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ABSTRACT RNA-binding proteins play a major part in the control of gene
expression during early development. At this stage, the majority of regulation
occurs at the levels of translation and RNA localization. These processes are, in
general, mediated by RNA-binding proteins interacting with specific sequence
motifs in the 3′-untranslated regions of their target RNAs. Although initial work
concentrated on the analysis of these sequences and their trans-acting factors,
we are now beginning to gain an understanding of the mechanisms by which
some of these proteins function. In this review, we will describe a number of
different families of RNA-binding proteins, grouping them together on the
basis of common regulatory strategies, and emphasizing the recurrent themes
that occur, both across different species and as a response to different biological
problems.
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INTRODUCTION
The formation of a complex organism from a single cell requires a series of

highly regulated changes in gene expression. Although cell specification later
on in development often relies on the hierarchical expression of specific tran-
scription factors, earlier events are usually completely dependent on regulation
at the level of RNA, rather than DNA. This is primarily due to the fact that the
zygotic nucleus is not transcribed during the first stages of development. As has
been well characterized in model organisms such as Drosophila and Xenopus, the
production of new proteins relies on the utilization of mRNAs which have been
maternally transcribed and then stored in an inactive form until the appropriate
time.

The key post-transcriptional processes that are regulated during development
are RNA localization and translation. This allows gene expression to be con-
trolled in both a spatial and a temporal fashion. The targeting of an mRNA
to a specific region of an egg or developing embryo, in conjunction with the
translational repression of the mRNA until it is correctly localized, results in
localization of the protein product and a generation of polarity, a vital require-
ment for establishing an asymmetric organism from a single egg. In addition,
the masking of an mRNA from the translational machinery until a particular
time during development allows an ordered series of events to occur.
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The concerted use of both translational control
and RNA localization has been best characterized in
Drosophila. In flies, for example, generation of the an-
teroposterior axis relies on the localization of oskar
mRNA (Ephrussi et al., 1991; Kim-Ha et al., 1991), and
subsequently nanos mRNA, to the posterior pole of the
oocyte (Gavis & Lehmann, 1992; Wang & Lehmann,
1991), and the localization of bicoid mRNA to the
anterior pole (Driever & Nusslein-Volhard, 1989). All
these RNAs are translationally repressed before local-
ization (Gavis & Lehmann, 1994; Kim-Ha et al., 1995).
In Xenopus, Vg1 mRNA provides the paradigm of a ver-
tebrate message regulated at the level of localization and
translation, during the lengthy period of oogenesis.

For the study of the temporal, rather than spatial,
control of protein synthesis, Xenopus has provided an
important model system. When mature oocytes are
stimulated with progesterone to complete meiosis I and
enter meiosis II (a period known as meiotic maturation,
marked by germinal or nuclear envelope breakdown
(GVBD), and after fertilization of the egg, previously
quiescent mRNAs are translationally stimulated by cy-
toplasmic polyadenylation to provide the dividing cells
with the necessary polypeptides, such as c-mos and cy-
clins, whereas housekeeping mRNAs are deadenylated
and translationally repressed.

These modes of control are revisited later in develop-
ment, for example, in situations where regulated protein
synthesis needs to occur at a site distant from the nu-
cleus, such as in neurons where the synthesis of specific
proteins occurs at the nerve synapses far from the cell
body (reviewed in Glanzer & Eberwine, 2004; Huang
& Richter, 2004; Steward & Schuman, 2003), or when
transcription is again impossible, such as during sper-
matogenesis in mammals, when the spermatid nucleus
is inactivated by chromatin condensation (reviewed in
Kleene, 2003).

Analysis of many different examples of the regu-
lation of RNA localization or translation has shown
that the control is often effected by RNA-binding pro-
teins interacting with specific sequence motifs usually
located in the untranslated regions (UTRs) of the reg-
ulated RNAs, most commonly in the 3′-untranslated
regions (reviewed in Gebauer & Hentze, 2004;
Kuersten & Goodwin, 2003; Wilkie et al., 2003). The
RNA-binding proteins known to be involved in devel-
opment are many and varied and cannot be exhaus-
tively covered in this review. We will focus on some
of the key strategies employed by the cell to regulate

gene expression, describing some of the specific RNA-
binding proteins involved and the extent of their con-
servation in different organisms.

THE MECHANISM OF TRANSLATION
INITIATION AND ITS CONTROL

Translation Initiation
In order to understand how translation can be regu-

lated during development, it is useful to first review the
basic process of protein synthesis. Translation can be
divided into three main stages: initiation, elongation,
and termination. Whereas translational control could
theoretically happen at any of these points, most cases
are known to act at the level of initiation and, therefore,
we will concentrate on this stage (reviewed in Hershey
& Merrick, 2000; Preiss & Hentze, 2003).

Translation initiation begins with the formation of
the 43S pre-initiation complex, comprising the 40S ri-
bosomal subunit, the initiator methionyl tRNA, and
the translation initiation factor eIF2. The 43S complex
must then be recruited to the 5′-end of the mRNA from
where it scans along the mRNA until it reaches the
AUG initiation codon. Upon recognition of the start
codon, eIF5 triggers GTP hydrolysis by eIF2, resulting
in the release of all the translation initiation factors that
have associated with the 40S ribosomal subunit prior to
scanning. The 60S ribosomal subunit can then join to
form the 80S ribosome, and the elongation phase com-
mences.

Recruitment of the 43S complex to the mRNA is
a key step and requires the action of the eIF4F com-
plex. eIF4F contains the eukaryotic initiation factor
eIF4G, the cap-binding protein eIF4E, and the DEAD-
box RNA helicase eIF4A. eIF4G acts as a scaffold-
ing protein, providing a framework to bring together
many of the factors associated with translation initia-
tion. In addition to binding eIF4E and eIF4A, it also
possesses binding sites for the poly(A) binding protein
(PABP), the multi-subunit initiation factor eIF3, and
the eIF4E kinase Mnk1. eIF4A is thought to unwind
secondary structure in the 5′ UTR of the mRNA. Its
helicase activity is stimulated by the initiation factor
eIF4B. eIF4E binds tightly to the cap structure at the 5′-
end of the mRNA, localizing the eIF4F complex to the
5′-tip. eIF4G interacts with eIF3, which in turn binds
the 43S subunit, to recruit the preinitiation complex
to the mRNA. Most cellular mRNAs are translated in a
cap-dependent manner.
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Influence of the 3′-End of the mRNA
on Initiation at the 5′-End

While translation initiation occurs at the 5′-end of
the mRNA, the 3′-end can also influence the efficiency
of initiation. The majority of mRNAs possess a poly(A)
tail at their 3′-ends, which is bound by the poly(A)
binding protein PABP. This protein has been shown
to have key roles in both translation and RNA stabil-
ity. It comprises four RNA recognition motifs (RRMs),
one of the best-characterized RNA-binding domains,
together with a C-terminal domain approximately 70
amino acids in length, PABC, a peptide-binding do-
main that serves to recruit the termination factor eRF3,
and the translational regulators Paip1 and 2 (reviewed in
Kühn & Wahle, 2004). RRM1+2, which bind poly(A)
with the same affinity as the full-length protein (Kühn
& Pieler, 1996), bind 12 adenosine residues, but the
binding site is extended by RRM3+4 to protect 25
adenosines in total (Sachs et al., 1987). Therefore, when
a poly(A) tail is degraded to less than 25 adenosines,
PABP will no longer bind.

The poly(A) tail and PABP have been shown to influ-
ence translation. Although the poly(A) tail is not essen-
tial for the process (Proweller & Butler, 1994; Searfoss
& Wickner, 2000), it does promote the translation of
adenylated mRNAs over non-adenylated mRNAs in a
competitive environment (Preiss & Hentze, 1998). Most
strikingly, transfection experiments in yeast showed that
the poly(A) tail acts synergistically with the cap to stim-
ulate translation so that RNAs that are both capped
and polyadenylated are translated to a much greater ex-
tent than RNAs that have been modified at just one
end (Gallie, 1991). This finding was confirmed in cell-
free systems from yeast (Iizuka et al., 1994; Tarun Jr.
& Sachs, 1995), Drosophila embryos (Gebauer et al.,
1999), and mammalian cells (Michel et al., 2000). An
explanation of this observation became apparent when
it was found that yeast PABP could interact directly
with eIF4G (Tarun & Sachs, 1996), resulting in circu-
larization of the RNA, as shown directly by atomic
force microscopy (Wells et al., 1998). Such an interac-
tion has also been observed between plant (Le et al.,
1997), human (Imataka et al., 1998; Piron et al., 1998),
and Xenopus PABP and eIF4G (Wakiyama et al., 2000).
It occurs between RRM2 of PABP (Kessler & Sachs,
1998) and an N-terminal PABP binding domain in
eIF4G (Tarun & Sachs, 1996). The synergism in trans-
lational stimulation could therefore be explained by a

FIGURE 1 The closed loop model of translation initiation. The
translation initiation factor eIF4G provides a scaffold for the re-
cruitment of multiple other initiation factors. The interaction of
eIF4G with both the cap-binding protein eIF4E and the poly(A)-
binding protein PABP results in circularization of the mRNA
through the interaction of these proteins with the cap structure
at the 5′-end and the poly(A) tail at the 3′-end respectively. eIF4G
recruits the 43S preinitiation complex to the mRNA through its
interaction with eIF3, while the presence of the helicase eIF4A
allows unwinding of the 5′ UTR with the aid of eIF4B (not shown).

cooperativity between the components of the tertiary
eIF4E-eIF4G-PABP complex stabilizing the association
of eIF4F with the mRNA and resulting in more effec-
tive recruitment of the 43S complex. This is termed the
‘closed-loop’ model of translation initiation (Jacobson,
1996; Kahvejian et al., 2001) (Figure 1).

Strategies for Regulating Initiation
This gives us two obvious mechanisms by which

translation initiation can be down-regulated—by dis-
rupting the interaction between eIF4G and eIF4E and
by disrupting the interaction between eIF4G and PABP.
One of the first details to be established when examin-
ing a new mechanism of translational control is thus
whether it is poly(A)- or cap-dependent. As the study of
the control mechanism usually involves the attachment
of the regulatory sequences to a reporter gene and then
expression of in vitro transcribed reporter mRNAs in a
system of choice, the mRNA can be manipulated in var-
ious ways. mRNAs lacking a poly(A) tail are often still
translated to a reasonable extent in cell-free extracts or
after injection into the organism of interest, making it
relatively straightforward to establish whether or not the
mechanism is poly(A)-dependent. Uncapped mRNAs
are often very poorly translated, however, and it would
thus be difficult to determine whether the translational
control is still occurring. (Moreover, uncapped RNA
is usually subject to rapid degradation in extracts or in
cells.) In this case, internal ribosome entry sites (IRES’s)
derived from a variety of viruses are often used. These
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sites allow the virus to disable the usual mechanism of
cap-dependent translation initiation by which cellular
mRNAs are translated, but still allow translation of the
viral RNAs by recruiting the ribosome internally to the
RNA (Jackson, 2000). By introducing an IRES into re-
porter mRNAs, it is possible to circumvent the need for
a cap in order to translate the mRNA and thus solely
examine its requirement for translational control. As
different IRES require different canonical translation
initiation factors (Hellen & Sarnow, 2001), it is often
possible to dissect further the mechanism of regula-
tion. Using these approaches, the translational control
of a number of developmentally regulated mRNAs has
been shown to function in either a cap-dependent or
poly(A)-dependent fashion, and the means by which
RNA-binding proteins enable this to occur will be dis-
cussed in detail later.

Disruption of the eIF4E-eIF4G interaction has been
well characterized as a means of enabling the cell to re-
spond to environmental changes. The treatment of cells
with certain growth factors results in an up-regulation
of cap-dependent translation, achieved by modifying
the activity of a family of proteins known as the 4E-
binding proteins or 4E-BPs (Lin et al., 1994; Pause et al.,
1994). These proteins interact with eIF4E in a man-
ner that prevents it from interacting with eIF4G, and
thus they repress translation initiation (Haghighat et al.,
1995) (Figure 2A). Analysis of the sequences of eIF4G
and the 4E-BPs revealed that they contain a consensus
sequence motif, YXXXXL�, where X is variable and �

is any hydrophobic residue (Mader et al., 1995). Crys-
tal structures of eIF4E bound to cap analog and com-
plexed with the peptides representing the conserved
motifs from either 4E-BP1 or eIF4G revealed that both
peptides form similar α-helical structures that lie along
the convex region of eIF4E, on the opposite surface to
the cap (Marcotrigiano et al., 1999; Matsuo et al., 1997).
After cells are treated with the appropriate growth fac-
tors, the 4E-BPs become hyperphosphorylated, which
destroys their ability to bind eIF4E, thus allowing eIF4E
to bind eIF4G (Lin et al., 1994; Pause et al., 1994). The
interaction between eIF4E and eIF4G appears to pro-
duce significant conformational changes in both pro-
teins, resulting in an enhanced affinity of eIF4E for the
cap, and the promotion of translation initiation (Gross
et al., 2003).

Recently, it has been shown that a similar approach
has been adopted in some cases of developmental regu-
lation. For example, RNA-binding proteins, such as the

FIGURE 2 (A) Translational repression by the 4E-BPs. The 4E-
BPs repress translation in the absence of specific growth fac-
tors (Lin et al., 1994; Pause et al., 1994). As they interact with
eIF4E at the same site as eIF4G, using a similar binding motif,
the binding of the two proteins is mutually exclusive (Haghighat
et al., 1995). Thus, the 4E-BPs prevent formation of the closed
loop. eIF4E bound to 4E-BP has a lower affinity for the cap com-
pared to eIF4E bound to eIF4G (Gross et al., 2003). (B) Maskin and
Cup repress translation in a manner analogous to the 4E-BPs.
RNAs containing CPE, BRE or SRE elements are repressed by
their interaction with CPEB, Bruno and Smaug proteins, respec-
tively. CPEs are found in multiple mRNAs that are translationally
down-regulated during Xenopus oogenesis. In Drosophila, oskar
mRNA is controlled by Bruno and nanos mRNA by Smaug. Each
of these proteins interacts directly with an eIF4E-binding factor
containing a peptide with homology to the eIF4E-binding peptide
identified in the 4E-BPs. In the case of CPEB, this factor is maskin
(Stebbins-Boaz et al., 1999), while Bruno and Smaug both interact
with Cup (Nakamura et al., 2004), Nelson et al., 2004). Cup contains
a high affinity canonical eIF4E-binding site (Nakamura et al., 2004;
Nelson et al., 2004), Wilhelm et al., 2003; Zappavigna et al., 2004).
Interaction of the proteins with eIF4E prevents the association of
eIF4G, thus repressing translation. (C) Bicoid binds eIF4E directly
through a consensus eIF4E-binding site. In Drosophila embryos,
Bicoid binds to the Bicoid binding region (BBR) in the 3′ UTR of
caudal mRNA (Dubnau & Struhl, 1996; Rivera-Pomar et al., 1996).
Translational repression requires the eIF4E-binding motif of Bi-
coid, and the interaction of Bicoid with eIF4E is dependent on
binding of the protein to the caudal mRNA (Niessing et al., 2002).
Again, the complex that is formed prevents recruitment of eIF4G.
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cytoplasmic polyadenylation binding protein (CPEB)
in Xenopus and the translational repressor Bruno in
Drosophila, which bind to specific motifs in their tar-
get 3′ UTRs, in turn interact with accessory proteins
that contain the consensus eIF4E binding motif and
prevent the cap binding protein interacting with eIF4G
(Nakamura et al., 2004; Nelson et al., 2004; Stebbins-
Boaz et al., 1999; Wilhelm et al., 2003). A slightly modi-
fied approach would be to directly prevent eIF4E from
binding to the cap and this is believed to be utilized by
the Drosophila RNA-binding protein Bicoid (Niessing
et al., 2002).

