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Translational control of specific mRNAs is a widespread mechanism of gene regulation, and
it is especially important in pattern formation in the oocytes of organisms in which the embry-
onic axes are established maternally. Drosophila and Xenopus have been especially valuable
in elucidating the relevant molecular mechanisms. Here, we comprehensively review what
is known about translational control in these two systems, focusing on examples that illustrate
key concepts that have emerged. We focus on protein-mediated translational control, rather
than regulation mediated by small RNAs, as the former appears to be predominant in control-
ling these developmental events. Mechanisms that modulate the ability of the specific
mRNAs to be recruited to the ribosome, that regulate polyadenylation of specific mRNAs,
or that control the association of particular mRNAs into translationally inert ribonucleo-
protein complexes will all be discussed.

Since it was first described in sea urchin and
Drosophila oocytes more than five decades

ago, masked or maternal mRNA has served as
a preeminent model for the study of transla-
tional control. The key questions that have
been addressed over the years in a variety of
organisms, perhaps most vividly exemplified
by Drosophila and Xenopus, are how do mRNAs
come to be translationally repressed, how are
they activated, and how is translational regula-
tion regionally restricted? Drosophila genetics
has identified a variety of mRNAs whose
translational control is essential for embryonic
development (e.g., oskar, nanos, and gurken).
Moreover, genetics, as well as biochemistry,
has revealed some of the factors that control
the expression of these mRNAs, such as the

RNA binding proteins Cup and Pumilio. Xeno-
pus, on the other hand, is not an organism
particularly well suited to genetic analysis.
However, Xenopus oocytes are an excellent bio-
chemical system owing to their abundance,
large size for the injection of molecules, and
their synchronous entry into the meiotic divi-
sions when cultured ex vivo in medium con-
taining progesterone. Indeed, Xenopus oocytes
have been instrumental in revealing how the
translation of maternal mRNAs during oocyte
maturation is regulated by changes in poly(A)
tail length. Lessons learned in these systems
have been important for revealing not only gen-
eral principals of translational control, but also
for serving as paradigms for translational con-
trol in other cells and tissues.
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Here, we focus our attention on select exam-
ples of translational control in Drosophila and
Xenopus oocytes. As the literature on this sub-
ject is now vast, we believe that the reader is
best served by focusing on translational control
in oocytes of these two organisms, where
many of the key concepts in the field were first
developed and have been most completely
elaborated.

TRANSLATIONAL REGULATION UNDERLIES
ESTABLISHMENT OF EMBRYONIC PATTERN
IN DROSOPHILA

Molecular asymmetries underlying embryonic
axis patterning and germ cell specification are
established in Drosophila largely by position-
dependent translational regulation of mater-
nally transcribed mRNAs that are deposited
into the oocyte. This translational regulation is
often coupled with localization mechanisms
that concentrate the mRNA in the spatial
domain of the oocyte where the corresponding
protein will be expressed and that reduce its
concentration in areas where its expression
would be deleterious to development. A
detailed discussion of mRNA localization
mechanisms is beyond the scope of this article,
and the relevant work has been recently
reviewed (Becalska and Gavis 2009). Transla-
tional repression in the developing oocyte is
especially complex, and as will be discussed
below, different mechanisms silence translation
of specific mRNAs at different developmental
stages, thus restricting their potential transla-
tion to particular spatial regions. Comparatively
less is known about repression is alleviated and
translation is activated for these regulated
mRNAs, although increasing evidence impli-
cates the DEAD-box helicase Vasa (Vas) as a
positive regulator of specific target mRNAs.

TRANSLATIONAL REGULATION OF oskar

Localization of oskar (osk) mRNA and its tar-
geted translation initiates assembly of polar
granules and specification of the posterior
soma and germ cells (Ephrussi and Lehmann
1992). Two different isoforms, termed Long

Osk and Short Osk, are expressed from different
initiation codons (Markussen et al. 1995). Short
Osk is sufficient to induce pole plasm assembly
and rescue the developmental functions of osk,
whereas Long Osk induces F-actin projections
that are required for anchoring its mRNA in
the posterior pole plasm (Markussen et al.
1995; Vanzo et al. 2007).

Drosophila oogenesis is conventionally di-
vided into 14 developmental stages (Spradling
1993). Until stage 9, translation of osk is silenced
throughout the nurse cells and oocyte, whereas
afterward, osk translation is activated in the
posterior pole plasm, while remaining repressed
elsewhere. Repression of osk translation in early
oogenesis involves RNA interference (RNAi)
(Findley et al. 2003; Cook et al. 2004; Tomari
et al. 2004; Chen et al. 2007; Lim and Kai
2007; Pane et al. 2007). There is, however,
little specific information as to the mechanisms
involved. miRNA-mediated translational re-
pression is believed to act after initiation (Bu-
shati and Cohen 2007).

