data not shown). Importantly,
hile expression of NS1 protein prevented cyclin B1
RNA from loading onto large polyribosomes during matu-

ation (Fig. 8C(3) vs 8C(2)), expression of NS1mut did not (Fig.
8C(4) vs 8C(2)). We infer that full translational recruitment
of cyclin B1 mRNA during meiotic maturation is dependent
upon addition of poly(A).

In principle, inhibition of cyclin B1 translation by NS1
could be indirect. For example, translation of another
mRNA that is NS1-sensitive might be required to recruit
cyclin B1 mRNA. However, several lines of evidence sug-
gest that the NS1 effect on cyclin B1 is direct. First, reporter
mRNA experiments suggest cytoplasmic polyadenylation
is required for derepression (Figs. 6 and 7). Second, cleavage
of the poly(A) tail from endogenous cyclin B1 mRNA, using
oligonucleotides directed at the 39UTR, prevents transla-
tional recruitment of cyclin B1 mRNA (N.K.G. and M.W.,
unpublished).

DISCUSSION

MPF activity is tightly regulated to control the meiotic
cell cycle (reviewed in Lohka, 1998). It is therefore not
surprising that cyclin B1 protein, a component of MPF, is
stringently controlled at multiple levels. The importance of
repressing cyclin B1 activity in resting oocytes is illustrated
by the observation that injection of high concentrations of
cyclin B1 mRNA induces precocious meiotic maturation
(Freeman et al., 1991; Pines and Hunt, 1987; Westendorf et
l., 1989).
Our results suggest that full translational control of

yclin B1 mRNA is achieved through two separate but
elated mechanisms: translational repression and cytoplas-

ic polyadenylation. We draw the following main conclu-
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sions. Translational repression of cyclin B1 mRNA in the
oocyte is due to specific sequences that overlap with the
CPE. Relief of repression during meiotic maturation is
mediated by the cyclin B1 39UTR and requires polyadenyla-
tion. The presence of a long poly(A) tail enhances transla-
tion of cyclin B1 mRNA in an oocyte, demonstrating that
repression does not significantly interfere with the stimu-
latory effect of poly(A). In one simple hypothesis, a trans-
acting repressor binds to the repressive sequences in resting
oocytes and is overridden by a polyadenylation-dependent
mechanism during maturation.

Translational Repression by the Cyclin B1 3*UTR:
Not All CPEs Are Equal

Translational repression of cyclin B1 mRNA is mediated
by sequences in the last 58 nt of the cyclin B1 39UTR. To
etect repression, it was critical that the amount of mRNA
njected be comparable to that present in the cell: higher
oncentrations overwhelmed the repression mechanism. In
ontrast, these higher concentrations do not saturate the
ytoplasmic polyadenylation machinery nor its positive
ffects on translation during maturation (e.g., Sheets et al.,

1994). Nevertheless, our results emphasize the importance
of RNA concentration in attempting to reconstitute regu-
lation in vivo.

The cyclin B1 sequences required for translational repres-
sion consist, at least in part, of several oligo(U) tracts. These
same oligo(U) tracts promote cytoplasmic polyadenylation
(Stebbins-Boaz et al., 1996; M. Sheets and M.W., unpub-
lished). Thus the elements required for repression overlap
with those required for its activation. The first suggestion
that the same control element in a 39UTR could be both
positive and negative arose in studies of mouse tPA mRNA,
in which elements that cause poly(A) removal prior to
maturation overlap with those that cause poly(A) addition
once maturation has begun (“ACE” elements; Salles et al.,
1992). Our results are generally consistent with this study
and recent work on cyclin B1 (de Moor and Richter, 1999)
and other (Stutz et al., 1998; Minshall et al., 1999; Ralle et
al., 1999) mRNAs. In particular, our results demonstrate
that a single, small region of the cyclin B1 39UTR can both
activate and repress translation. Additionally, our results
demonstrate that multiple sequences within the cyclin B1
39UTR, which contain CPEs, repress translation and act

NS1mut or were not injected, as indicated above each blot. Proges-
terone was then added or omitted, as indicated. (1) No progesterone
added, no mRNA injected; (2) progesterone added, no mRNA
injected; (3) progesterone added, NS1 mRNA injected; (4) proges-
terone added, NS1mut mRNA injected. The remainder of the anal-
sis was performed as described in (B), except that fewer fractions
ere collected. As indicated, polyribosomes were in fractions 1–3,