Examples of the disruption of the interaction be-
tween PABP and eIF4G have also been described.
The rotaviral RNAs are capped (Imai et al., 1983) but
not polyadenylated (McCrae & McCorquodale, 1983).
They terminate in a short sequence motif, which is
bound by the viral protein NSP3 (Poncet et al., 1993).
NSP3 acts synergistically with the cap to promote trans-
lation in a similar manner to PABP (Vende et al., 2000).
The virus also promotes translation of its own RNAs
by inhibiting the translation of cellular RNAs (Michel
et al., 2000). It interacts with the PABP-binding domain
of eIF4G, with a higher affinity than that of PABP it-
self, to evict PABP from eIF4G (Piron et al., 1998). Al-
though there are no similarities in the primary or tertiary
structures of NSP3 and PABP, site-directed mutagen-
esis and isothermal titration calorimetry experiments
showed that NSP3 and PABP use analogous strategies
to recognize eIF4G (Groft & Burley, 2002).

While the interaction between PABP and eIF4G is,
at present, the best-characterized means of translational
stimulation by PABP, it is likely that PABP partici-
pates in additional interactions to stimulate transla-
tion. For example, yeast PABP can stimulate the trans-
lation of capped, non-adenylated RNAs in in vitro
translation extracts when added in excess. Mutagen-
esis experiments show that this activity does not re-
quire the PABP-eIF4G interaction but may involve
additional factors interacting with RRM2 or RRM4
of PABP (Otero et al., 1999). Experiments in Xeno-
pus oocytes in which PABP was tethered to a reporter
RNA independently of a poly(A) tail, showed that while
RRMs 1+2 can stimulate translation through an in-
teraction with eIF4G, RRMs 3+4, which do not in-
teract with eIF4G, will also stimulate translation (Gray
et al., 2000). These interactions, which have not yet been
characterized, could also be the targets of regulatory
mechanisms.

In most cases, the amount of PABP bound to an
mRNA depends on the length of the poly(A) tail. Trans-
lational control can, therefore, also be achieved by vary-
ing poly(A) tail length to either stimulate or repress
translation (Richter, 2000). This mechanism presumably
operates by affecting the amount of PABP bound and
the degree of stimulation of translation accomplished
by the PABP-eIF4G, and other putative, interactions.
Cytoplasmic polyadenylation is a highly regulated and
conserved mechanism, first observed in Spisula oocytes,
that dramatically increases translation during meitotic
maturation and after fertilization (reviewed in Richter,
2000). This phenomenon has subsequently been ob-
served in a variety of other organisms including Urechis
(Rosenthal & Wilt, 1986), starfish (Standart et al., 1987),
flies (Sallés et al., 1994), Xenopus (Paris et al., 1988; Paris
& Philippe, 1990) and mice (Sallés et al., 1992). Cyto-
plasmic polyadenylation is promoted by sequences in
3′ UTRs, which include one or more copies of a U-rich
cytoplasmic polyadenylation element (CPE), with the
consensus sequence U4-6A1-3U, located in fairly close
proximity to the ubiquitous nuclear polyadenylation
signal, AAUAAA, as shown by microinjection into ma-
turing eggs or in cell-free lysates. Both elements are re-
quired to support cytoplasmic poly(A) extension and
to stimulate translation during oocyte maturation (Fox
et al., 1989; McGrew et al., 1989; Richter, 2000; Sheets
et al., 1994). Many mRNAs in a wide range of organisms
have now been shown to be translationally regulated
by CPEs. These include biologically important mRNAs
such as those encoding Xenopus cyclin B1 (Barkoff et al.,
2000; de Moor & Richter, 1999), wee-1 (Charlesworth
et al., 2000), mouse tissue-type plasminogen activator
(tPA) and cyclin B1 (Stutz et al., 1998; Tay et al., 2000),
clam ribonucleotide reductase and cyclin A (Minshall
et al., 1999), and Drosophila bicoid (Sallés et al., 1994).
A particularly striking example is provided by c-mos
mRNA, whose polyadenylation and consequent trans-
lation is a pivotal regulatory step in the meiotic matura-
tion of Xenopus and mouse oocytes (de Moor & Richter,
1997; Gebauer et al., 1994; Mendez et al., 2000a; Sheets
et al., 1995). In Xenopus, mRNAs lacking a CPE-motif in
their 3′ UTR, such as ribosomal protein and actin mR-
NAs, lose their poly(A) tail by default at meiotic matu-
ration, and are concomitantly released from polysomes,
providing further evidence of the tight connection be-
tween poly(A) tail length and translational efficiency
(Fox & Wickens, 1990; Sheets et al., 1994; Varnum &
Wormington, 1990).
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Examples of developmentally-regulated mRNAs
have been identified that still undergo control in the
absence of both a cap and a poly(A) tail. For exam-
ple, in Drosophila, the sex-lethal protein (SXL) represses
the translation of the male-specific lethal protein 2
(MSL-2) to prevent over-transcription of the two X-
chromosomes in female flies. SXL binds to both the
5′- and 3′ UTRs of the msl-2 mRNA (Gebauer et al.,
1999) and prevents association of the 43S ribosomal
subunit with the message (Gebauer et al., 2003). As a
cap is not required, the repression must occur at a stage
subsequent to 43S subunit recruitment by eIF4F, and
it is proposed that SXL destabilizes the scanning com-
plex, dissociating it from the mRNA (Gebauer et al.,
2003). Repression of the rabbit 15-lipoxygenase (r15-
LOX) mRNA during erythropoiesis also occurs at a later
step in translation initiation, even later than control by
SXL. The repression is mediated by an element in the
r15-LOX 3′ UTR called the differentiation control ele-
ment (DICE) and its specific binding factors, hnRNPs
K and E1/E2 (Ostareck-Lederer et al., 1994; reviewed
by Ostareck-Lederer & Ostareck, 2004). Repression by
DICE has been shown to require no canonical initia-
tion factors using the Cricket Paralysis Virus IRES which
implies that the element interferes with 60S subunit
joining, the last stage of translation initiation (Ostareck
et al., 2001).

Thus it can be seen that a variety of different ap-
proaches to regulation are possible. We will now dis-
cuss the role of specific RNA-binding proteins in trans-
lational control in more detail.

DISRUPTION OF THE INTERACTION
BETWEEN eIF4E AND eIF4G

The Cytoplasmic Polyadenylation
Element Binding (CPEB) Proteins: A
Conserved Family of RNA-Binding

Proteins
CPEB is a critical regulator of gene expression in early

development. It was first cloned and characterized in
Xenopus oocytes as a 62 kDa protein that bound specifi-
cally to the CPEs that mediate cytoplasmic polyadeny-
lation (Hake & Richter, 1994; Stebbins-Boaz et al.,
1996). A decade later, the Xenopus protein has become
the founding member of a large and important fam-
ily of RNA-binding proteins, including clam (Spisula
solidissima) p82 (Walker et al., 1999), Drosophila Orb

(Christerson & McKearin, 1994; Lantz et al., 1992), C.
elegans CPB-1-4 (Luitjens et al., 2000), sea hare (Aplysia
californica) CPEB (Liu & Schwartz, 2003; Si et al., 2003a),
as well as the more closely related mouse, zebrafish, and
human homologs (Bally-Cuif et al., 1998; Gebauer &
Richter, 1996; Kurihara et al., 2003; Theis et al., 2003;
Welk et al., 2001). The functions of these proteins now
extend well beyond oogenesis and egg maturation.

While Xenopus has only one characterized CPEB,
several homologs have been identified in worms and
mammals. For example, the nematode C. elegans pos-
sesses four CPEB homologs in total. CPB-1 is required
for progression through meiosis in spermatocytes while
FOG-1 controls germ cell fates; none of the homologs
are required for oogenesis, however (Jin et al., 2001; Luit-
jens et al., 2000). Four mammalian CPEB proteins have
also been identified. Mouse CPEB-1 (mCPEB-1), the
homolog of Xenopus CPEB, regulates cyclin B1 mRNA
expression in oocytes (Gebauer & Richter, 1996; Tay
et al., 2000) and is also expressed in brain (Wu et al.,
1998); specifically, in the dendritic layers of the hip-
pocampus, at synapses in cultured neurons, and in post-
synaptic densities of adult rat brain (Theis et al., 2003;
Wu et al., 1998). Evidence suggests that CPEB-1 may
regulate synaptic plasticity by controlling the transla-
tion and localization of specific mRNAs in dendrites
(Huang et al., 2003; Huang et al., 2002; Wu et al., 1998).
Visual experience induces rapid polyadenylation and
translational activation of Ca2+ calmodulin-dependent
protein kinase II mRNA (α-CaMKII) in the visual cor-
tices of dark-raised rats (Wu et al., 1998). α-CaMKII
mRNA contains two CPE sequences in its 3′ UTR
and encodes a key component in long-term potentia-
tion and synaptic differentiation. Both female and male
CPEB-1−/− mice display severe fertility effects (Tay &
Richter, 2001), but long term potentiation is only mod-
estly affected, hinting at protein redundancy, with the
function in neurons being compensated by one of the
other mCPEB homologs (Alarcon et al., 2004; Wells
et al., 1998). Indeed, the highly related mCPEB-2 ho-
mologue is abundantly expressed in testis and brain
(Kurihara et al., 2003; Theis et al., 2003); its postmei-
otic expression during spermatogenesis suggests a pos-
sible role in translational regulation of stored mRNAs in
transcriptionally inactive haploid spermatids (Kurihara
et al., 2003). mCPEB-3 mRNA is strongly expressed in
heart and brain and mCPEB-4 mRNA in embryos and
adult brain, as well as kidney, lung, and heart (Theis
et al., 2003). The mouse mCPEB-3 and -4 isoforms are
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most similar to mCPEB-2 and show less homology to
mCPEB-1. mCPEB2-4 are subject to alternative splic-
ing, which generate tissue-specific isoforms that may un-
dergo differential phosphorylation (Theis et al., 2003).
Human homologues of all four mouse proteins have
also been identified (Kurihara et al., 2003; Welk et al.,
2001).

All CPEB proteins (Table 1) share two C-terminal
RNA recognition motifs (RRMs) and two zinc-finger
RNA-binding domains downstream from the RRMs
(Hake & Richter, 1994; Walker et al., 1999). The RRM
is the most widespread and well-characterized RNA-
binding domain, consisting of two short consensus se-
quences, RNP1 (octamer) and RNP2 (hexamer), located
in a structurally conserved domain of about 80 amino
acids, with a βαββαβ topology. RNA recognition oc-
curs on the four-stranded anti-parallel β-sheet surface,
where the RNP1 and RNP2 motifs are juxtaposed on the
two middle strands (reviewed in Varani & Nagai, 1998).
Zinc finger proteins vary widely in structure, as well as
in function, which ranges from DNA or RNA binding
to protein–protein interactions and membrane associa-
tion. The classical Cys2His2 zinc finger is the founding
member of a rapidly expanding family of zinc-binding
modules (reviewed in Laity et al., 2001). A detailed
analysis of deletions and point mutations in the Xeno-
pus CPEB protein showed that the two RRM domains
and the highly conserved set of cysteine and histidine
residues forming two unusual zinc finger regions (C4,
C2H2) are all required to bind CPE-containing RNA
in vitro (Hake et al., 1998). The importance of these do-
mains for CPEB function was recently confirmed in a
broad mutational analysis that identified the molecular
lesions associated with 33 independent fog-1 mutations
in C. elegans. All of the single missense mutations altered
one of the RRM or Zn finger RNA-binding domains
(Jin et al., 2001).

The N-termini of CPEB proteins are far more var-
ied in sequence, although some members share cer-
tain features whose functional importance will be dis-
cussed in detail in later sections. Vertebrate CPEB-1
isoforms and clam p82 CPEB contain a short mo-
tif, S(D/E)S(D/E)TSGFSS, part of a PEST sequence,
which, in Xenopus, mediates CPEB degradation, by
ubiquitination, during meiotic maturation, and in re-
sponse to cdc2 phosphorylation (Mendez et al., 2002;
Reverte et al., 2001; Thom et al., 2003). Xenopus
and mouse CPEB-1 proteins also contain consensus
Aurora A (Eg2) kinase phosphorylation sites (LDS/TR).

These are phosphorylated early during meiotic matura-
tion (Hodgman et al., 2001; Mendez et al., 2000a, 2000b;
Tay et al., 2003) as progesterone stimulation of matura-
tion induces the activation of Aurora A (Andresson &
Ruderman, 1998), although there is some disagreement
regarding the exact timing of its activation (Castro et al.,
2003; Frank-Vaillant et al., 2000; Maton et al., 2003).
mCPEB-2-4 and all invertebrate isoforms lack Aurora
A phosphorylation sites (Theis et al., 2003; Thom et al.,
2003). Some of the alternatively-spliced mouse prod-
ucts instead contain potential recognition sites for pro-
tein kinase A, α-CAMKII and p70 (S6 kinase) (Liu &
Schwartz, 2003; Theis et al., 2003), suggesting control
of mouse CPEB family members by distinct signalling
pathways.

The final noteworthy feature of these proteins, which
is not shared by all the homologs, is the glutamine-rich
domain, located N-terminal to the RRMs and originally
noted in clam and fly CPEB (Christerson & McKearin,
1994; Lantz et al., 1992; Walker et al., 1999). It was
recently shown to be also present in the N-terminus
of mCPEB-3 (Theis et al., 2003) and neuronal Aplysia
CPEB (Liu & Schwartz, 2003; Si et al., 2003a). Strikingly,
this Q-rich region of Aplysia CPEB has been reported to
confer prion-like properties upon the protein (Si et al.,
2003b).

Translational Repression by CPEB
During Oogenesis

In addition to its positive role in promoting transla-
tional activation of target RNAs during meiotic matura-
tion by cytoplasmic polyadenylation (reviewed in more
detail below), CPEB represses translation by interacting
with the U-rich 3′ UTR CPE elements in clam, frog, and
mouse oocytes (de Moor & Richter, 1999; Minshall et al.,
1999; Tay et al., 2000).

The pioneering work of Vassalli and colleagues (Stutz
et al., 1998; Stutz et al., 1997) on mouse tissue plas-
minogen activator mRNA lays the framework for the
model that a single type of 3′ UTR element may per-
form dual roles in regulating maternal mRNA trans-
lation. In this study, the UA-rich adenylation control
element (ACE), which supports deadenylation in grow-
ing oocytes as well as the subsequent meiotic readeny-
lation, was also shown to mediate translational repres-
sion in primary oocytes, by interaction with a titratable
repressor protein. However, despite the apparent ho-
mology of function and sequence between CPEs and
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TABLE 1 Schematic representation of the domain architecture of the RNA-binding proteins reviewed in this article, alongside their
binding sites where known, and comments on protein family classification, and roles in gene expression control. For further details
and references, see text. The order of the proteins in the figure mirrors their appearance in the text. Note that, for clarity, we present all
proteins as of one size, but the exact length of a representative protein is indicated in terms of the number of amino acids. The lengths
and positions of sub-domains are not to exact scale. (Continued )
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TABLE 1 (Continued)

(Continued on next page)
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TABLE 1 (Continued)
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the ACE, the ACE-binding protein, ∼80 kDa, does not
correspond in size to mouse oocyte CPEB, and remains
to be characterized (Stutz et al., 1998). The identifica-
tion of the clam masking element-binding protein p82
(Standart et al., 1990; Walker et al., 1996) as a CPEB
homologue (Walker et al., 1999) provided one of the
first hints that CPEB itself may have dual roles in
regulating translation in early development. This was
shown by the different effects that anti-p82 antibod-
ies display in oocyte and egg lysates. In oocyte lysates,
anti-p82 antibodies specifically activate translation of
masked mRNAs. In egg lysates, the clam p82 binding
sites in the ribonucleotide reductase 3′ UTR, which re-
semble the U-rich CPEs, are required for polyadenyla-
tion, and here anti-p82 antibodies prevent polyadeny-
lation. These data suggest that p82/CPEB acts first as a
repressor of translation in immature oocytes and subse-
quently participates in the activation of translation by
cytoplasmic polyadenylation (Minshall et al., 1999).