As osk mRNA moves to the pole plasm, it is
translationally repressed by Cup (Fig. 1). Cup,
like Maskin (see below), competes with eIF4G
for binding to eIF4E (Filardo and Ephrussi
2003; Wilhelm et al. 2003; Nakamura et al.
2004; Nelson et al. 2004; Zappavigna et al.
2004). Cup interacts with Bruno (Bru), an
RNA binding protein that negatively regulates
osk during its localization. Bru contains three
RNA recognition motifs (RRMs) that interact
directly with specific sequences (Bru-response
elements, or BREs) in the osk 30 UTR, and
repress its translation (Kim-Ha et al. 1995;
Webster et al. 1997; Lie and Macdonald 1999;
Snee et al. 2008), most likely by recruiting
Cup. The third RRM of Bru has recently
been shown to have a noncanonical structure,
and 40 amino acids that extend it amino-
terminally significantly enhance RNA binding
(Lyon et al. 2009).

Bru also packages osk RNA into large par-
ticles that render it inaccessible to the trans-
lational machinery (Chekulaeva et al. 2006).
These silencing particles contain Cup and
Maternal expression at 31B (Me31B) (Naka-
mura et al. 2001). Although Cup and Me31B
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can be copurified, Me31B mutations affect osk
translation at an earlier stage of oogenesis than
do cup mutations, suggesting that their func-
tions are not mutually dependent. Me31B asso-
ciates with Bru, implying it may be required for
Cup-dependent osk silencing at stage 9, but as
Me31B-null egg chambers degenerate around
stage 6, it has not been possible to directly test
this (Nakamura et al. 2001). Polypyrimidine
tract binding protein (PTB) also promotes the
formation of osk-containing silencing particles
(Besse et al. 2009). To accomplish this, PTB
binds directly to multiple sites in the osk 30

UTR, cross-linking many osk and PTB mole-
cules into aggregates. It is unknown whether

PTB recognizes mRNA targets other than osk,
but it seems likely that silencing particles con-
taining PTB would include more than one
species of mRNA. A detailed ultrastructural
analysis of osk mRNA localization and its
assembly into ribonucleoprotein complexes
(RNPs) has recently been completed (Trucco
et al. 2009). This study showed that the average
size of osk-containing RNPs increases drastically
from the anterior to the posterior of stage 8–10
oocytes, and that these particles form large
aggregates in the pole plasm. This study also
documented when and where proteins involved
in osk localization become associated with these
RNPs. An extension of this approach could
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Figure 1. Translational repression by eIF4E binding proteins. (A) An eIF4E binding protein (4E-BP) competes
with eIF4G (4G) for interaction with the cap-binding protein eIF4E (4E). In general eIF4G has a higher affinity
for eIF4E than does the regulatory eIF4E binding protein and an active cap-binding complex including eIF4A
(4A) can assemble, but that equilibrium is reversed if the regulatory protein is recruited to a target mRNA by an
RNA binding protein (RBP) that binds to the 30 UTR. Then eIF4E is sequestered away from the cap-binding
complex and translation is repressed. 4E-BPs that operate in this way include Drosophila Cup and Xenopus Mas-
kin. RBPs that recruit these 4E-BPs to specific mRNAs include Drosophila Bru, Drosophila Smg, and Xenopus
CPEB. (B) Translational repression by 4E homology proteins. 4E homology protein (4E-HP) can bind the 50

cap structure of the mRNA but not eIF4G. It competes with eIF4E for cap binding and represses translation
of mRNAs with which it is associated. The affinity of 4E-HP for the 50 cap structure is less than that of
eIF4E, but that equilibrium is reversed if 4E-HP is recruited to target mRNAs by RBPs that bind the 30 UTR.
In Drosophila, 4E-HP can be recruited to target mRNAs by Bicoid or by the Pumilio/Nanos/Brain Tumor com-
plex, whereas in mammalian cells 4E-HP can be recruited by Prep1.
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reveal a great deal about the dynamics of the
association of PTB, Me31B, and Bru with osk
and potentially other mRNAs.