he monosomal peak was located in fraction 4 (indicated with an
FIG. 8. Cytoplasmic polyadenylation of endogenous B1 mRNA is
required for translational stimulation. Oocytes were injected with
NS1 mRNAs and incubated overnight to allow protein production.
Uninjected and NS1-expressing cells were treated with progester-
one to induce meiotic maturation. At the end of meiotic matura-
tion oocytes were collected. (A) Total RNA was isolated from
uninjected cells (lanes 1 and 2), cells injected with NS1 mRNA
(lanes 3 and 4), and cells injected with NS1mut mRNA (lanes 5 and
). Cells were either treated with progesterone (lanes 2, 4, and 6) or
eft untreated (lanes 1, 3, and 5). RNAs were separated on a 0.8%
garose gel and transferred to membrane. Cyclin B1 mRNA was
isualized by Northern blotting using a cDNA probe against the
yclin B1 message. A decrease in the mobility of the cyclin B1
RNA was indicative of cytoplasmic poly(A) addition. (B) Oocytes
ere injected with mRNA encoding NS1 or were not injected. (1)
ot injected; (2) injected with NS1 mRNA. After addition of

rogesterone and maturation, extracts were prepared and subjected
o sucrose gradient density centrifugation. RNA was extracted
rom the fractions and analyzed by Northern blotting, as above.
he A254 profile is shown at the bottom of (B); sedimentation was

from right (“top”) to left. As indicated in the bottom panel of (B),
polyribosomes were distributed in fractions 1–6, the monosomal
(“80S”) peak was located in fractions 7 and 8 (indicated with an
asterisk), and the untranslated mRNPs were located in fractions
sterisk), and the untranslated mRNPs were located in fraction 5.
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107Translational Control of Cyclin B1 mRNA
independently. This follows from the finding that muta-
tions upstream and downstream of the AAUAAA have
additive effects on repression (Fig. 3). These findings are
consistent with the fact that multiple copies of the cyclin
B1 CPE motif repress more efficiently than does a single
copy (de Moor and Richter, 1999).

Our data support a model in which CPEs contribute to
and are required for repression, but are insufficient in and of
themselves. This conclusion is based on the finding that
several 39UTRs that mediate polyadenylation, and thus
contain demonstrable CPEs, fail to repress the mRNAs in
which they reside. The data are consistent with two inter-
pretations. First, the putative trans-acting repressor may
not recognize the CPE per se, but sequences that overlap
with that element. Alternatively, qualitative differences in
the arrangement or context of the cyclin B1 CPEs might
cause that 39UTR to have a repressive character. Muta-
tional analysis of the cyclin B1 CPEs suggests that CPEs are
required for repression and that mutations in CPEs affect
repression and polyadenylation comparably. This implies
either competition for this site or utilization of a common
RNA binding component (de Moor and Richter, 1999).
Individual CPE sequences inserted into a neutral RNA
backbone can function in repression, arguing that, at least
in some contexts, CPEs not only are required but also are
sufficient for repression (de Moor and Richter, 1999).

An RNA-binding protein of the RRM family, CPEB, binds
to CPEs and is required for cytoplasmic polyadenylation
(Hake and Richter, 1994, 1998; Stebbins-Boaz et al., 1996).
A CPEB homologue in clams appears to cause translational
repression of CPE-containing mRNAs (Minshall et al.,
1999; Walker, 1999). To try to determine whether X. laevis
CPEB was sufficient to cause translational repression, we
overexpressed the protein in resting oocytes. We did not
observe significant repression at higher amounts of reporter
mRNA injected, as would be predicted if CPEB were solely
responsible for this effect (data not shown). Consistent with
this observation, the CPEs of c-mos, A1, and B2 mRNAs
bind to CPEB (Stebbins-Boaz et al., 1996) and promote
polyadenylation, but do not repress translation (Fig. 7). It is
therefore unclear whether mere binding of CPEB is suffi-
cient to cause repression. Repression could be mediated by
CPEB, but only when bound in the distinctive arrangement
found in the cyclin B1 39UTR. This could be related to the
cyclin B1 39UTR’s ability to bind multiple, adjacent CPEB
molecules and its particularly high polyadenylation activity
(Sheets et al., 1994; Hake et al., 1998; Stebbins-Boaz et al.,
1998). Alternatively, repression may require other trans-
acting factors, acting either alone or in combination with
CPEB.

Recent studies of a X. laevis lamin mRNA identified two
new proteins that interact with CPEs in its 39UTR and may
mediate its repression (Ralle et al., 1999), supporting the
idea that factors other than the canonical CPEB may be
involved in cyclin B1 mRNA repression. Multiple CPEB
homologs may exist with distinct activities. Indeed, the C.

elegans and zebrafish genomes encode multiple CPEB ho-

Copyright © 2000 by Academic Press. All right
mologs and, in C. elegans, these CPEBs have distinct
biological functions (C. Luitjens and M.W., personal com-
munication). It is also possible that the activity of a single
form of CPEB varies, depending on the protein partners
with which it interacts.