In parallel studies, the repressive role of vertebrate
CPEB was extensively documented. Xenopus cyclin B1
and wee-1, and mouse cyclin B1, 3′ UTRs repress re-
porter mRNA translation in oocytes, as long as low
levels of reporter mRNA are injected. Higher levels
of mRNA are not repressed, implicating the action of
a saturable masking factor. Deletion and mutational
analyses pointed to the CPEs as the primary repres-
sion elements (Barkoff et al., 2000; Charlesworth et al.,
2000; de Moor & Richter, 1999; Tay et al., 2000). Be-
cause these were known to bind CPEB during ooge-
nesis, it was concluded that CPEs and CPEB cause
translational repression in oocytes, in additional to their
role in polyadenylation in eggs. In an important exten-
sion of these observations, de Moor & Richter (1999)
demonstrated that CPE-mediated repression was 5′-cap-
dependent, as insertion of an EMCV-derived internal ri-
bosome entry site (IRES) upstream of a reporter coding
region, circumventing the requirement for a 5′-cap in
translation, prevented its repression by cyclin B1 CPE
elements in the 3′ UTR.

Maskin: A CPEB and eIF4E-Interacting
Protein

Several partners of CPEB have been proposed to
mediate its role in translational repression including
maskin (Cao & Richter, 2002; Stebbins-Boaz et al.,
1999), the DEAD-box RNA helicase Xp54 (Minshall
& Standart, 2004; Minshall et al., 2001) and Pumilio

(Nakahata et al., 2001; Nakahata et al., 2003). Both
maskin and Xp54 have been proposed to interfere with
the access of eIF4F to the 5′-cap structure of CPE-
containing mRNAs, whereas the role of Pumilio in re-
pression, most likely mediated at the level of poly(A)
tail shortening, will be discussed later.

Maskin was identified as a Xenopus CPEB-interacting
protein in co-immunoprecipitation, pull-down and
yeast two hybrid assays (Stebbins-Boaz et al., 1999).
The 150 kDa maskin protein is a member of the trans-
forming acidic coiled-coil-containing (TACC) family
(reviewed in Gergely, 2002), which has important roles
in cell division and cellular organization in both embry-
onic and somatic systems in a wide variety of organisms.
These closely related proteins have been implicated in
microtubule stabilization, acentrosomal spindle assem-
bly, haematopoietic development, and cancer progres-
sion (Gergely, 2002). Xenopus maskin contains a peptide
(TEADFLL) resembling the eIF4E-binding site found
in eIF4G and the regulatory 4E-BPs, and binds eIF4E
via this peptide (Stebbins-Boaz et al., 1999). Indeed, the
wild-type, but not a mutant (AEADAAA), peptide dis-
rupts eIF4G binding to eIF4E bound to an immobilized
cap column, and the wild-type, but not mutant, pep-
tide inhibits all translation in oocytes (Stebbins-Boaz
et al., 1999), presumably by inactivating all the available
eIF4E. Consistent with its proposed role as a repressor,
the injection of antibodies against maskin activates cy-
clin B1, c-mos and wee-1 translation in oocytes (Cao
& Richter, 2002). Importantly, maskin-eIF4E, but not
CPEB-maskin, interactions are disrupted during oocyte
maturation to allow translational initiation. eIF4E par-
tially dissociates from maskin, perhaps as a result of
maskin phosphorylation (Stebbins-Boaz et al., 1999),
but principally due to cytoplasmic polyadenylation and
PABP binding to the newly elongated poly(A) tail (Cao
& Richter, 2002). If PABP is prevented from bind-
ing eIF4G, using a peptide whose sequence is derived
from the portion of eIF4G that interacts with PABP
(Wakiyama et al., 2000), maskin remains complexed with
eIF4E in eggs (Cao & Richter, 2002). These findings led
Richter and colleagues to propose the attractive and
widely known maskin model (Figures 2B and 3), based
on the closed-loop model of eukaryotic mRNA transla-
tion initiation (Gallie, 1998; Jacobson, 1996; Kahvejian
et al., 2001; Sachs, 2000). In oocytes, Xenopus CPEB,
through its bridging partner maskin, represses transla-
tion of CPE-containing mRNAs by preventing eIF4E-
eIF4G interactions required for translational initiation
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FIGURE 3 Model showing the translational activation of CPE-
containing mRNAs. As showm in Figure 2, during Xenopus oo-
genesis, mRNAs containing CPEs are repressed by the action of
maskin, which is recruited via its interaction with CPEB. Upon
meiotic maturation, CPEB is phosphorylated by Aurora A kinase
(Mendez et al., 2000b), increasing the affinity of CPEB for the cleav-
age and polyadenylation specificity factor (CPSF) (Mendez et al.,
2000b). Recruitment of CPSF results in cytoplasmic polyadeny-
lation of the mRNA, which in turn recruits ePAB, the Xenopus
form of PABP present during oogenesis and early embryogenesis.
Polyadenylation and the presence of PABP disrupts the maskin-
eIF4E interaction, resulting in translational activation of the mRNA
(Cao & Richter, 2002). The maskin-CPEB interaction is maintained
during maturation (Stebbins-Boaz et al., 1999).

at the 5′-end (Stebbins-Boaz et al., 1999). Thus, maskin
acts as a type of mRNA-specific 4E-BP. During meiotic
maturation, CPEB is phosphorylated by Aurora A ki-
nase and activated as a cytoplasmic polyadenylation fac-
tor, leading to polyadenylation of the mRNA (Mendez
et al., 2000b), This results in the dissociation of the in-
hibitory maskin-eIF4E link, presumably due to the fact
that PABP increases the affinity of eIF4G for eIF4E (Cao
& Richter, 2002; Stebbins-Boaz et al., 1999).

The maskin model provides the paradigm for ex-
plaining how RNA-binding proteins, bound to mRNA-
specific 3′ UTR sequences, prevent translational initia-
tion, and is echoed in subsequent studies, as discussed
below, of the Drosophila proteins Cup and Bicoid. Nev-
ertheless, some characteristics of maskin indicate that
the translational repressor role of this protein may not

be universal. Maskin levels are regulated during oogen-
esis, with significant amounts only detectable during
late stage V/VI (Groisman et al., 2000), suggesting that
repression earlier in oogenesis relies on other mecha-
nisms. Secondly, the maskin eIF4E-binding site appears
to be absent from other TACC homologs (Gergely,
2002), although this does not exclude non-canonical
maskin-eIF4E interactions.

Association of Xp54, a Conserved
DEAD-Box RNA Helicase, with CPEB
Co-immunoprecipitation experiments have shown

an interaction between CPEB and the DEAD-box RNA
helicase, p47, in Spisula oocytes (Minshall et al., 2001),
and with the Xenopus homolog of p47, Xp54, in Xeno-
pus oocytes (Minshall & Standart, 2004). Clam p47 and
Xenopus Xp54 are members of the highly conserved
rck/DDX6 DEAD box RNA helicase family (Minshall
et al., 2001). RNA helicases are involved in a variety
of cellular processes, including splicing, ribosome bio-
genesis, RNA transport, degradation, and translation,
although their precise contribution to most of these
processes is not known. They are characterized by nine
conserved domains, including the eponymous DEAD
motif and the recently-identified Q motif (Cordin et al.,
2004; Tanner et al., 2003), with varying roles in substrate
binding and catalysis. Helicases use ATP hydrolysis to
unwind short RNA duplexes and may also influence re-
arrangements of large RNA structures or protein-RNA
interactions. Their ATPase activity is stimulated by (or
dependent on) RNA binding, but it is unclear to what
extent helicases recognize specific RNA sequences (re-
viewed in Fuller-Pace, 1994; Linder, 2003; Lüking et al.,
1998; Rocak & Linder, 2004). The rck family, named
after the human protein (Akao et al., 1995), includes
Drosophila Me31B (Nakamura et al., 2001), C. elegans
Cgh-1(Navarro et al., 2001), S. cerevisisae Dhh1 (Coller
et al., 2001; Fischer & Weis, 2002), and S. pombe Ste13
(Maekawa et al., 1994).

As the Xenopus and human proteins can complement
Dhh1� yeast cells, at least some of the function(s) of
rck helicases appear to be conserved (Tseng-Rogenski
et al., 2003; Westmoreland et al., 2003). Consideration
of the known features of the family members can pro-
vide clues regarding their functions. The Drosophila ho-
molog Me31B (Maternal expression at 31B) (de Valoir
et al., 1991) was identified as a cytoplasmic particle
component in germline cells during oogenesis in an
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impressive screen of a GFP-cDNA expression library,
looking for proteins that distribute in a granular pattern
(Nakamura et al., 2001). Me31B is essential for oogen-
esis, and co-localizes with several mRNAs localized in
oocytes during their transport from nurse cells to the
oocyte, as well as with Exuperantia (Exu) and Ypsilon
Schachtel (Yps; FRGY2 homologue) (Nakamura et al.,
2001), components of the oskar RNP (Wilhelm et al.,
2000b). Interestingly, the loss of Me31B causes the pre-
mature translation of oskar and Bicaudal D mRNAs, dur-
ing their transport to the oocyte, suggesting that Me31B
is a translational repressor (Nakamura et al., 2001).

Dhh1 stimulates mRNA decapping in yeast. This
process requires deadenylation followed by dissociation
of eIF4E from the cap structure, allowing the decap-
ping enzyme Dcp1 to remove the 5′-cap and leaving an
end susceptible to 5′-3′ exonucleolytic degradation (re-
viewed in Coller & Parker, 2004). In Dhh1� mutants,
mRNAs accumulate as deadenylated, capped species.
The role of Dhh1 in decapping appears to be direct,
as Dhh1 physically interacts with several proteins in-
volved in mRNA decapping including Dcp1, as well
as Lsm1 and Pat1p/Mrt1, which function to enhance
the decapping rate (Coller et al., 2001; Fischer & Weis,
2002), and Pop2, a subunit of the mRNA deadenylase
(Coller et al., 2001; Hata et al., 1998).

Rck helicases are present in distinct cytoplasmic RNP
particles in many cell types. In oocytes, stored mRNAs
are components of large granules, variously named po-
lar granules, P granules and the Balbiani body depend-
ing on the species. P granules and the Balbiani body
become segregated to germline cells, and their RNA
and protein constituents direct germline development
(Houston and King, 2000). Cgh-1 is localized to P gran-
ules and other mRNP in worms (Navarro et al., 2001),
while Me31B is concentrated in the sponge bodies in
germline cells during Drosophila oogenesis (Nakamura
et al., 2001) and Xp54 is present in the Balbiani body
in early Xenopus oocytes (Smillie & Sommerville, 2002).
In yeast, and in human cells, Dhh1/rck is a component
of discrete cytoplasmic processing bodies, which func-
tion in decapping and 5′-3′ degradation (Cougot et al.,
2004; Sheth & Parker, 2003; Tseng-Rogenski et al., 2003).
Collectively, these studies highlight the conserved and
critical role of this RNA helicase in down-regulating
mRNA expression, and hint at a possible link between
decapping and translational masking.

Xenopus p54, present at constant levels throughout
oogenesis, has RNA duplex-unwinding activity and

has been implicated in the nuclear assembly of stored
mRNP particles in early oocytes, where it shuttles be-
tween the nucleus and cytoplasm (Ladomery et al., 1997;
Smillie & Sommerville, 2002; Thom et al., 2003). In view
of its interaction with CPEB, its potential involvement
in translation was examined using the tethered func-
tion assay (Coller & Wickens, 2002). MS2-Xp54 was
tethered via MS2-binding sites to the 3′ UTR of a re-
porter firefly luciferase mRNA (Minshall et al., 2001).
MS2-Xp54 repressed translation three- to fivefold, rel-
ative to MS2 alone, and somewhat surprisingly, mu-
tations in the DEAD (ATP hydrolysis) and HRIGR
(ATP binding) helicase motifs of the helicase activated
translation three- to fourfold. These effects were at the
level of translation, rather than RNA stability, required
MS2 binding sites, and were observed in both oocytes
and in progesterone-matured eggs (Minshall & Stan-
dart, 2004; Minshall et al., 2001). Altogether, the data
implied that the helicase activity of Xp54 is required
for repression (Minshall et al., 2001). Moreover, we
also showed that RNA-dependent Xp54 oligomeriza-
tion correlates with its ability to repress translation, al-
though the role of self-association in repression is not
known (Minshall & Standart, 2004). Interestingly, Xp54
interacts, not only with CPEB, but also with eIF4E, in
an RNA-independent manner in oocytes. In eggs, how-
ever, CPEB, due to its large-scale proteolysis during mei-
otic maturation (Reverte et al., 2001; Thom et al., 2003),
is not detectable in the immunoprecipitates, and the in-
teraction between Xp54 and eIF4E now becomes RNA-
dependent (Minshall & Standart, 2004). On the basis of
these dynamic changes, we proposed that tethered Xp54
(localized either via MS2 or CPE/CPEB), sequesters
eIF4E from the translational machinery in oocytes,
thus repressing translation, whereas in progesterone-
matured eggs, Xp54, presumably no longer anchored
to the CPE motifs owing to reduced levels of CPEB,
interacts with RNA in an altered manner, and eIF4E
is released to allow translation (Minshall & Standart,
2004).

Cup—The Drosophila Equivalent
of Maskin?

Drosophila Cup is a germline-specific protein re-
quired for oogenesis which is expressed until the blasto-
derm stage of embryogenesis (Keyes & Spradling, 1997;
Verrotti & Wharton, 2000). Cup came to prominence
at the turn of 2004 when three complementary studies
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attested to its critical role in 3′ UTR-based translational
control in Drosophila oocytes and embryos.

These studies showed that, although Cup itself does
not bind RNA directly, it is recruited by a number
of different RNA-binding proteins to specific RNAs.
Cup, a large protein of about 150 kDa, binds directly to
eIF4E. Immunoprecipitation, pull-down, and yeast two
hybrid assays led to the identification in Cup of a high
affinity and canonical eIF4E binding site, YTRSRLM
(Nakamura et al., 2004; Nelson et al., 2004; Wilhelm
et al., 2003; Zappavigna et al., 2004), and a nearby sec-
ond, unconventional and lower affinity eIF4E binding
site, ELEGRLR (Nelson et al., 2004).