Hrp48, an abundant RNA-binding protein
that interacts with elements in both the 50 and
30 UTRs of osk, also contributes to its transla-
tional repression (Huynh et al. 2004; Yano
et al. 2004; Norvell et al. 2005). Hrp48 is
recruited to osk-containing RNPs in the nurse
cell nuclei and remains associated with these
particles in the cytoplasm (Trucco et al. 2009).
Hrp48 interacts with Squid (Sqd) and Ovarian
Tumor (Otu) (Norvell et al. 1999; Goodrich
et al. 2004), and all three have been functionally
implicated in osk mRNA localization and trans-
lational repression. Cup also copurifies with
Hrp48 and Sqd (Clouse et al. 2008), but this
association requires RNA, making it unlikely
that these proteins operate in an analogous
manner to Bru. Glorund, an hnRNP F/H fam-
ily member, may be another component of this
complex (Kalifa et al. 2009). Another RNA
binding protein, Bicaudal-C (Bic-C), has been
implicated genetically as a negative regulator
of osk translation (Saffman et al. 1998). Bic-C
directly recruits the CCR4 deadenylase complex
to target mRNAs through an association with its
NOT3/5 subunit (Chicoine et al. 2007). These
targets could potentially include osk.

Derepression and activation of osk transla-
tion in the pole plasm may be distinct processes
(Gunkel et al. 1998). A key activator of osk trans-
lation is Orb, the Drosophila homolog of
cytoplasmic polyadenylation element binding
protein (CPEB) (see below). Orb interacts
with the osk 30 UTR, and in orb mutants osk
translation is reduced, suggesting that cytoplas-
mic polyadenylation might underlie activation
of osk translation (Chang et al. 1999). Orb inter-
acts physically with Bru, yet the addition of
a long poly(A) tail to a chimeric osk-lacZ
mRNA does not overcome Bru-mediated
repression in vitro (Castagnetti and Ephrussi
2003). Orb directly associates with PAP and
Wispy, two poly(A) polymerases that act at dif-
ferent developmental times: PAP is required
during mid-oogenesis to promote Osk expres-
sion, whereas Wispy functions only during
late oogenesis and in the early embryo (Juge

et al. 2002; Benoit et al. 2008). Bic-C interacts
with Orb, PAP, and Wispy, and possibly inhibits
their association with target mRNAs (Castag-
netti and Ephrussi 2003; Chicoine et al. 2007;
Benoit et al. 2008; Cui et al. 2008). Consistent
with this, Bic-C and orb display antagonistic
genetic interactions.

osk translation in the germ plasm also
requires Staufen (Stau), a dsRBD type RNA
binding protein essential as well for its localiza-
tion (Micklem et al. 2000). Unlike Hrp48, Stau
first becomes associated with osk-containing
mRNPs in the nurse cell cytoplasm (Trucco
et al. 2009). The mechanism through which
Stau activates osk translation is unknown, but
it involves more than simply relieving Bru-
mediated repression, as its activity is BRE-
independent (Kim-Ha et al. 1995). Also, Aub
activates osk translation in the pole plasm,
and, as for Stau, its function does not require
the BRE (Wilson et al. 1996; Harris and Mac-
donald 2001). The basis for the contrasting roles
for Aub with respect to unlocalized osk in early
oogenesis and localized osk in the pole plasm
remains unexplained.

TRANSLATIONAL REGULATION OF nos

Posterior targeting of Nos protein also involves
RNA localization and translational regulation.
A 90 nt region of the nos 30 UTR, termed the
translational control element (TCE), forms a
complex secondary structure, and mutations
that disrupt any portion of it prevent the bind-
ing of repressors and render the entire element
inactive (Crucs et al. 2000; Forrest et al. 2004).
Different parts of the TCE interact with
different trans-acting factors at different de-
velopmental stages to ensure translational
repression of unlocalized nos mRNA. During
late oogenesis, repression of nos is mediated by
Glorund (Glo), which binds to the stem of
stem-loop III of the TCE (Kalifa et al. 2006).