Role of Polyadenylation in the Translational
Activation of Cyclin B1 mRNA

During meiotic maturation cyclin B1 is released from a
translationally inactive state. Polyadenylation of injected
mRNAs bearing the cyclin B1 39UTR mRNA increases
their translational activity (Ballantyne et al., 1997; de Moor
nd Richter, 1997; this paper). Our data demonstrate that
olyadenylation, and not maturation per se, leads to dere-
ression. We suggest that full translational activation of
ndogenous cyclin B1 mRNA is an additive effect of cyto-
lasmic polyadenylation and derepression.
Cytoplasmic polyadenylation circumvents repression.

he addition of a poly(A) tail during maturation apparently
liminates low-dose repression; additionally, it elevates
ranslation more than 50-fold (Fig. 2). Endogenous cyclin B1
RNA, prior to maturation, carries a 30-nt poly(A) tail that

s extended by some 200 nt during maturation (Sheets et al.,
994). In vivo, recruitment of endogenous cyclin B1 mRNA
nto polyribosomes is specifically prevented by inhibiting
ytoplasmic polyadenylation or by removing its 39UTR (Fig.
; data not shown). Similarly, a poly(A) tail of 30 adenosines
oes not overcome repression of an injected mRNA in
ocytes (de Moor and Richter, 1999), while an mRNA
arrying a 65-nt poly(A) tail was translated efficiently (Fig.
). Our findings therefore suggest that a poly(A) tail of at
east 65 nt must be added to endogenous cyclin B1 mRNA
o relieve repression. In contrast, polyadenylation is not
equired for derepression of mouse tPA mRNA as its short
reexisting poly(A) tail is sufficient for its translational
ctivation (Stutz et al., 1998). Our results suggest that the
epressor can only block translation of cyclin B1 mRNA
ontaining a short poly(A) tail. Consequently, cytoplasmic
olyadenylation leads to derepression of cyclin B1 mRNA.

Models for the Translational Activation of Cyclin
B1 mRNA

Several models for the regulation of cyclin B1 mRNA can
be considered. In one, maturation causes both relief of
repression (e.g., inactivates the repressor) and activation of
cytoplasmic polyadenylation. These events occur simulta-
neously, but are independent. In a second model, meiotic
maturation causes relief of repression, which is a prerequi-
site for the acquisition of the polyadenylation machinery to
the mRNA. In a third model, meiotic maturation promotes
polyadenylation of the mRNA, which in turn causes relief
of repression. Both the second and the third models suggest
competition for overlapping 39UTR binding sites; polyade-
nylation could displace or modify a repressor or removal of
the repressor could allow the polyadenylation machinery to

access the mRNA.
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108 Barkoff et al.
Several lines of evidence support the third model. First,
poly(A) function is not significantly prevented by the pres-
ence of repressing elements in oocytes (Fig. 7). Second,
repression is maintained on mRNAs that are not polyade-
nylated after maturation (Fig. 6). This suggests that polyad-
enylation, and not another maturation-specific event, is
required. Finally, polyadenylation is necessary to recruit
cyclin B1 mRNA onto polysomes (Fig. 8 and data not
shown).

One simple molecular incarnation of the third model
follows. Prior to meiotic maturation the mRNA has a short
poly(A) tail and is repressed by the binding of a repressor to
its 39UTR. This repressor may include a polyadenylation-
inactive form of CPEB, on its own or bound to additional
repressor proteins. The cytoplasmic polyadenylation ma-
chinery is not active at this stage (Dworkin and Dworkin,
1985; Fox et al., 1989). During meiotic maturation, the
olyadenylation apparatus is activated, enabling polyade-
ylation factors to bind to the RNA, in part through
AUAAA. The relevant polyadenylation factors may be a
ytoplasmic form of CPSF (Dickson et al., 1999), a
olyadenylation-competent form CPEB (reviewed in Rich-
er, 1996), or a combination of the two. The mRNA is then
olyadenylated and efficiently translated. Either the bind-
ng of the polyadenylation machinery or the enhanced
ranslational activity that results displaces or modifies the
epressor allowing maximal translation. Support for a dual
ole for CPEB in repression and activation has emerged
ecently: p82, a clam CPEB homologue, acts as both a
ranslational repressor in the oocyte and a polyadenylation
actor during maturation (Minshall et al., 1999). The

echanisms by which repression is maintained and re-
ieved are key issues for future research.
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Note added in proof. Vaillant, M., et al. (1999) have shown that
inhibition of MPF activation, which blocks polyadenylation of
cyclin B1 mRNA (Ballantyne et al., 1997), does not prevent the
increase in cyclin B1 translation upon progesterone addition. Thus,
the impact of cytoplasmic polyadenylation on translation of in-
jected and endogenous mRNAs may differ.
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