Furthermore, cup and eIF4E interact genetically, since
lowering eIF4E levels affects the development and
growth of ovaries bearing homozygous cup mutant al-
leles (Zappavigna et al., 2004). Surprisingly, eIF4E in
developing oocytes is not distributed homogeneously
throughout the cell, as one might predict for a gen-
eral translation initiation factor, but rather localizes to
the posterior pole along with Cup, in a cup-dependent
manner (Wilhelm et al., 2003; Zappavigna et al., 2004).

Cup and eIF4E were both identified as proteins
that co-immunoprecipitate with Me31B, in an RNA-
dependent manner, and also co-localize with the heli-
case during oogenesis. As in the case of loss of Me31B
(Nakamura et al., 2001), oskar mRNA, which is nor-
mally repressed until correctly localized to the posterior
pole, is prematurely translated in cup mutant ovaries, al-
though its localization is unaffected (Nakamura et al.,
2004). Interestingly, Cup interacts with Bruno, a well
known translational repressor of oskar mRNA, in vivo
as well as in yeast cells (Nakamura et al., 2004).

As mentioned previously, oskar is required for defin-
ing the posterior of the embryo, and also for the forma-
tion of germ cells (Lehmann & Nusslein-Volhard, 1986).
Both oskar mRNA and the encoded protein must be
properly localized to the posterior pole of the oocyte
for correct development (Ephrussi & Lehmann, 1992;
Kim-Ha et al., 1995). Translational repression of oskar
mRNA during its localization is mediated in part by
the RNA-binding protein Bruno, which binds specific
repeated sequences in the 3′ UTR of oskar RNA, called
Bruno response elements (BREs; A, B and C regions)
(Kim-Ha et al., 1995). Deletion of these BREs results
in inappropriate translation of Oskar protein at the an-
terior end of the oocyte leading to embryos with two
posterior poles. Bruno is an RRM-containing protein,
related to the elav (embryonic lethality and abnormal

visual system) family of RNA-binding proteins (Webster
et al., 1997). Proteins within this family have the same
domain structure: an N-terminal domain, two consecu-
tive RRMs that are the principal RNA-binding domains
and then a linker region of 50–70 amino acids followed
by a C-terminal third RRM (reviewed in Good, 1997;
Good et al., 2000; Soller & White, 2004). Direct evi-
dence for a role for Bruno in the repression of oskar
mRNA translation came from studies using a Drosophila
in vitro translation system (Castagnetti et al., 2000; Lie &
Macdonald, 1999). Although ovary extracts, which con-
tain Bruno, repress BRE-containing mRNA, embryonic
lysates lacking Bruno freely translate firefly luciferase-
BRE reporter mRNA. Addition of Bruno to the latter
represses translation (Castagnetti et al., 2000). The in-
teraction between Cup and Bruno, mediated by the
Q-rich C-terminus of Cup and the linker domain of
Bruno, in addition to the ability of Cup to bind eIF4E,
led Nakamura et al. (2004) to propose the model, based
on the maskin model, whereby Bruno, bound to the
3′ UTR of oskar mRNA, prevents its translation by se-
questering the cap-binding protein from productive as-
sociation with eIF4G (Figure 2C).

Early studies suggested that oskar translation is
poly(A)-independent (Lie & Macdonald, 1999; Sallés
et al., 1994). However, recent re-evaluations document
that oskar mRNA is subject to cytoplasmic polyadeny-
lation in vivo (Castagnetti & Ephrussi, 2003; Chang
et al., 1999). Nevertheless, while a long poly(A) tail is
required for efficient oskar translation, both in vivo and
in vitro, it is not sufficient to overcome BRE-mediated
repression (Castagnetti & Ephrussi, 2003). Rather, acti-
vation of oskar mRNA translation at the posterior pole
of the oocyte, which requires a specific cis-element in
the 5′ UTR of the RNA (Gunkel et al., 1998), may in-
volve the as-yet-unidentified factor, p68, which binds
this element, interfering with eIF4E-Cup-Bruno inter-
actions to promote translation. An additional protein
p50, which has recently been identifed as the hnRNP
Hrp48, also binds to the 5′-cis-acting element, in addi-
tion to the BREs in the 3′ UTR, and acts as a co-repressor
of oskar translation (Gunkel et al., 1998). Hrp48 will be
discussed in more detail later. Derepression does not ap-
pear to involve repressor degradation or modification
or cytoplasmic polyadenylation, but rather an interac-
tion between proteins linking the 5′- and 3′-ends of the
mRNA (Gunkel et al., 1998).

In parallel studies, Cup, isolated as a component of
the oskar RNP by virtue of its interaction with GFP-Exu

L. J. Colegrove-Otero et al. 34

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



(Wilhelm et al., 2000b), was shown to be required for
both translational repression of oskar mRNA, and for
oskar mRNA localization (Wilhelm et al., 2003). The
cup mutants used in this study differed to those used
by (Nakamura et al., 2004), and disrupted oskar mRNA
localization by failing to recruit the plus end-directed
microtubule transport factor Barentsz, thus linking the
control of localization and translation. The data sug-
gest that Cup is required early in the assembly of the
oskar RNP when it recruits Barentsz, and subsequently
kinesin, to localize oskar mRNA. Once anchored, the
RNP would rearrange to allow translation (Wilhelm
et al., 2003). The authors noted that Cup bears par-
tial homology to a large human protein called 4E-
T(ransporter), an eIF4E-binding protein which mediates
the nuclear import of eIF4E in HeLa cells (Dostie et al.,
2000). During mitosis, 4E-T is phosphorylated, and its
association with eIF4E much reduced (Pyronnet et al.,
2001), leading to the proposal that oskar translational
activation is regulated by modification of Cup at the
posterior pole (Wilhelm et al., 2003).

Bruno also regulates the translation of gurken mRNA
during Drosophila oogenesis, and binds the gurken 3′

UTR in a BRE-dependent manner (Filardo & Ephrussi,
2003). Yet, despite these similarities between oskar and
gurken mRNA control, gurken translation was not af-
fected in cup mutants (Nakamura et al., 2004; Wilhelm
et al., 2003), suggesting that Bruno-Cup-eIF4E inter-
actions are dispensible for the regulation of gurken
translation.

Nelson et al. (2004) showed that Cup also func-
tions in translational repression in embryos. nanos
mRNA, which encodes the localized component of
the Drosophila posterior body patterning determinant,
is normally translated only at the posterior pole of the
embryo; unlocalized nanos mRNA is translationally re-
pressed. A discrete translational control element (TCE)
within the nanos 3′ UTR acts independently of the lo-
calization signal to mediate translational repression of
unlocalized nanos RNA (Dahanukar & Wharton, 1996;
Gavis et al., 1996; Smibert et al., 1996). The TCE con-
tains a pair of redundant hairpins each bearing the loop
sequence CUGGC, which bind the RNA-binding pro-
tein Smaug and are known as Smaug recognition el-
ements (SREs). Smaug is distributed throughout the
embryo and functions as a translational repressor of
nanos mRNA (Dahanukar et al., 1999; Smibert et al.,
1999; Smibert et al., 1996). Smaug interacts with the
RNA through an unusual RNA-binding domain (RBD)

composed of a sterile-alpha motif (SAM) domain neigh-
bouring a pseudo-HEAT repeat analogous topology
(PHAT) domain (Table 1). Surprisingly, it is largely the
SAM domain that interacts specifically with the nanos
mRNA TCE regulatory sequence. Thus, in addition to
their previously characterized roles in protein-protein
interactions, SAM domains can also play crucial roles
in RNA binding. (Aviv et al., 2003; Green et al., 2003).

Pull-down experiments have shown that Smaug in-
teracts specifically with Cup, through the RNA-binding
domain of the former (Nelson et al., 2004). Moreover,
Smaug-mediated translational repression of luciferase
reporter mRNA containing 3 SREs in its 3′ UTR re-
quires Cup (Nelson et al., 2004). Therefore, Smaug may
also repress translation through recruiting Cup to dis-
rupt the interaction between eIF4E and eIF4G. Ac-
cording to this scenario, Smaug represses at the level
of translation initiation. However, other investigators
have found that repressed nanos mRNA associates with
polysomes, implying repression is imposed after the ini-
tiation step (Clark et al., 2000). The TCE contains an-
other stem-loop motif, in addition to the SREs, which
is responsible for repression in oocytes in the absence
of Smaug (Forrest et al., 2004), and which binds as-yet-
unidentified proteins. One of these could act as a repres-
sor at another level, or Smaug itself may use multiple
mechanisms to control nanos mRNA. How is the re-
pression of nanos by Cup alleviated? A plausible model
utilizes the observations that both Smaug and Cup
(Keyes & Spradling, 1997) are distributed throughout
the embryo whereas Oskar protein, which is required
for nanos mRNA translation, is localized to the pos-
terior (Ephrussi et al., 1991; Gavis & Lehmann, 1994;
Kim-Ha et al., 1991). As Oskar interacts with Smaug via
the RBD region of the latter (Dahanukar et al., 1999),
as does Cup (Nelson et al., 2004), localized Oskar pro-
tein may displace Cup from Smaug, and thus sever the
inhibitory Smaug-eIF4E link. Alternatively Cup modi-
fication may release eIF4E.

Drosophila Cup and Xenopus maskin are unrelated
proteins, but they share the ability to bind both
sequence-specific 3′ UTR RNA binding proteins, Bruno
and Smaug and CPEB respectively, and eIF4E, thereby
limiting translation initiation (Figure 2B). It will be of
interest to determine whether the vertebrate Cup homo-
logue, 4E-T, also acts as a specific translational repres-
sor. Over-expression of wild-type 4E-T in HeLa cells,
but not of a mutant form that cannot bind eIF4E, in-
hibits the translation of reporter RNA (Pyronnet et al.,
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2001); similar experiments in oocytes, in the context of
high levels of RNA-binding proteins, may reveal a more
specific role.

Direct Binding of eIF4E by Bicoid, a
Specific 3′ UTR-Binding Translational

Repressor
Formation of the anterior-posterior axis during early

Drosophila embryogenesis depends on the formation of
opposing concentration gradients of the Hunchback
and Caudal transcription factors. Whereas establish-
ment of the Hunchback gradient relies on the regulation
of oskar and nanos RNAs, described above, the gradient
of Caudal depends on the prior formation of an an-
terior to posterior gradient of Bicoid, created by the
localization of bicoid mRNA to the anterior pole. In
embryos lacking Bicoid activity as a result of mutation,
the Caudal gradient fails to form and Caudal becomes
evenly distributed throughout the embryo (Driever &
Nüsslein-Volhard, 1988) (reviewed in Ephrussi & St.
Johnston, 2004; Wickens et al., 2000).

Bicoid was shown to act as a specific translational
repressor of caudal mRNA in the anterior region of
the Drosophila embryo via a distinct Bicoid-binding re-
gion (BBR) in the 3′ UTR (Dubnau & Struhl, 1996;
Rivera-Pomar et al., 1996). Bicoid also acts as a tran-
scription factor and contains a homeodomain within
its N-terminal half and an activation domain in the
C-terminal region (Table 1). Translational repression re-
quires the homeodomain, and a downstream PEST se-
quence (Dubnau & Struhl, 1996; Niessing et al., 1999;
Rivera-Pomar et al., 1996), although translational re-
pression by Bicoid is unlikely to involve ubiquitin-
dependent protein degradation (Niessing et al., 1999).
The Bicoid homeodomain contains an arginine-rich
motif (ARM) in its helix III, similar to the RNA-binding
domain of the HIV-1 protein REV, needed for both
RNA and DNA recognition. Replacement of arginine
54, within this motif, alters the RNA- but not the DNA-
binding properties of the homeodomain. Correspond-
ing Bicoid mutants fail to repress caudal mRNA trans-
lation, whereas the transcriptional target genes are still
activated (Niessing et al., 2000).

Bicoid represses translation in a 5′-cap-dependent
manner in cell culture, shown using a bicistronic tran-
script with an IRES derived from the Antennapedia
leader (Niessing et al., 1999), hinting that it interferes
with the initial recruitment of the 43S complex. Con-

sistent with this, Bicoid was found to bind eIF4E via an
eIF4E binding site (YIRPYLP) upstream of the home-
odomain. This binding is competed by the YDRKFLM
peptide of human 4E-BP1, which competes efficiently
for binding at the eIF4G-binding site of eIF4E (Mar-
cotrigiano et al., 1999; Ptushkina et al., 1999), but not
by a peptide in which the conserved Y and L residues,
which are critical for interaction with eIF4E, are mu-
tated to A and R, respectively (Niessing et al., 2002).
Translational repression requires the eIF4E-binding mo-
tif of Bicoid, as shown in bcd mutant embryos, in which
wild-type Bicoid, but not an AIRPYLR version, rescued
transgene-dependent translational repression (Niessing
et al., 2002). The Bicoid-eIF4E interaction requires the
caudal 3′ UTR (Niessing et al., 2002). Thus, in a modi-
fied maskin/Cup model of translational inhibition, Bi-
coid, when bound to its target RNA, sequesters eIF4E it-
self, rather than acting through an intermediary protein
(Figure 2C).

CONTROL OF TRANSLATION BY THE
REGULATION OF POLY(A) TAIL

LENGTH
Cytoplasmic Polyadenylation

Conserved Importance of Cytoplasmic
Polyadenylation in Eukaryotes and
Identification of the Cytoplasmic
Polyadenylation Machinery

Until recently, cytoplasmic polyadenylation was gen-
erally considered to be a peculiarity confined to oocytes,
eggs, and early embryos. However, investigations in the
last two years have left no doubt that polyadenylation
in the cytoplasm is a widespread method of controlling
gene expression—for example, in regulating genes in-
volved in DNA metabolism and genome maintenance
in yeast (Read et al., 2002; Saitoh et al., 2002), during
spermatogenesis in mice (Kashiwabara et al., 2002), and
in as-yet-uncharacterized roles in humans (Kwak et al.,
2004).

Polyadenylation in the cytoplasm is performed by a
set of factors, similar to those that add a poly(A) tail co-
transcriptionally to pre-mRNA in the nucleus, namely
poly(A) polymerase and cleavage and polyadenyla-
tion specificity factor (CPSF) (reviewed in Edmonds,
2002; Hall, 2002; Proudfoot et al., 2002; Wahle &
Ruegsegger, 1999). In Drosophila, the single poly(A)
polymerase (PAP) gene, hiiragi, is involved in both
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nuclear and cytoplasmic polyadenylation in vivo, and
regulation of the level of Hiiragi protein is criti-
cal for early development; over-expression leads to
a dramatic elongation of poly(A) tails and a loss of
specificity during cytoplasmic polyadenylation, result-
ing in embryonic lethality (Juge et al., 2002). Fission
yeast contain related enzymes, the cid1 and cid13-
like genes, that elongate poly(A) tails in the cyto-
plasm, and appear to enhance, in this case, mRNA
stability (Read et al., 2002; Saitoh et al., 2002). In-
deed, the fission yeast Cid13/Cid1 and budding yeast
Trf4/5 proteins are members of a newly identified polβ-
nucleotidyl transferase superfamily conserved from
yeast to man, which includes eukaryotic nuclear poly(A)
polymerases, CCA-adding enzymes, and DNA poly-
merases (Kwak et al., 2004; Read et al., 2002; Saitoh
et al., 2002). The C. elegans gene GLD-2, a diver-
gent family member, is a regulator of the mitosis/
meiosis decision and other germline events and en-
codes the catalytic moiety of a cytoplasmic poly(A)
polymerase that is associated with P granules in early
embryos. Although GLD-2 lacks the RNA-binding mo-
tifs required for nuclear PAP activity, and has little PAP
activity on its own, it is stimulated in vitro by GLD-3
(Wang et al., 2002a), or by tethering to the 3′ UTR of a
reporter RNA (Kwak et al., 2004). GLD-3 is also a devel-
opmental regulator involved in sex-determination, and
belongs to the Bicaudal-C family of RNA-binding pro-
teins (Kwak et al., 2004; Wang et al., 2002a). Thus, the
GLD-2-GLD-3 heterodimer provides both enzyme and
RNA-binding activities. As some mammalian GLD-2
homologs are also cytoplasmic poly(A) polymerases, as
shown in tethered function assays (Kwak et al., 2004),
the control of RNA translation and/or stability by ex-
tending poly(A) tails is likely to be a universal mech-
anism of gene regulation, and identification of mam-
malian GLD-2 ligands that serve the role of the GLD-3
partner in cytoplasmic polyadenylation could point to
gene-specific control. In Xenopus oocytes, catalytically
active and cytoplasmic forms of poly(A) polymerase
have been identified, similar in size and sequence to
mammalian somatic nuclear poly(A) polymerase, but
lacking the C-terminal nuclear localization signal (Bal-
lantyne et al., 1995; Gebauer & Richter, 1995). Whether
Xenopus oocytes also contain GLD-2 type cytoplasmic
polymerases is not yet known.