The loop of stem-loop II of the TCE con-
tains a Smaug Recognition Element (SRE), the
binding site for another translational repressor
called Smaug (Smg) (Smibert et al. 1996).
Smg interacts with Cup, and Cup binding
is required for Smg-mediated repression of

J.D. Richter and P. Lasko

4 Cite this article as Cold Spring Harb Perspect Biol 2011;3:a002758

 on April 28, 2024 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

http://cshperspectives.cshlp.org/


SRE-containing mRNAs in embryo extracts
(Nelson et al. 2004). Smg is therefore believed
to function in a manner analogous to Bru.
However, Smg has a second more widespread
function in mRNA metabolism. It interacts
directly with the POP2 subunit of the CCR4
deadenylase complex, and recruits it to a large
set of maternal mRNAs in the early embryo,
including nos, targeting them for decay (Semo-
tok et al. 2005; Zaessinger et al. 2006; Tadros
et al. 2007; Benoit et al. 2009). Thus, nos
mRNA is repressed in two distinct ways by
Smg: by cap-dependent translational repression
and by deadenylation of the silenced transcript.
Osk relieves Smg/CCR4-dependent deadenyla-
tion of nos, thus enabling its translation in the
pole plasm (Zaessinger et al. 2006).

A recent study (Rangan et al. 2009) com-
pares the translational regulation of 10 other
mRNAs with similar localization kinetics to
nos with the regulation of nos itself. In all
cases, translational regulation elements resided
in the 30 UTRs. Often, translational activation
correlated with an increase in poly(A) tail
length, but surprisingly for pgc and gcl mRNAs,
reduction of orb activity had little effect
on translation. As several translational regula-
tors target the CCR4 deadenylase, it appears
it may be more effective to regulate dead-
enylation rather than polyadenylation in this
system.

TRANSLATIONAL REGULATION OF grk

As for osk and nos, grk expression is regulated
through mRNA localization coupled with
translational control. Bru, K10, and Sqd have
all been implicated as translational repressors
of grk, and Bru binds directly to the grk 30

UTR (Saunders and Cohen 1999; Filardo and
Ephrussi 2003; Cáceres and Nilson 2009),
although a link to Cup has not yet been estab-
lished. grk translation is positively regulated by
the DEAD-box helicase Vas. Severe vas muta-
tions largely block Grk accumulation in early
oocytes (Styhler et al. 1998; Tomancak et al.
1998). Vas interacts physically and functionally
with eIF5B, a general translation factor required
for recruitment of the 60S ribosomal subunit
to the initiation complex (Carrera et al. 2000).
Oocytes that contain only a form of Vas
(VasD617) that is specifically compromised for
eIF5B binding largely fail to accumulate Grk,
implying that Vas positively regulates grk by
recruiting eIF5B (Fig. 2) (Johnstone and Lasko
2004). Vas has recently been shown to bind spe-
cifically to a U-rich motif present in the 30 UTR
of another mRNA, mei-P26, and to positively
regulate its translation in stem cells and dividing
cystocytes through that interaction (Liu et al.
2009). Activation of grk mRNA translation at
the antero-dorsal cortex of the developing
oocyte is also mediated by poly(A) binding
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Figure 2. Proposed mechanism for Vas-mediated translational activation. eIF5B (5B) is required for recruitment
of the large ribosomal subunit (60S) to the initiation complex, so that the elongation phase of translation can
proceed. When this process is blocked, translation is stalled with the small ribosomal subunit and initiator
tRNA-Met (43S) stalled at the start codon (AUG). Vas binds a sequence element in the 30 UTR and eIF5B
(5B), thus promoting the recruitment of the 60S subunit and activating translation. Regulation of an mRNA
expressed in erythroid cells, r15-LOX, at the level of subunit joining involves a 30 UTR binding repressor that
inhibits eIF5B recruitment (Ostareck et al. 2003). It is unknown whether Vas-mediated activation involves
displacement of such a repressor.
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protein 55D (PABP55D) in association with
Encore (Clouse et al. 2008).

4EHP AND TRANSLATIONAL REPRESSION
OF caudal AND hunchback

The homeodomain-containing protein Bicoid
(Bcd) is a transcriptional regulator essential for
anterior patterning in Drosophila (Berleth et al.
1988; Driever and Nüsslein-Volhard 1989). Bcd
also associates with RNA and regulates transla-
tion, repressing caudal (cad) RNA, and producing
a posterior-to-anterior gradient of Cad protein.
Bcd binds to the 30 UTR of cad RNA, and cad
repression depends on the presence of a 50 cap
structure (Dubnau and Struhl 1996; Rivera-
Pomar et al. 1996; Niessing et al. 1999, 2002).