CPSF was first characterized in nuclear cleavage
and polyadenylation. In the nucleus, both the cleav-
age and subsequent poly(A) addition reactions require

the sequence AAUAAA, typically located 10 to 30 nu-
cleotides 5′ of the polyadenylation site. CPSF binds
directly to this sequence and is required for both ac-
tivities. Mammalian CPSF consists of four subunits of
160, 100, 73 and 30 kDa. The 160 kDa subunit inter-
acts with the AAUAAA sequence, recruiting poly(A)
polymerase, which has little or no intrinsic specificity
for RNA, to the substrate mRNA. The 30 kDa subunit
may also bind AAUAAA and, moreover, binds preferen-
tially to U-rich sequences (reviewed in Edmonds, 2002;
Hall, 2002; Proudfoot et al., 2002; Wahle & Ruegsegger,
1999). Cytoplasmic forms of the 160, 100, and 30 kDa
subunits of CPSF have been characterized in Xenopus
oocytes (Dickson et al., 1999; Mendez et al., 2000b). In
addition to location, cytoplasmic polyadenylation dif-
fers to nuclear polyadenylation in that, in addition to
AAUAAA, it requires U-rich CPE sequences, which are
normally located upstream from the hexanucleotide,
and hence only targets a subset of RNAs.

The Role of CPEB in Cytoplasmic
Polyadenylation

The role of CPEB in translational repression has
already been described. This protein, however, also
plays a part in cytoplasmic polyadenylation and trans-
lational stimulation. Cytoplasmic polyadenylation is
readily assayed in vitro in egg lysates, by monitoring
RNAseH/oligo(dT)-sensitive elongation of exogenous
labelled RNA. Mutations in CPEs abolish both CPEB
binding and cytoplasmic polyadenylation (Minshall
et al., 1999; Stebbins-Boaz et al., 1996). In Xenopus
lysates immunodepleted of CPEB, the polyadenylation
of several CPE-containing RNAs, including B4 mRNA
(Hake & Richter, 1994) and G10, c-mos, cdk2 and cy-
clins A1, B1, and B2 mRNAs (Stebbins-Boaz et al.,
1996) is abolished, and the addition of in vitro synthe-
sized CPEB restores polyadenylation (Hake & Richter,
1994), demonstrating the requirement for CPEB in the
polyadenylation of CPE-containing mRNAs. Similarly,
anti p82/CPEB antibodies inhibited polyadenylation
of the ribonucleotide reductase 3′ UTR in Spisula egg
lysates (Minshall et al., 1999). The critical role of CPEB
in cytoplasmic polyadenylation was further demon-
strated in Xenopus oocytes microinjected with CPEB an-
tibodies. When progesterone was added, these oocytes
not only failed to polyadenylate RNA, but also did not
undergo meiotic maturation, due to a lack of c-mos
mRNA translational activation (Stebbins-Boaz et al.,
1996).
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While studies in Xenopus provide the most direct evi-
dence for the role of CPEB as a cytoplasmic polyadeny-
lation factor, investigations of the Drosophila homolog
of CPEB, Orb, strengthen this conclusion. Orb was
originally characterised as a protein required for antero-
posterior and dorsoventral patterning during Drosophila
oogenesis. Strong orb mutants arrest oogenesis early, be-
fore the formation of the 16-cell cyst that normally dif-
ferentiates into a single oocyte and surrounding nurse
cells. Using a weaker allele, orbmel , Orb was shown to
be required for anchoring of oskar mRNA at the poste-
rior pole of the oocyte (Christerson & McKearin, 1994;
Lantz et al., 1992; Lantz et al., 1994). As Oskar protein
is needed to anchor its own mRNA, the effect of orbmel

could be due to low oskar mRNA translation. Indeed,
subsequent studies showed that Oskar protein expres-
sion in oocytes depends on Orb, which interacts with
oskar mRNA in vivo, and which can be cross-linked
to the oskar CPE-containing 3′ UTR in vitro (Chang
et al., 1999). The reduced level of Oskar was associated
with a shortened oskar poly(A) tail in orb mutant ovaries
(Chang et al., 1999). In line with the proposed role of
Orb in cytoplasmic polyadenylation, Simonelig, Wahle
and colleagues demonstrated that hiiragi interacts genet-
ically with orb to cooperate specifically in polyadeny-
lation of oskar mRNA (Juge et al., 2002). Extending
these observations, Castagnetti and Ephrussi showed
that Orb functions in posterior patterning by enhancing
oskar mRNA translation through the addition or main-
tenance of a long poly(A) tail (Castagnetti & Ephrussi,
2003).

Returning to the more biochemical environment of
the Xenopus system, we can ask how CPEB promotes
polyadenylation, and whether all CPE-containing mR-
NAs become polyadenylated to the same extent. Early
in meiotic maturation, Xenopus (and mouse) CPEBs
are phosphorylated by Aurora A/Eg2 kinase on Ser174
(Hodgman et al., 2001; Mendez et al., 2000a), which
enhances CPSF binding to CPE-containing mRNAs,
in turn, presumably recruiting poly(A) polymerase and
thus promoting cytoplasmic polyadenylation (Dickson
et al., 2001; Mendez et al., 2000b). Immunoprecipitation
assays show that, although CPEB phosphorylation dur-
ing maturation increases binding to the 160 kDa CPSF
subunit about fourfold (Mendez et al., 2000b), it does
not appreciably increase binding to the 100 kDa sub-
unit (Dickson et al., 2001). Whether this reflects a dif-
ferential timing of CPEB-CPSF subunit interactions or
simply differences in reagents and experimental pro-

tocols is unclear. Nevertheless, both studies detected
a pre-existing interaction between CPEB and CPSF
in the oocyte, suggesting that CPSF binding to the
mRNA does not entirely depend on CPEB phosphory-
lation. Assessment of a variety of synthetic polyadeny-
lation substrate RNAs, with or without a potential CPE
close to the AAUAAA, showed that, somewhat surpris-
ingly, the sequence specificity of polyadenylation in
egg lysates is comparable to that observed with highly
purified mammalian CPSF and recombinant poly(A)
polymerase. However, when the same RNAs were ex-
amined by injection into oocytes, polyadenylation was
considerably more efficient and differed in sequence
requirements. While CPEB may not be strictly neces-
sary for CPE-dependent polyadenylation in vitro, in vivo
it clearly enhances the reaction, with different RNAs
showing different degrees of enhancement (Dickson
et al., 2001). In sum, CPEB is a factor that mediates cyto-
plasmic polyadenylation by association with CPSF, but
the extent of its involvement seems to vary, sometimes
subtly, between different CPE-containing mRNAs.

Differential Control Mechanisms of
CPE-Containing RNAs

In regulated Xenopus maternal mRNAs, the consen-
sus CPE sequence, U4-6A1-3U, is generally found in
close proximity to (usually up to 25 nt from), and
upstream of, the AAUAAA hexanucleotide, although
they can be found in non-canonical positions (see
Charlesworth et al., 2004, for an updated list). mRNAs
that are regulated during meiotic maturation may con-
tain more than one CPE and the number of CPEs
present appears to affect the mechanism of control.
Xenopus cyclin B1 is probably the best-characterised
mRNA with four CPE sequences. These cooperate to
function in both repression in the oocyte and in cyto-
plasmic polyadenylation in eggs (Barkoff et al., 2000; de
Moor & Richter, 1999; Nakahata et al., 2001; Stebbins-
Boaz et al., 1996). In contrast, 3′ UTR sequences con-
taining CPEs derived from Xenopus cyclin A1, B2 and
c-mos mRNA, which do promote cytoplasmic polyade-
nylation (Fox et al., 1989; McGrew et al., 1989; Sheets
et al., 1994), do not support translational repression
of a reporter mRNA (Barkoff et al., 2000). These lat-
ter mRNAs contain only one CPE in close proximity
to the AAUAAA hexanucleotide. As one CPE is suf-
ficient for polyadenylation, while repeated copies ap-
pear to be necessary for repression, this could imply
that the tighter binding of multiple CPEBs is required
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to prevent translation. These studies also highlight an-
other interesting contrast—some mRNAs, such as cy-
clin B1 mRNA, strictly require polyadenylation in ma-
turing oocytes for derepression (unmasking) (Barkoff
et al., 2000; de Moor & Richter, 1999; Tay et al., 2000)
while others, such as Xenopus wee-1 and mouse tPA,
can be unmasked without extensive polyadenylation
(Charlesworth et al., 2000; Stutz et al., 1998). Similarly,
polyadenylation and unmasking are uncoupled in the
clam lysate (Standart et al., 1990). It seems that in-
dividual mRNAs regulated by CPEs are differentially
subject to control by repression and polyadenylation—
some mRNAs require a secondary level of activation
(polyadenylation) over and above a simple relief of re-
pression (unmasking); others do not. Whether this re-
flects differences in the interaction of regulatory factors,
or the temporal context of activation is not yet clear (for
a fuller discussion, see Wickens et al., 2000).

Early and Late Cytoplasmic Polyadenylation
During Meiotic Maturation

In addition to differences in the involvement of
repression and polyadenylation in their regulation,
CPE-containing mRNAs in Xenopus can also un-
dergo temporally different patterns of polyadenylation
and translational activation upon meiotic maturation

FIGURE 4 Patterns of polyadenylation and deadenylation during meiotic maturation and early embryogenesis in Xenopus. The graph
shows the characteristic changes observed in poly(A) tail length for each described class of mRNA. Timings are not shown to scale.
Histone-like B4 (Charlesworth et al., 2004) and c-mos mRNAs both belong to the early class of polyadenylated mRNAs, but c-mos becomes
deadenylated again on fertilization (Fox et al., 1989; McGrew et al., 1989; Sheets et al., 1994). The late class of polyadenylated mRNAs
shows more heterogeneity with respect to timing—adenylation of cyclin B1 mRNA begins approximately one hour before germinal vesicle
breakdown (GVBD) while cyclin A1 is not adenylated until after GVBD (Charlesworth et al., 2004). Actin mRNA, which lacks CPEs, is active
during oogenesis but becomes deadenylated at GVBD (Sheets et al., 1994). The Cl1/eRF1 mRNA is not adenylated until after fertilization
has occurred (Simon & Richter, 1994). For the majority of the mRNAs shown, poly(A) tail length has not been characterized in the embryo.

(Figure 4). Several laboratories have investigated the
control of these mRNAs with the aim of identifying the
underlying causes of their differences. Recent results, in
particular, emphasise that cytoplasmic polyadenylation
is not simply controlled by CPEB binding to CPEs.

In the early studies, the control of several maternal
mRNAs was classified as being independent (class I) of
c-mos and CDK1 kinase activities, whereas polyadeny-
lation of the second class requires both of these activi-
ties. Class I polyadenylation, through its effects on c-mos
mRNA, is required for class II polyadenylation (Ballan-
tyne et al., 1997; de Moor & Richter, 1997). Interestingly,
subtle changes in the CPE sequence can, at least par-
tially, switch an RNA from Class I to Class II (Ballantyne
et al., 1997). Recently, the timing of polyadenylation of
an extensive set of mRNAs was simultaneously deter-
mined in a sensitive RNA-ligation RT-PCR assay, and
scored as occurring ‘early’, prior to GVBD, or ‘late,’
at or following GVBD. The early class of mRNAs in-
clude histone-like B4, D7, Eg2, FGFR1, G10 and c-mos
mRNAs and the late class of mRNAs include cyclin
B1, cyclin B4, wee1 and cyclin A1 (Charlesworth et al.,
2004). In support of this classification, the expression
of cyclin B1 and B4 was previously noted to be strongly
activated after meiosis I (Hochegger et al., 2001). Neither
the sequence of CPEs, their number, nor their location
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distinguish between the two classes, at least at first sight.
However, all late mRNAs contain a CPE that over-
laps with the AAUAAA hexanucleotide, as in cyclin B1
mRNA (UUUUAAUAAA) (Charlesworth et al., 2004),
possibly indicating a steric occlusion of the CPSF160

binding site by CPEB early in maturation, before CPEB
is proteolysed (Mendez et al., 2002). More interest-
ingly still, Charlesworth et al. (2002, 2004), overturn-
ing current dogma, report that early maternal mRNA
polyadenylation and translational activation during
Xenopus oocyte maturation occurs in a CPE- and CPEB-
independent manner. They define a new polyadenyla-
tion response element (PRE), present in the 3′ UTRs
of early class mRNAs, which directs temporally-early
cytoplasmic polyadenylation and translational activa-
tion. By contrast, the cytoplasmic polyadenylation of
CPE- and CPEB-dependent mRNAs is a temporally
late event. The two classes can be distinguished by the
use of a dominant negative form of CPEB (CPEB-
AA; (Mendez et al., 2000a) that has alanine residue
substitutions in the two tandem Aurora A/Eg2 con-
sensus phosphorylation sites. This mutant significantly
delays progesterone-mediated GVBD, and affects the
cytoplasmic polyadenylation and translational activa-
tion of the ‘late class’ of mRNAs, but not that of the
‘early class’ of CPE mRNAs (Charlesworth et al., 2004;
Mendez et al., 2000a). Charlesworth et al. (2004) propose
a model whereby PRE-mediated polyadenylation re-
sults in a short poly(A) tail and the initiation of protein
synthesis, and subsequent CPE-mediated polyadenyla-
tion extends the tail and continues protein synthesis,
implying that early class mRNAs are subject to sequen-
tial regulation. Detailed studies of the role of the PRE,
a relatively loosely conserved A and U-rich sequence
(Charlesworth et al., 2004), await the identification and
characterisation of the PRE-binding factor.

Cytoplasmic Polyadenylation—Does
Length Matter?

We are beginning to glean some of the mechanis-
tic details underlying differential temporal control of
cytoplasmic polyadenylation during meiotic matura-
tion (Charlesworth et al., 2004). But—dare we ask—does
length matter? As was clearly illustrated in the sem-
inal study of Sheets et al. (1994), which determined
the poly(A) tail length of several CPE-containing mR-
NAs in oocytes, maturing eggs, and embryos, and was
corroborated in subsequent investigations (Ballantyne
et al., 1997; Charlesworth et al., 2004; Stebbins-Boaz

et al., 1996), different RNAs receive poly(A) tails of
different lengths at different times in early develop-
ment (Figure 4). Early studies noted an approximate
correlation between the extent of polyadenylation and
translational efficiency. In meiotically-maturing Xeno-
pus eggs, cyclin B1 mRNA receives an additional 220
adenosines, cyclin A1 around 100 residues, and c-mos
70 residues, and they are translationally stimulated by
about 75×, 5× and 10× respectively (Sheets et al., 1994).
In in vitro translation extracts derived from Drosophila
embryos it has also been noted that translational effi-
ciency responds sensitively to reporter mRNA poly(A)
tail length. No significant enhancement, relative to A0,
was observed with tails of 31 or fewer residues, mRNAs
with 50 to 150 adenosines were increasingly better tem-
plates, and the translation of an mRNA with >200 A
residues was dramatically stimulated, with no changes in
RNA stability (Castagnetti & Ephrussi, 2003; Gebauer
et al., 1999). The simplest interpretation of these obser-
vations is that the more PABP molecules that bind a
poly(A) tail, the more frequently translation is initiated
on the mRNA. Interactions between PABP and eIF4G
are critical for efficient translation in Xenopus oocytes
(Wakiyama et al., 2000), as they are in mammalian cells
(Imataka et al., 1998) and yeast (Tarun & Sachs, 1996),
and may increase the functional affinity of eIF4E for the
5′-cap (Borman et al., 2000; von der Haar et al., 2000).
A higher density of PABP may stabilize interactions
with eIF4G more than would a lower density, although
it is not clear how the concentration effect would
operate.

Very little is known about how the extent of
polyadenylation of each individual mRNA is con-
trolled to give characteristic poly(A) tail lengths. Xeno-
pus oocytes were recently found to contain a cytoplas-
mic form of PABP2 (Cosson et al., 2004; Good et al.,
2004), a homolog of the single RRM class of poly(A)-
binding proteins that function in nuclear poly(A) length
control (reviewed in Kühn & Wahle, 2004). The Xeno-
pus form is predominantly expressed in embryogen-
esis and in adult ovary tissues (Cosson et al., 2004;
Good et al., 2004), suggesting that it could be involved
in regulating cytoplasmic poly(A) tail length in early
development.

Cytoplasmic Polyadenylation in the Embryo

Polyadenylation during early development is not
simply confined to the period of meiotic matura-
tion but also operates in early embryogenesis (Paris &
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Philippe, 1990). The mRNAs that are polyadenylated
in the cytoplasm and recruited to polysomes after fer-
tilization encode such proteins as the polypeptide chain
release factor eRF1 (Cl1, homologue of S. cerevisiae
SUP45), Cl2 (of unknown function), and the activin
receptor (Simon & Richter, 1994; Simon et al., 1992;
Simon et al., 1996; Tassan et al., 1993). Polyadenyla-
tion of these mRNAs in embryos requires an embry-
onic CPE, U12–27, in addition to the AAUAAA hex-
anucleotide. An eCPE can function at a long distance
from the 3′-end of the mRNA, up to almost 300 nt
in the case of Cl1, compared with 54 nt in Cl2 (Si-
mon & Richter, 1994). Mutation of the hexanucleotide
prevents both polyadenylation and translational activa-
tion in embryos (Simon et al., 1992; Simon et al., 1996).
The translation of preadenylated injected mRNA, with
a poly(A) tail similar in length to that of endogenous
embryonic RNA, is, however, not enhanced, suggest-
ing that ongoing polyadenylation, rather than a cer-
tain number of adenosines, mediates activation (Simon
et al., 1992). Noting that Cl1 mRNA is fully polyadeny-
lated hours later in embryogenesis than Cl2 mRNA,
Simon and colleagues investigated the effect of short-
ening the spacing between the eCPE and the hexanu-
cleotide in Cl RNAs injected into fertilized eggs. In-
terestingly, bringing the elements closer affects both
the temporal and length control aspects, the mutated
mRNAs are polyadenylated earlier and receive longer
tails than normal (Simon & Richter, 1994; Simon et al.,
1992), implying that proximity of their binding factors
may enhance polyadenylation efficiency. Precocious
polyadenylation in maturing oocytes is prevented by
long ‘masking’ elements in the 3′ UTR, which include
the eCPE. If these upstream masking elements are re-
moved, the eCPE will support robust polyadenylation
in eggs, as well as in embryos, indicating that the em-
bryonic polyadenylation machinery is present in both
stages (Simon & Richter, 1994; Simon et al., 1992). A
36 kDa protein was found to bind to the eCPE (Simon
& Richter, 1994; Simon et al., 1996) and was identified
as ElrA, a member of the elav family of RNA-binding
proteins, but an extensive series of experiments failed to
show a role in cytoplasmic polyadenylation (Wu et al.,
1997). However, expression of a truncated ElrA, con-
taining the principal RNA-binding RRM1 and RRM2
domains in injected embryos results in abnormal devel-
opment beginning at the gastrula stage, suggesting that
it plays an important, albeit unspecified, role in early
development (Wu et al., 1997). Recently, it has been

reported that maturation-type CPEs, and CPEB, also
promote polyadenylation and translational activation
in the Xenopus embryo, in a cell cycle-regulated manner
in the case of cyclin B1 mRNA (Groisman et al., 2002).

Cytoplasmic Deadenylation
Deadenylation During Meiotic Maturation:
The Role of the Poly(A)-Specific
Ribonuclease PARN

While cytoplasmic polyadenylation is used to acti-
vate translation, deadenylation can be used to produce
the opposite effect. Poly(A) removal not only initiates
mRNA turnover in yeast and in somatic metazoan
cells (reviewed in Parker & Song, 2004), but is also
used to silence maternal mRNAs translationally during
oocyte maturation and embryogenesis in diverse species
(Richter, 2000). In maturing Xenopus eggs, polyadeny-
lated mRNAs that lack a CPE in their 3′ UTR, such as
actin and ribosomal protein mRNAs, are deadenylated
at GVBD; inclusion of a CPE within such mRNAs pre-
vents deadenylation. Importantly, loss of the poly(A)
tail releases the mRNAs from polysomes. Deadenyla-
tion is thus a default reaction by which mRNAs that
lack specific sequence information are translationally
silenced during meiotic maturation (Fox & Wickens,
1990; Varnum & Wormington, 1990). To date, with
the exception of histone mRNAs (Sanchez & Marzluff,
2004), deadenylation in maturing Xenopus eggs has
been coupled with translational repression. Repression
is caused, in part at least, by the loss of PABP-binding
sites in the 3′ UTR, since over-expressing PABP in Xeno-
pus oocytes inhibits both maturation-specific deadeny-
lation and translational inactivation (Wormington et al.,
1996). Unlike yeast and somatic metazoan cells (Parker
& Song, 2004), deadenylation in Xenopus eggs does not
induce decapping (Gillian-Daniel et al., 1998) and sub-
sequent RNA degradation. Decapping activity is absent
from oocytes and eggs and is, in fact, not detected till
later, in embryogenesis, at the mid-blastula transition
(MBT) (Zhang et al., 1999b). However, deadenylation
is required for degradation later in development (Audic
et al., 1997; Voeltz & Steitz, 1998).

The deadenylase activity is initially nuclear in mature
oocytes as poly(A) removal is a late maturation event
that cannot be detected prior to nuclear envelope break-
down and is prevented if oocytes are enucleated prior
to maturation (Varnum et al., 1992). Indeed, poly(A)-
specific ribonuclease (PARN), the default deadenylase,

41 RNA-Binding Proteins in Early Development

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



is found in the nucleus of stage VI oocytes; its release
at GVBD deadenylates all non-CPE-containing target
mRNAs at the same time (Copeland & Wormington,
2001).

PARN was purified from oocytes by several chro-
matographic procedures, culminating in a poly(A) col-
umn, and its peptide sequences used to clone the Xeno-
pus cDNA (Copeland & Wormington, 2001; Korner
et al., 1998). The 74 kDa Xenopus PARN is highly homol-
ogous to human PARN, cloned independently (Korner
et al., 1998; Martinez et al., 2000). Mutagenesis of the
active site residues of PARN confirmed that it resem-
bles the active site of the 3′-exonuclease domain of E.
coli DNA polymerase I functionally and structurally and
identifies the deadenylase as a member of the conserved
family of DEDD nucleases, containing tripartite RNAse
D exonuclease domains (Korner et al., 1998; Ren et al.,
2002; Thore et al., 2003). A putative RRM is located
downstream of the exonuclease domains and is pre-
sumably responsible for binding poly(A) (Copeland &
Wormington, 2001) (Table 1). PARN, the only mam-
malian poly(A)-specific 3′-exoribonuclease identified
and characterised thus far, is an oligomeric and highly
processive 3′-exonuclease. A reaction pathway for degra-
dation by PARN has been proposed, the key char-
acteristics of which are the release of 5′-AMP as the
mononucleotide product and the requirement for a 3′-
located adenosine residue with a free 3′-hydroxyl group
(Copeland & Wormington, 2001; Korner et al., 1998;
Martinez et al., 2000; Ren et al., 2002).

Deadenylation by amphibian and mammalian
PARN is stimulated by the presence of an m7-guanosine
cap on substrate RNAs. PARN exhibits intrinsic cap-
binding activity that is stimulated by a poly(A) tail and
competed by eIF4E, implying that interactions between
the 5′-cap and the 3′-poly(A) tail integrate translational
efficiency with mRNA stability (Dehlin et al., 2000; Gao
et al., 2000; Martinez et al., 2001) (Figure 5). PARN is the
major deadenylase activity in mammalian lysates (Gao
et al., 2000), is essential for embryogenesis in higher
plants (Reverdatto et al., 2004) and, although not present
in the S. cerevisiae nor D. melanogaster genomes, is the
closest homolog of the yeast DEDD poly(A) nuclease
Pop2/Caf1 (Thore et al., 2003), one of two deadenylase
activities present in the large Ccr4-Not complex and
responsible for mRNA deadenylation. The relative im-
portance of Pop2/Caf1, and the second activity, Ccr4,
in deadenylation in yeast is not yet clear (Temme et al.,
2004; Thore et al., 2003; Tucker et al., 2002). Neverthe-

FIGURE 5 Model showing the translational inactivation of mR-
NAs by PARN. During oogenesis, mRNAs that do not contain
CPE sequences are polyadenylated and actively translated. Upon
meiotic maturation and GVBD, the poly(A)-specific ribonuclease
(PARN), previously sequestered in the nucleus, becomes available
to interact with polyadenylated mRNAs (Copeland & Wormington,
2001; Korner et al., 1998). PARN interacts directly with the cap
structure, as shown by its ability to photo-crosslink to the cap
(Dehlin et al., 2000; Gao et al., 2000; Martinez et al., 2001). Presence
of the cap stimulates the activity of PARN and capped substrates
are efficiently deadenylated (Dehlinet al., 2000; Gaoet al., 2000;
Martinezet al., 2001). This results in their release from ribosomes
and translational repression.

less, it is interesting to note that nocturnin, the Xeno-
pus Ccr4 homologue, is rhythmically expressed in the
cytoplasm of retinal photoreceptor cells, while PARN
is constitutively present in most retinal cells, includ-
ing the photoreceptors. The distinct spatial and tem-
poral expression of nocturnin and PARN suggests that
there may be specific mRNA targets of each deadeny-
lase (Baggs & Green, 2003). Whether nocturnin/Ccr4 is
also expressed in oocytes is not known.

Post-Fertilization Deadenylation: The
Embryonic Deadenylation Element (EDEN)
and EDEN-BP

The maternal Xenopus mRNAs encoding Eg1 (cdk2),
Eg2 (Aurora A kinase), Eg5 (kinesin-related) and c-mos
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display a characteristic polyadenylation/deadenylation
behavior (Figure 4). These mRNAs, which contain a
functional CPE, are polyadenylated and translation-
ally activated during oocyte maturation, and then dead-
enylated and translationally repressed after fertilization
(Paris et al., 1988; Paris & Philippe, 1990). Silencing the
translation of previously activated mRNAs is an im-
portant mechanism to regulate cell cycle progression.
For example, the arrest of Mos synthesis upon fertiliza-
tion of Xenopus eggs is a prerequisite for the initiation
of embryonic divisions. The rapid deadenylation of Eg
mRNA is only observed in embryos and in egg extracts
that have been activated with the calcium ionophore
A23817 to simulate fertilization (Legagneux et al., 1995;
Sheets et al., 1994; Stebbins-Boaz & Richter, 1994). Post-
fertilization deadenylation in Xenopus embryos is suffi-
cient to cause the degradation of these RNAs at the
blastula stage (Audic et al., 1997; Voeltz & Steitz, 1998),
the delay, as discussed earlier, arising from the lack of
decapping activity prior to MBT (Gillian-Daniel et al.,
1998; Zhang et al., 1999b).

Sequences that promote deadenylation of Eg
RNAs in embryos have been identified as embryo
deadenylation elements (EDEN) (reviewed in Paillard
& Osborne, 2003). EDENs are composed of U/purine
dinucleotide repeats, the number of which varies be-
tween individual mRNAs. The c-mos mRNA 3′ UTR
contains a 36 nt EDEN, which is sufficient to confer
rapid deadenylation upon a polyadenylated reporter
mRNA in activated egg lysates. This EDEN is com-
posed of two blocks, of six and eight UR repeats, and is
located several hundred nucleotides away from the CPE
at the 3′-end (Paillard et al., 1998). Similar UR repeats
are required for deadenylation in Eg2 and Eg5 RNAs
(Paillard & Osborne, 2003). Using synthetic 3′ UTR
EDEN sequences, it was shown that the number of re-
peats seems to correlates with activity—nine repeats of
UGUA confer rapid deadenylation, whereas (UGUA)6
RNA is less efficiently deadenylated (Audic et al., 1998).
Deadenylation, and translational silencing, mediated by
EDEN elements may be enhanced by (AUU)3, located
just 5′ of the poly(A) tail (Audic et al., 1998; Stebbins-
Boaz & Richter, 1994) and by AUUUA elements (Ueno
& Sagata, 2002).

EDEN elements promote deadenylation by inter-
acting specifically with a 55 kDa protein, first iden-
tified in UV-crosslinking studies. The importance of
this factor was shown in experiments in which injec-
tion of excess EDEN RNA into eggs restored the trans-

lation of c-mos RNA (Ueno & Sagata, 2002). Muta-
tions in EDEN that reduced or abolished deadeny-
lation did not bind the 55 kDa protein, which was
subsequently purified on EDEN RNA columns and
named EDEN-BP (Paillard et al., 1998). Importantly,
immunodepleting EDEN-BP from an egg extract abol-
ished the EDEN-mediated deadenylation activity, but
did not affect default deadenylation by PARN (Paillard
et al., 1998). Like the Drosophila translational repressor
Bruno, EDEN-BP (Table 1) is a member of the elav
family of RNA-binding proteins with three RRMs, the
second and third of which are separated by a linker re-
gion (reviewed in Good, 1997; Soller & White, 2004).
Specific recognition of EDEN RNA is mediated by
RRM1+2 and a portion of the linker region (Bonnet-
Corven et al., 2002). EDEN-BP self-associates in a yeast
two hybrid assay, and an analysis of its binding to
short and long repeat sequences suggests that the func-
tional form of the protein is a dimer (Bonnet-Corven
et al., 2002). EDEN-dependent translational repression
of maternal mRNA is functionally conserved between
Xenopus and Drosophila, as shown in transgenic flies
(Ezzeddine et al., 2002). An EDEN inserted into the
3′ UTR of a maternally-expressed lacZ reporter gene
represses its translation in Drosophila oocytes, with-
out affecting its localization or stability. Interestingly,
Drosophila oocytes do not appear to deadenylate the in-
hibited reporter mRNA (Ezzeddine et al., 2002), point-
ing to differences in the mechanism of EDEN-mediated
translational repression between species. The closest
Drosophila EDEN-BP homologue (with 50% similarity)
is Bruno. Despite this sequence conservation, and the
similarity in target RNA sequences (Table 1), but in line
with the lacZ-EDEN reporter data (Ezzeddine et al.,
2002), Bruno represses the translation of oskar mRNA in
a poly(A)-independent manner (Castagnetti & Ephrussi,
2003) and there is no evidence that it functions in dead-
enylation. However, human CUG-BP (better known as
a factor regulating alternative splicing, (Gromak et al.,
2003)) and Xenopus EDEN-BP, which are 88% iden-
tical and also have very similar RNA-binding specifici-
ties, are functional homologues in deadenylation assays
(Paillard et al., 2002; Paillard et al., 2003).