4E homology protein (4EHP) is an eIF4E-
related cap-binding protein that cannot bind
eIF4G. Females homozygous for a hypomor-
phic allele of this gene produce embryos with
anterior defects similar to embryos produced
by bcd mutant mothers (Cho et al. 2005). These
embryos also fail to repress cad translation in
anterior regions. These phenotypes could be
rescued by 4EHP transgenic constructs, but
not by constructs producing mutant forms of
4EHP that were abrogated for cap binding or
for Bcd binding. Similarly, transgenically pro-
duced forms of Bcd that were abrogated for
4EHP binding could not repress cad translation.
These results showed that simultaneous interac-
tions of 4EHP with the cap structure and of Bcd
with the cad 30 UTR renders cad mRNA transla-
tionally inactive. Recent evidence indicates that,
like Bcd, a mammalian homeodomain-contain-
ing transcription factor, Prep1, also negatively
regulates translation of a target gene, Hoxb4,
through a mechanism that requires 4EHP and
the Hoxb4 30 UTR (Villaescusa et al. 2009).

In Drosophila, 4EHP was also shown to be
involved in hb translational repression (Cho
et al. 2006). In wild-type embryos, translation
of the uniformly distributed maternal hunchback
(hb) mRNA is inhibited at the posterior to form
an anterior-to-posterior protein concentration
gradient. This inhibition requires assembly of
an mRNP complex (the NRE-complex) that
consists of Nanos (Nos), Pumilio (Pum) and

Brain tumor (Brat) proteins, and the Nos
response element (NRE) present in the 30 UTR
of hb mRNA (Wharton and Struhl 1991;
Chagnovich and Lehmann 2001; Sonoda and
Wharton 2001). The Hb gradient extends more
posteriorly in embryos produced by 4EHP
mutant females, and 4EHP is recruited to the
NRE-complex through binding to the dorsal
surface of the NHL domain within Brat. Consis-
tently, mutant forms of Brat abrogated for 4EHP
binding do not fully support hb repression.

TRANSLATIONAL CONTROL BY
CYTOPLASMIC POLYADENYLATION
IN VERTEBRATES

Looking back, 1987–1989 were very good years
for insights into posttranscriptional control of
gene expression in vertebrates. Vassalli, Strick-
land, and their colleagues (Huarte et al. 1987)
found that in maturing mouse oocytes, tissue
plasminogen activator (tPA) mRNA underwent
polyadenylation and translational activation.
Similar observations were made in 1988 by the
Dworkin laboratory (Smith et al. 1988a,b),
which showed that a set of mRNAs underwent
cytoplasmic polyadenylation and translational
activation in maturing Xenopus oocytes. The
year 1988 was also when Vassalli, Strickland
and coworkers (Strickland et al. 1988) showed
that “information” in the tPA 30 UTR promoted
cytoplasmic polyadenylation and translation.
Finally, in 1989 specific mRNAs in Xenopus
oocytes were shown to contain specific cis ele-
ments that directed polyadenylation-induced
translation (Fox and Wickens 1989; McGrew
et al. 1989). Since these early observations got
the ball rolling, many biochemical studies using
Xenopus oocytes have revealed the details of how
cytoplasmic polyadenylation works, how this
process mediates translation, and how it con-
trols oocyte development.

OOCYTE MATURATION

To place the translational control in a proper
biological context, it is first necessary to con-
sider the process of oocyte maturation particu-
larly in Xenopus laevis, because most of what we
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know about maternal mRNA expression in
vertebrates comes from studies of that species
(see Brook et al. 2009). Primordial germ cells
(PGCs) divide mitotically while migrating to
the developing gonad; once there, they enter
meiosis, proceed through synapsis and recom-
bination, and arrest at the end of prophase I,
also known as diplotene, which resembles
mitotic G2. The oocytes grow enormously by
taking up vitellogenin from the bloodstream;
during this time, they also synthesize and store
large amounts of mRNA, tRNA, ribosomes,
and all the factors necessary for translation.
However, as little as 5% by mass of the mRNA
is actively engaged in protein synthesis. The
nontranslating or stored mRNAs are generally
referred to as masked or maternal mRNA.
Some of these mRNAs are translated when the
oocytes reenter meiosis, a period known as
oocyte maturation. The cells proceed through
metaphase I (MI) and arrest at MII, where
they await fertilization. Several other mRNAs
are translated between MI and MII, whereas
others are translated during fertilization or
particular times of embryogenesis. Although
no single mechanism regulates the translation
of all mRNAs, one that is particularly impor-
tant, and one that is understood in some bio-
chemical detail, is cytoplasmic polyadenylation.