Post-Fertilization Deadenylation: AU-Rich
Elements (AREs) and ePABP

In mammalian cells, certain mRNAs encoding cy-
tokines or proto-oncogenes are especially unstable, due
to the presence of sequence elements in their 3′ UTRs
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named A/U-rich elements (AREs). AREs cause RNA
instability by promoting the rapid shortening of the
poly(A) tail of the mRNA (Chen et al., 1995; Shyu et al.,
1991). They have been separated into three different
classes (Chen & Shyu, 1995). Classes I and II both con-
tain the pentamer AUUUA; a class I element consists of
one to three copies of the motif with a nearby U-rich re-
gion, while in class II there are at least two overlapping
copies of the nonamer UUAUUUA(U/A)(U/A) located
in a U-rich region. The class III RNAs are less well char-
acterized, decay seems to depend on the presence of a
U-rich domain. The deadenylation of mRNAs mediated
by class I/II AREs is conserved in Xenopus embryos. The
AREs of Xenopus c-myc II and the human granulocyte-
macrophage colony-stimulating factor (GMCSF) mR-
NAs both direct deadenylation of chimeric mRNAs in
an AUUUA-dependent manner. ARE-mediated mRNA
deadenylation can be uncoupled from ARE-mediated
mRNA decay, and AUUUAs directly signal deadenyla-
tion, but not degradation, during Xenopus early devel-
opment. AUUUA-specific deadenylation appears to be
developmentally regulated: low deadenylation activity
is observed in the oocyte, whereas rapid deadenylation
occurs following egg activation or fertilization (Voeltz
& Steitz, 1998). Earlier experiments in Xenopus oocytes
showed that AREs derived from several cytokine mR-
NAs, including that encoding GMCSF, conferred trans-
lational inhibition upon a reporter mRNA (Kruys et al.,
1989). In the fertilized egg, AREs could also repress
translation, but somewhat surprisingly in the light of the
later studies, independently of the state of polyadeny-
lation of the injected RNA (Marinx et al., 1994).

An in vitro system that recapitulates the in vivo ef-
fect of AREs on mRNA deadenylation was developed
from Xenopus A23817-activated egg extracts. This al-
lowed the purification of a novel high affinity ARE-
binding protein called ePAPB (for embryonic poly(A)-
binding protein) by ARE RNA affinity selection (Voeltz
et al., 2001) (see Table 1). ePABP exhibits 72% iden-
tity to mammalian and Xenopus PABP1, contains the
four highly-conserved RRMs as well as the PABC do-
main, and is the predominant poly(A)-binding protein
expressed in the stage VI oocyte and during Xenopus
early development. In contrast, the levels of Xenopus
PABP1 are extremely low in oocytes, and the protein is
only readily detected in embryos obtained one day af-
ter fertilization or later (Cosson et al., 2002; Voeltz et al.,
2001). Immunodepletion of ePABP increases the rate of
both ARE-mediated and default deadenylation in vitro,

whereas the addition of even a small excess of ePABP
inhibits deadenylation (Voeltz et al., 2001). Similarly,
over-expression of Xenopus PABP1 in oocytes prevents
maturation-specific deadenylation and translational in-
activation (Wormington et al., 1996). These data argue
that ePABP is the principal poly(A)-binding protein that
controls poly(A) tail length in oocytes, and is thus a
potential regulator of mRNA deadenylation and trans-
lation during early development. ePABP resembles the
zygotic isoform, not only in its ability to bind poly(A)
(Cosson et al., 2002; Voeltz et al., 2001), but also in its
ability to interact with eIF4G (Cao & Richter, 2002) and
eRF3, and the ePABP gene can complement a pab1�

mutation in S. cerevisiae (Cosson et al., 2002). It remains
to be seen whether the sequence differences, largely
confined to the C-terminal region between RRM4 and
PABC, implicated in mediating PABP-PABP interac-
tions (Melo et al., 2003), affect other functions. Re-
cently, human PABP was shown to bind AU-rich RNA
via RNA-binding domains 3 and 4 (Sladic et al., 2004),
and it is therefore likely that ePABP binds AREs via
RRM3+4, in contrast to the high-affinity poly(A) bind-
ing by RRM1+2 of PABP1 (reviewed by Kühn & Wahle,
2004).

Lastly, the c-Jun ARE, a representative of class III
(non-AUUUA) AREs, also provokes the deadenylation
of a reporter RNA in Xenopus embryos. The rapid dead-
enylation of RNAs that contain the c-Jun ARE, but
not an AUUUA ARE, requires EDEN-BP, as shown
in immunodepletion and immunoneutralization exper-
iments (Paillard et al., 2002).

Thus, three main deadenylation pathways have been
characterized in early Xenopus development, none of
which signals immediate RNA degradation, but rather
are used to silence translation. During meiotic matu-
ration, PARN deadenylates non-CPE-containing mR-
NAs, such as actin mRNA. After fertilization, CPE-
containing RNAs with additional EDEN (e.g., c-mos)
or ARE elements (e.g., c-myc), are deadenylated in
a manner requiring EDEN-BP or are regulated by
ePABP, respectively. The poly(A) nucleases that medi-
ate EDEN and AUUUA-dependent deadenylation in
embryos have not yet been identified, but appear to be
different to each other, and to PARN.

Translational Repression and Potential
Deadenylation by GLD-1

Translational repression is equally vital for the early
development of C. elegans, and the nematode also
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exploits the process of deadenylation. C. elegans has two
sexes: hermaphrodites and males. Hermaphrodites are
essentially female animals that make sperm and then
oocytes. The sex-determining gene tra-2 is required for
female development and is predicted to encode a large
transmembrane protein, TRA-2A, that is involved in the
inhibition of downstream male determinants. Proper
male development requires the repression of tra-2 ac-
tivity. Dominant gain-of-function (gf ) mutations have
been identified that result in high tra-2 activity leading
to inappropriate female development. The gf mutations
all map to a direct repeat located in the 3′ UTR of the
tra-2 mRNA, which functions by repressing its transla-
tion (Goodwin et al., 1993; Jan et al., 1999). The two 28
nt long tra-2 and GLI elements (TGEs) are separated by
a 4 nt spacer (Jan et al., 1999; Jan et al., 1997).

The protein GLD-1, a member of the STAR/GSG
(signal transduction and activation of RNA/ GRP33,
Sam68, GLD-1) family of RNA-binding proteins (re-
viewed in Lukong & Richard, 2003), was isolated in a
yeast three hybrid screen (Bernstein et al., 2002) as a
TGE-specific RNA-binding protein (Jan et al., 1999).
The hallmark of this family is a single KH (hnRNP K
homology) domain flanked by two conserved domains
called QUA1 and QUA2, comprising approximately
200 amino acids in total (Table 1). The KH motif, which
has a βααββα topology, is approximately 70 amino
acids long and has a characteristic pattern of aliphatic
residues, with the most conserved IGxxGxxI core lo-
cated roughly in the middle of the domain (Adinolfi
et al., 1999; Grishin, 2001; Ostareck-Lederer et al., 1998).
The recent crystal structure of the Nova-2 KH domain
bound to a 20-mer RNA hairpin confirmed that the
KH consensus sequence is in direct contact with nu-
cleic acid (Lewis et al., 2000). KH domains may be
present in single or (more usually) multiple copies and
are present in a wide variety of proteins, from bac-
teria to man, that function in close association with
RNA (reviewed by Adinolfi et al., 1999). The QUA1
domain allows STAR proteins to form functional ho-
modimers (Chen et al., 1997; Chen & Richard, 1998),
whereas QUA2, in association with the KH domain,
serves to extend the RNA interaction surface (Liu et al.,
2001).

GLD-1 has multiple roles in germline development;
it is essential for oogenesis, and has non-essential roles
in germline proliferation and sex determination. In sex
determination, GLD-1 is necessary for hermaphrodite
spermatogenesis, resulting from the repression of tra-

2 translation. GLD-1 can repress the translation of re-
porter RNAs containing TGEs both in vitro and in vivo,
and is needed to maintain low levels of TRA-2A protein
in the germline (Jan et al., 1999). Translational control
by TGE motifs was shown to be conserved in the re-
lated nematode C. briggsae and in mammalian cells (Jan
et al., 1997), raising the possibility that GLD-1 homologs
utilise a similar mechanism to control gene activity. The
STAR/GSG protein family includes the quaking pro-
teins (QKI-5, QKI-6 and QKI-7), which are essential
for embryogenesis and myelination in mouse (Lukong
& Richard, 2003). Indeed, QKI-6 can specifically bind
TGEs from C. elegans, C. briggsae and human mRNAs
and repress the translation of TGE-containing RNAs
both in vitro in yeast and in vivo in C. elegans, implying
a conservation of function amongst some STAR fam-
ily members (Saccomanno et al., 1999). However, other
members of this family, such as the splicing factor SF1,
control other post-transcriptional events, so STAR pro-
tein functions extend beyond the control of protein
synthesis (Lukong & Richard, 2003).

Recently, the RNA target specificity of GLD-1 was
determined (Ryder et al., 2004). The minimal consensus
STAR-binding element (SBE) is a single, high affinity, 6
nt element, UACU(C/A)A. Re-examination of the two
TGE regions of tra-2 mRNA reveals three consensus
binding sites, one in each of the TGE repeats and the
third comprising the last two nucleotides of the first
repeat together with the 4 nucleotide spacer. Recom-
binant GLD-1 binds RNA as a preformed dimer, and
dimerization, as the earlier studies reported (Chen et al.,
1997; Chen & Richard, 1998), requires the QUA1 do-
main (Ryder et al., 2004). Additional targets of GLD-1
had previously been identified, including mes-3 (Xu
et al., 2001) and cej-1, exo-3, lin-45, puf-5, puf-6, puf-7
and rme-2 (Lee & Schedl, 2001). These RNAs all con-
tain an SBE in their 3′ UTRs (Ryder et al., 2004), at-
testing to the importance of this motif for high-affinity
binding by GLD-1. The results from database searches
for further genes containing the conserved nucleotides
suggested that GLD-1 may have additional functions in
X-chromosome silencing and early embryogenesis (Ry-
der et al., 2004). Moreover, the SBE is present in mRNA
targets of mouse Qk1 and Drosophila How, which are
translationally repressed by these proteins, suggesting
that STAR protein RNA-binding specificity is highly
conserved (Xu et al., 2001). However, it is important
to note that STAR/GSG proteins whose RNA-binding
regions diverge more extensively from that of GLD-1
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have a different high affinity binding site; for example,
human Sam68 binds AUUAAAA (Lin et al., 1997).

The details of the mechanism of translational repres-
sion by GLD-1 involving tra-2 TGEs are not yet clear,
but a role in deadenylation, or maintenance of short
poly(A) tails has been suggested. While wild-type tra-2
RNA in C. elegans was noted to have a poly(A) tail of
50 to 70 adenosines, an RNA which lacked the TGEs
had a longer poly(A) tail of 100 to 150 A residues (Jan
et al., 1997). Additional evidence came from analyzing
the effects of TGEs placed downstream of a reporter
mRNA, microinjected into fertilised Xenopus eggs. The
TGEs promote translational repression, in a poly(A)-
dependent manner, suggesting they may disrupt the in-
teraction between PABP and the 5′-end of the RNA.
Moreover, TGEs result in rapid poly(A) shortening in
Xenopus embryos, giving an accelerated appearance of
fully deadenylated mRNAs (Thompson et al., 2000).
However, the trans-acting factors bound to the TGEs
in Xenopus have not been identified and, therefore, it
is not possible to predict whether GLD-1 is directly in-
volved in deadenylation.

The Puf Family Proteins and Poly(A)
Tail Shortening

The Puf Family: Homologues, Domains
and Structure

The involvement of deadenylation in translational
repression has been further highlighted by the study
of the Puf family of RNA-binding proteins (Table 1).
The founder members of this family are Drosophila
Pumilio and C. elegans FBF (fem-3 mRNA binding fac-
tor) (reviewed by Spassov & Jurecic, 2003; Wickens
et al., 2002). Puf proteins are readily identified by the
presence of eight tandem copies of an imperfectly re-
peated, 36 amino acid sequence motif, the PUM repeat
(Zamore et al., 1997; Zhang et al., 1997), which, together
with conserved flanking sequences, form a sequence-
specific RNA binding domain, the Pumilio homology
domain (PUM-HD) (Zamore et al., 1997) or Puf domain
(Zhang et al., 1997). Some Puf homologs contain addi-
tional RNA-binding domains, such as putative RRMs
and zinc fingers (e.g., Puf1/2 and Puf3/4 respectively in
yeast (Gerber et al., 2004), and these may confer addi-
tional specificity in RNA binding.

Whereas insects only have one Puf protein, there are
eleven proteins in C. elegans with the signature RNA-
binding domain, six in S. cerevisae and two in verte-

brates, including man, mouse, zebrafish, and Xenopus
(Spassov & Jurecic, 2003; Wickens et al., 2002). The
Puf family of proteins is conserved throughout evolu-
tion with homologs also identified in plants, parasites
(malaria, Leishmania and Trypanosomes) and prokary-
otes, (Cui et al., 2002; Spassov & Jurecic, 2003; Wickens
et al., 2002).

The high degree of conservation of the PUM-HD
regions—for example, ∼80% identity between murine
and human PUM2 and Drosophila Pumilio (Moore
et al., 2003; White et al., 2001)—suggests that they recog-
nise similar RNA sequences. Indeed, a variety of ap-
proaches, including Selex experiments using the mouse
and Xenopus PUM2-HD domains and a comparison
of the 3′ UTR sequences in mRNAs associated with
yeast Puf3-5 homologs, have revealed a highlyconserved
8 nt-long binding site, UGUANAUA, whose identity-
was supported by the structure determination of the
human PUM1-HD-RNA complex (Gerber et al., 2004;
Nakahata et al., 2001; Wang et al., 2002b; White et al.,
2001). Drosophila Pumilio and C. elegans FBF recognize
similar sequences in their target RNAs; the Nanos re-
sponse elements (NREs) in the 3′ UTRs of the hunch-
back and bicoid RNAs (Murata & Wharton, 1995) and
the regulatory region of fem-3 RNA respectively (Zhang
et al., 1997).