POLYADENYLATION-INDUCED
TRANSLATION

The story of how poly(A) elongation controls
translation during oocyte maturation begins,
not surprisingly, in the nucleus. The synthesis
of nuclear premRNAs proceeds far downstream
from where the mature 30 end of the mRNA is
located. A signal in the premRNA, AAUAAA,
is usually found about 20 bases upstream of
the mature 30 end (Richard and Manley 2009).
This cleavage and polyadenylation signal,
which is found on virtually all noncore his-
tone mRNAs, is recognized by the cleavage and
polyadenylation specificity factor CPSF. CPSF
is composed of four subunits with sizes (in
mammalian cells) of 150, 100, 73, and 30 kDa.
Symplekin is another protein often intimately
associated with CPSF (Shatkin and Manley

2000). Together with stimulatory factors, the
CPSF 73-kDa subunit cleaves the RNA about
20 bases downstream from the AAUAAA (Man-
del et al. 2006), whereupon a long poly(A) tail
is added.

Some premRNAs have another key sequence
that is often 20–100 bases upstream of
AAUAAA, and that is the cytoplasmic polyade-
nylation element (CPE), which has the general
structure of UUUUUAU. Following splicing
but still in the nucleus, the CPE is bound by
the shuttling cytoplasmic polyadenylation ele-
ment binding protein CPEB (Lin et al. 2010).
Together with other proteins such as symplekin
and the exon-junction protein eIF4AIII (see
below), the ribonucleoprotein (RNP) complex
is exported to the cytoplasm where it is joined
by two new critical factors: Gld2 and PARN
(Barnard et al. 2004; Kim and Richter 2006;
Lin et al. 2010). Gld2 (germline development
2) is an unusual cytoplasmic poly(A) polymer-
ase discovered in 2002 by three laboratories
working in Caenorhabditis elegans and yeast
(Read et al. 2002; Saitoh et al. 2002; Wang
et al. 2002). PARN (poly(A) ribonuclease) is
the second factor; as the name suggests, it is a
deadenylating enzyme (Korner et al. 1998;
Copeland and Wormington 2001). Both of
these enzymes are active, but because PARN is
the more active, the poly(A) tail originally
acquired in the nucleus is now shortened, to
about 20–40 bases. At this stage, Gld2 contin-
ues to catalyze polyadenylation but the adeny-
late residues are quickly removed by PARN.
This “running in place” model for polyadenyla-
tion can theoretically take place for months on
end (Kim and Richter 2006).

Progesterone secretion from the follicle cells
induces oocyte entry into the meiotic divisions.
This steroid interacts with a surface-associated
receptor, the result of which is a cascade of
events that ultimately leads to another meiotic
arrest at MII (Tunquist and Mallet 2003).
More germane to this discussion is the observa-
tion that progesterone induces a decrease in
GSK-3b levels that in turn induces the activa-
tion of the kinase Aurora A (Mendez et al.
2000a; Sarkissian et al. 2004). Aurora A, and/or
MAP kinase and a GTP exchange factor XGef
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(Reverte et al. 2003; Martinez et al. 2005; Keady
et al. 2007), which is also activated by proges-
terone, phosphorylates CPEB on serine 174,
an event that not only induces a close associa-
tion between CPEB and CPSF (Mendez et al.
2000b), but also expels PARN from the RNP
complex (Kim and Richter 2006). Because
PARN is no longer present, Gld2 polyadenylates
the RNA by default (Fig. 3). In other words,
polyadenylation is controlled by the presence
or absence of PARN, and not by the recruitment
of Gld2 or another poly(A) polymerase as orig-
inally suggested (Richter 1999).

Is a short poly(A) tail in and of itself suffi-
cient to keep mRNAs silent until the tails are
elongated? Apparently, this is not the case
because another factor, Maskin, is a key regula-
tor of translation. Maskin, which probably shut-
tles to the nucleus with CPEB and is exported
with it and mRNA into the cytoplasm (Lin
et al. 2010), not only binds CPEB, but the cap-
binding factor eIF4E as well. Like Drosophila
Cup, the binding of Maskin to eIF4E precludes

the binding of eIF4G to eIF4E, thus Maskin
inhibits translation because eIF4G, indirectly
through eIF3, recruits the 40S ribosomal sub-
unit to the 50 end of the mRNA (Stebbins-Boaz
et al. 1999; Cao and Richter 2006).

How is Maskin-mediated repression allevi-
ated by polyadenylation? The answer to this
question lies with another translationally
dormant mRNA encoding the protein RINGO
(Ferby et al. 1999). Oocytes contain no detect-
able RINGO protein but instead contain inac-
tive RINGO mRNA that is translated on
progesterone stimulation. RINGO mRNA
translation is not controlled by CPEB and/or
Maskin, but instead it is regulated by Pum2
(Pumilio 2), DAZL (deleted in azoospermia-
like), and ePAB (embryonic poly(A) binding
protein) (Padmanabhan and Richter 2006).
Pum2 binds both a Pumilio binding element
(PBE) in the RINGO 30 UTR as well as the 50

cap, thereby prevent eIF4E from binding the
cap and repressing translation (Cao et al.
2010). On progesterone stimulation, Pum2
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AAAAAAAAAA
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P
P P P
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AAAAAAAAAA
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Figure 3. Cytoplasmic polyadenylation. In immature oocytes, certain maternal mRNAs contain a CPE (general
structure of UUUUUAU) that is bound by CPEB, and the polyadenylation hexanucleotide AAUAAA that is
bound by CPSF (for simplicity, only the 30 UTR is depicted in the figure). CPEB is also bound by Gld2, a poly(A)
polymerase; PARN, a deadenylating enzyme; and ePAB, a poly(A) binding protein. The entire complex is
assembled on symplekin, a scaffold protein. When exported from the nucleus, the CPE-containing RNA has
a long poly(A) tail. Once assembled with CPEB and the other factors noted above, PARN shortens the poly(A)
tail to �20–40 nucleotides. Gld2 is also activated at this time and catalyzes poly(A) addition, but because PARN
is more active, the poly(A) tail is maintained in a shortened state. Progesterone secretion from follicle cells sets
off a signaling cascade in the oocyte that results in activation of the kinase Aurora A, which phosphorylates CPEB
on a single site (serine 174). This event causes the expulsion of PARN from the ribonucleoprotein (RNP) com-
plex, resulting in default Gld2-catalyzed polyadenylation. Next, the kinase cdk1 is activated, which phosphor-
ylates CPEB on six additional sites; these events cause ePAB to dissociate from CPEB and bind the newly
elongated poly(A) tail. ePAB not only protects the poly(A) tail from hydrolysis by exonucleases, but it binds
the initiation factor eIF4G and helps stimulate translation.
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dissociates from the mRNA and RINGO mRNA
is translated (Padmanabhan and Richter 2006).
RINGO protein, which is functionally similar to
cyclin B1 (Nebreda and Ferby 2000; Karaiskou
et al. 2001; Gutierrez et al. 2006), binds to and
activates cdk1. The now active kinase cdk1
phosphorylates CPEB on six sites (excluding
the Aurora A/MAP kinase site) (Mendez and
Richter 2002; Kim and Richter 2007). These
phosphorylation events cause the dissociation
of another CPEB-bound factor, ePAB, which
in turn now binds the newly elongated poly(A)
tail (Fig. 3). ePAB bound to the poly(A) tail per-
forms two tasks: It prevents deadenylation of
PARN as well as other deadenylating enzymes
such as CCR4/Not1 that are present in the
oocyte cytoplasm, and it serves to dock eIF4G.
At this point, PABP may potentiate the interac-
tion of eIF4G with eIF4E, thus displacing Mas-
kin (Cao et al. 2002; Kim and Richter 2007).
Maskin is also phosphorylated, which also
induces its dissociation from eIF4E (Barnard
et al. 2005; Cao et al. 2006). Thus, the loop is
now closed: eIF4E-bound eIF4G positions the
40S subunit on the 50 end of the mRNA and
translation is initiated.

Although these events are probably neces-
sary to enter MI, additional events are impor-
tant for progression to MII. For example, it
has been known for some time that polyadeny-
lation does not occur en masse, but instead
there is sequence specificity as to when it occurs
(Sheets et al. 1994; Stebbins-Boaz and Richter
1994, 1996; Mendez et al. 2002). Pique et al.
(2008) have found that the number of CPEs,
and their proximity to PBEs, determines, at
least in part, the timing of when the polyadeny-
lation occurs (see also Nakahata et al. 2001,
2003). Moreover, this polyadenylation may
also be controlled by the amount of CPEB
that is present because the majority of this pro-
tein undergoes ubiquitin-mediated destruction
early during maturation (Mendez et al. 2002;
Reverte et al. 2001).

The oocyte’s arrest at MII also requires
changes in poly(A) tail length, particularly of
the mRNA encoding Emi2, an inhibitor of
the anaphase promoting complex/cyclosome
(Tunquist and Maller 2003). Emi2 is required

specifically at MII to arrest meiotic progression,
and this is controlled by CPEB-mediated cyto-
plasmic polyadenylation of Emi2 mRNA (Tung
et al. 2007). This process of meiotic arrest is
more complex, for it involves negative feedback
loops that mediate not only the expression of
CPE-containing RNAs, but ARE (AU-rich
element)-containing mRNAs as well (Belloc
and Mendez 2008).

Several other proteins have been found to be
associated with the CPEB complex, in particu-
lar p54/DDX6/RCK1 (Minshall et al. 2001).
This protein, a DEAD box helicase that is the
ortholog of Drosophila Me31B, is a component
of p-bodies. It resides in a complex with CPEB,
and in RNA tethering experiments, represses
translation (MInshall et al. 2009). 4E-T, a pro-
tein with Maskin-like functions, also binds
CPEB as well as eIF4E (Minshall et al. 2007).
Because 4E-Tappears to bind CPEB specifically
in small, early-stage oocytes, there may be a
developmental switch between 4E-T and Mas-
kin as the oocytes grow.

Additional factors are also involved in a
developmental switch during oogenesis. Musa-
shi is an RNA binding protein that was initially
shown to control neural stem-cell fate, be in-
volved in certain cancers, and influence oocyte
meiotic progression (MacNicol et al. 2008).
Musashi, together with CPEB and Pumilio,
may help control the timing of when particu-
lar mRNAs are polyadenylated and translated
during maturation (Charlesworth et al. 2006;
Arumugam et al. 2009). The biochemical mech-
anism by which Musashi accomplishes these
tasks is unclear.

CONCLUDING REMARKS

Drosophila and Xenopus oocytes have served
as model systems not only for gamete de-
velopment, but also for general principles of
translational control. Moreover, when these evo-
lutionarily distant organisms have conserved
mechanisms of translational control, one might
imagine that such mechanisms occur not only
in gametes, but in other species, other tissues,
or in other developmental events. Consider, for
example, cytoplasmic polyadenylation-induced
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translation. This process controls translation in
Xenopus and Drosophila oocytes (reviewed above;
see also Dworkin and Hershey 1981; Salles et al.
1994; for early studies), in sea urchin eggs (Wilt
1973; Duncan and Humphreys 1984), in mouse
oocytes (Tay and Richter 2001), and probably in
every other metazoan as well. Cytoplasmic poly-
adenylation-induced translation is not restricted
to oocytes; it occurs in the brain where it mediates
neuronal synaptic plasticity, and learning and
memory (Wu et al. 1998; Alarcon et al. 2004;
Berger-Sweeney et al. 2006), and in mitotic mam-
malian somatic cells where it controls cellular
senescence (Groisman and Richter 2006; Burns
and Richter 2008). Thus, cytoplasmic poly-
adenylation as a regulatory process for transla-
tion is conserved both phylogenetically as well
as ontogenically.

When discussing conservation of regulatory
proteins among animal groups, one usually
thinks of primary sequence conservation. How-
ever, in the case of Drosophila and Xenopus
oocytes, there is also functional conservation
of a key factor that controls translation. Maskin
was identified in Xenopus oocytes as the protein
that bridges the CPEB-controlled cytoplasmic
polyadenylation machinery with the transla-
tional regulatory apparatus (i.e., the cap-bind-
ing complex of eIF4E and eIF4G). However,
a clear ortholog of Maskin is not present in
Drosophila. Its closest fly counterpart is TACC
(transforming acidic coiled coil protein), but
as TACC does not contain the eIF4E binding
domain it is unlikely to influence translation
through a mechanism similar to that used by
Maskin. However, Drosophila contains Cup, a
protein that is functionally equivalent to Mas-
kin in that on the one hand, it interacts with a
protein that binds a specific 30 UTR element
while on the other hand, it binds eIF4E.
Another Drosophila protein related to Cup,
CG32016, has not yet been well studied but is
likely to have a similar function. Recently, two
other proteins functionally equivalent to Mas-
kin/Cup have been identified in the nervous
system of vertebrates, neuroguidin (Jung et al.
2006) and CYFIP1 (Napoli et al. 2008). It seems
unlikely that the activities of neuroguidin or
CYFIP1 would not have been revealed in a

timely manner without the precedential obser-
vations of Maskin and Cup. Once again, it is
easy to see why oocyte molecular biology is
not just for developmental biologists anymore.
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Niessing D, Dostatni N, Jäckle H, Rivera-Pomar R. 1999.
Sequence interval within the PEST motif of Bicoid is
important for translational repression of caudal mRNA
in the anterior region of the Drosophila embryo. EMBO
J 18: 1966–1973.
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