Crystal structures of the human PUM1 and the
Drosophila Pumilio RNA-binding domains reveal that
the eight PUM repeats correspond to eight copies of
a single, repeated structural motif, which pack together
to form a right-handed superhelix. This yields an ex-
tended, rainbow-shaped molecule. The distribution of
side chains on the inner and outer faces of this arc sug-
gests that the inner face of the PUM-HD binds RNA
while the outer face could interact with protein ligands
(Edwards et al., 2001; Wang et al., 2001; reviewed in
Gavis, 2001). Subsequent determinations of the struc-
tures of the RNA binding domain of hPUM1 bound to
the 8 nt high-affinity RNA ligand, and of the complex
of Drosophila Pumilio bound to its interacting partner
Brain Tumor (Brat) protein bore out these predictions
(Edwards et al., 2003; Wang et al., 2002b). The RNA
binds the concave surface of the molecule, where each
of the eight repeats of the domain makes contacts with
a different RNA base via three conserved amino acid
side chains. Thus, the high affinity and specificity of the
PUM-HD for RNA is achieved using multiple copies
of a simple repeated motif (Wang et al., 2002b). Brat
is a member of the conserved NHL family of proteins
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(reviewed in Slack and Ruvkun, 1998), and a component
of the Pumilio quaternary complex involved in transla-
tional control (Sonoda & Wharton, 2001). A model of
the Pumilio-Brat complex derived from in silico docking
experiments, and supported by mutational analysis of
the protein-protein interface, reveals the recognition of
the outer, convex surface of the Pumilio Puf domain by
Brat (Edwards et al., 2003).

The Role of Puf Proteins in Deadenylation

Members of the Puf family have been implicated
in deadenylation in a number of organisms, including
Drosophila, C. elegans, Xenopus and yeast. In Drosophila
embryos, Pumilio plays a key role in posterior pattern-
ing by binding to maternal hunchback mRNA (Murata
& Wharton, 1995). This maternally-supplied mRNA
is distributed throughout the egg and, before fertiliza-
tion, has a short poly(A) tail and is translationally re-
pressed (Wreden et al., 1997). Upon fertilization, hunch-
back mRNA is activated by polyadenylation. However,
in the posterior of the embryo, hunchback translation is
repressed by the concerted activities of Pumilio, Nanos
and Brat (Parisi & Lin, 2000; Sonoda & Wharton, 2001).
Early in Drosophila embryogenesis, Pumilio and Brat
proteins are uniformly distributed (Macdonald, 1992;
Sonoda & Wharton, 2001), whereas Nanos is initially
detected at the posterior end of the embryo and then in
the pole cells (Wang & Lehmann, 1991). Pumilio binds
to the NREs and recruits first Nanos, and then Brat. For-
mation of the quaternary complex is essential for trans-
lational control of hunchback mRNA (Sonoda & Whar-
ton, 2001). Pumilio and Nanos were shown to promote
the deadenylation of hunchback mRNA at the posterior
pole, thereby inhibiting its translation (Wreden et al.,
1997). However, this may be an oversimplification, as
hunchback mRNA is regulated both by poly(A) removal
(Chagnovitch and Lehmann, 2001; Wreden et al., 1997)
and by a poly(A)-independent pathway (Chagnovitch
and Lehmann, 2001).

The Pumilio-Nanos partnership (reviewed in Jaruzel-
ska et al., 2003; Parisi & Lin, 2000) in Drosophila
is not only critical for posterior patterning, but has
also been implicated in germline development in em-
bryos (Asaoka-Taguchi et al., 1999), in eye develop-
ment (Wharton et al., 1998), optic nerve development
(Schmucker et al., 1997), neuronal excitability (Schweers
et al., 2002), and dendrite morphogenesis in periph-
eral neurons (Ye et al., 2004), extending the possi-
ble involvement of this means of translational con-

trol to eye and neuronal development as well as early
embryogenesis.

In the hermaphrodite C. elegans, the switch from sper-
matogenesis to oogenesis relies on repression of the
sex-determining fem-3 mRNA. Gain-of-function fem-3
mutants only make sperm; such mutations map to the
fem-3 3′ UTR, and concentrate in the six nucleotide
point mutation element (PME), UCuUGu (capital let-
ters denote nucleotides affected by the gf mutations).
Over-expression of the wild-type fem-3 3′ UTR mas-
culinises the nematode germ line, consistent with the
titration of a repressor (Ahringer & Kimble, 1991;
Ahringer et al., 1992). FBF (fem-3 mRNA binding factor)
was isolated in a yeast three-hybrid screen with the PME
RNA as bait (Zhang et al., 1997). FBF, consisting of FBF-
1 and FBF-2, two nearly identical proteins that contain
the Puf domain, is required for the sperm/oocyte switch,
as RNAi-mediated depletion results in a dramatic mas-
culinization of the germ line. It also has roles in sper-
matogenesis (Luitjens et al., 2000) and the control of
germline stem cells (Crittenden et al., 2002).

NANOS-3, one of three Nanos homologues in the
nematode, participates in the sperm/oocyte switch by
its physical interaction with FBF (Kraemer et al., 1999).
NOS-3 itself binds RNA non-specifically, and is re-
cruited to the fem-3 RNA by an interaction with the Puf
RNA-binding domain of FBF (Kraemer et al., 1999).
The role of this conserved interaction (see below) in
fem-3 mRNA control is not yet clear. However, the
recent demonstration that FBF is inhibited by GLD-
3, the Bicaudal-C homologue, raises some interesting
speculations regarding its mode of action as a repressor.
GLD-3 inhibits the action of FBF, by interfering with
FBF binding to the fem-3 PME (Eckmann et al., 2002).
GLD-3 does not itself appear to recognize the PME,
but rather, by directly binding FBF, prevents its interac-
tion with the PME (Eckmann et al., 2002). GLD-3 also
binds and enhances the activity of GLD-2, the cytoplas-
mic poly(A) polymerase (Wang et al., 2002a). Therefore,
GLD3 may antagonise FBF by promoting polyadeny-
lation of its target mRNA (Eckmann et al., 2002).

Xenopus Pumilio 2 (XPUM2), a 137 kDa protein,
is expressed in oocytes and binds to an UGUA mo-
tif in the 3′ UTR of cyclin B1 mRNA, just upstream
of the CPEs (Nakahata et al., 2001). Mutation of the
XPUM2 binding site leads to a slight alleviation of
the repression exerted by the 3′ UTR when fused to
a reporter mRNA (Nakahata et al., 2003). Consistent
with a repressor role, injection of anti-XPUM2 antibody
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accelerated GVBD, by enhancing the translation of cy-
clin B1 mRNA, while over-expression of the C-terminal
half of XPUM2 (XPUM2-RBD) delayed cyclin B1 syn-
thesis and GVBD (Nakahata et al., 2003). Repression
was specific to cyclin B1 mRNA, as translation of an-
other CPE-containing mRNA, encoding c-mos, was un-
affected. XPUM2 co-immunoprecipitates via its Puf do-
main with CPEB, in an RNA-independent manner in
oocytes, but not with phosphorylated CPEB in eggs
(Nakahata et al., 2001; Nakahata et al., 2003). It is
proposed that XPUM2 cooperates with CPEB to re-
press cyclin B1 mRNA in oocytes, and dissociation
of XPUM2 from phosphorylated CPEB in maturing
eggs may help to destabilize repression by the CPEB-
maskin-eIF4E complex, and/or enhance cytoplasmic
polyadenylation, resulting in the translational activa-
tion of cyclin B1 mRNA. XPUM2-mediated repression,
in oocytes over-expressing the XPUM2-RBD, correlates
with short poly(A) tails on cyclin B1 mRNA, in line with
a role for Xenopus PUM2 in deadenylation or preven-
tion of polyadenylation (Nakahata et al., 2003).

The functions of Pumilio in flies, nematodes and
frogs all point to a role in the deadenylation or mainte-
nance of short poly(A) tails, resulting in translational
repression. In Drosophila and C. elegans, this occurs
through the formation of a complex with Nanos. In
this regard, it is of interest that XPUM2 can interact
with Xcat-2, the Xenopus Nanos homologue, in vitro
(Nakahata et al., 2001). While this precise pairing may
not occur in oocytes, as Xcat-2 mRNA, a germ plasm
mRNA, is translationally repressed until the blastula
stages (MacArthur et al., 1999), such an interaction may
occur either later in development or with an alterna-
tive, as-yet-unknown, Xenopus Nanos homologue. In
humans, NOS1, a close relative of Xcat-2, also inter-
acts with hPUM2 (Jaruzelska et al., 2003).

There are six proteins (referred to as Puf1/Jsn1, Puf2,
Puf3, Puf4, Puf5/Mpt5 and Puf6) in the S.cerevisiae
genome that contain six to eight copies of the char-
acteristic Puf repeat sequence (Gerber et al., 2004). Puf5
negatively regulates expression of the HO gene, at a
post-transcriptional level, by binding a UUGU element
in the HO mRNA 3′ UTR (Tadauchi et al., 2001), while
Puf3 enhances the rate of deadenylation, and subse-
quent degradation, of COX17 mRNA, and binds the
COX17 mRNA 3′ UTR in vitro (Olivas and Parker,
2000). Puf3 binds nearly exclusively to cytoplasmic
mRNAs that encode mitochondrial proteins, such as
COX17, with a consensus UGUAAAUA motif in their

3′ UTRs (Gerber et al., 2004). The rapid deadenylation
of the COX17 mRNA, enhanced by Puf3, is mediated
by the Ccr4p/Pop2p/Not deadenylase complex (Tucker
et al., 2002). Importantly, in contrast to the situation
in Drosophila, C. elegans and Xenopus, yeast Puf3 does
not affect the translation of COX17 mRNA, but rather
its stability (Olivas & Parker, 2000). This is presumably
due to the difference in fate of deadenylated RNAs in
yeast and early embryos. While deadenylated RNAs are
rapidly degraded in yeast, this pathway is inactive during
early embryogenesis. These results imply that Pumilio-
mediated deadenylation in the multicellular eukaryotes
is not the consequence of translation initiation inhibi-
tion, but rather, its cause.

Histone mRNA Activation by SLBP and by
Deadenylation—The Exception to the Rule

While the majority of metazoan mRNAs terminate
in a poly(A) tail, replication-dependent histone mRNAs
end in a conserved stem-loop structure. The NMR struc-
ture of the stem-loop shows that the hairpin adopts a
novel UUUC tetraloop, which is closed by a conserved
U-A base pair that terminates the canonical A form
stem (DeJong et al., 2002; Zanier et al., 2002). The stem-
loop binds a class of 45 kDa proteins known as the
stem-loop binding proteins (SLBP) or hairpin binding
proteins (HBP) which mediate histone RNA 3′-end for-
mation, in concert with U7 snRNP, in the nucleus, and
also regulate histone mRNA stability and translation in
the cytoplasm (reviewed in Marzluff & Duronio, 2002).

In Xenopus, there are two SLBPs:xSLBP1 (Table 1),
the homologue of the mammalian SLBP, which is re-
quired for processing of histone pre-mRNA and is lo-
cated both in the nucleus and in the cytoplasm, and
xSLBP2, which is expressed only during oogenesis, is
confined to the cytoplasm, and is bound to the stored
histone mRNA in Xenopus oocytes (Wang et al., 1999).
The centrally located RNA binding domain (RRM) is
highly conserved between xSLBP1 and xSLBP2, but
otherwise the two frog SLBPs are not similar in protein
sequence, suggesting that they have distinct activities in
histone mRNA metabolism (Wang et al., 1999).

In one of its cytoplasmic functions, the stem-loop
is required for efficient translation of histone mRNAs
and substitutes for the poly(A) tail in promoting trans-
lation (reviewed in Marzluff & Duronio, 2002). When
capped luciferase mRNAs ending in the stem-loop were
injected into Xenopus oocytes after over-expression of
one or other SLBP protein, only xSLBP1 stimulated
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translation, while xSLBP2 reduced translation of the
reporter RNA. A small region in the N-terminal por-
tion of xSLBP1 was found to be responsible for the
translational stimulation both in vivo and in vitro. As
MS2-tethered SLBP1 fusion protein can activate trans-
lation of a reporter mRNA ending in an MS2 bind-
ing site, xSLBP1 only needs to be recruited to the 3′-
end of the mRNA and does not need to be directly
bound to the histone stem-loop to activate translation
(Sanchez & Marzluff, 2002). In Xenopus oocytes, the
translation of histone mRNA is activated during mei-
otic maturation, to provide the embryo with sufficient
histone proteins for incorporation into chromatin dur-
ing the rapid cleavage stages. During the later stages of
oogenesis, the histone mRNAs are bound by the SLBP2
protein and are translationally repressed. At oocyte mat-
uration, xSLBP2 is degraded, thus apparently allowing
xSLBP1 to associate with the histone mRNA (Wang
et al., 1999), and this switch in the isoform bound to the
stem-loop is proposed to lead to translational activation
(Figure 6).

The translation of mRNAs ending in the histone
stem-loop is also stimulated in S. cerevisiae cells express-
ing mammalian SLBP (Ling et al., 2002). In yeast cells,
the translational function of SLBP genetically requires
eIF4E, eIF4G,and eIF3, and expressed SLBP co-isolates
with initiation factor complexes that bind the 5′-cap in
a manner dependent on eIF4G and eIF3. Furthermore,
eIF4G co-immunoprecipitates with endogenous SLBP
in mammalian cell extracts and recombinant SLBP and
eIF4G co-isolate, indicating that SLBP stimulates the
translation of histone mRNAs through a functional in-
teraction with both the mRNA stem-loop and the 5′-
cap, which is mediated by eIF4G and eIF3 (Ling et al.,
2002). The interaction between SLBP and eIF4G, lead-
ing to the specific stimulation of translation of his-
tone mRNA, is reminiscent of the approach used by
rotaviruses to promote the translation of their mRNAs.
As mentioned previously, rotaviruses use the viral pro-
tein NSP3 both to stimulate translation of their own
RNAs by binding to the 3′-end and interacting with
eIF4G (Piron et al., 1998) and also to shut off host cell
translation by preventing PABP interacting with eIF4G
through binding to the PABP-binding domain of eIF4G
(Imataka et al., 1998; Piron et al., 1998). SLBP-mediated
stimulation of translation does not interfere with the
translation of other cellular mRNAs, however, and so
it seems unlikely that SLBP binds eIF4G via the PABP-
binding domain.

FIGURE 6 Model showing the translational activation of his-
tone mRNA during meiotic maturation. In Xenopus, histone mR-
NAs are repressed during oogenesis and then translationally
activated upon meiotic maturation. The mRNAs are not polyadeny-
lated but possess a conserved stem-loop structure in their 3′

UTRs. Two proteins are found in Xenopus that are capable of in-
teracting with the stem-loop, stem-loop binding proteins 1 and 2
(xSLBP1 and xSLBP2). xSLBP1 can stimulate translation while
xSLBP2 does not have this effect (Sanchez & Marzluff, 2002).
In oocytes, the stem-loop is bound by xSLBP2, preventing the
stimulatory xSLBP1 from binding and thus repressing translation
(Wang et al., 1999). On meiotic maturation, xSLBP2 is degraded
and replaced by SLBP1, activating translation of the histone mR-
NAs (Wang et al., 1999). SLBP1 interacts with eIF4G and eIF3 (Ling
et al., 2002), directly or indirectly (protein Y). The histone mRNAs
also possess a short oligo(A) tail in oocytes that has an additional
inhibitory effect on translation. The tail is too short to bind PABP
but is suggested to interact with as-yet-unknown oocyte-specific
factors (X) to prevent xSLBP1 interacting with the histone mRNA
(Sanchez & Marzluff, 2002; Sanchez & Marzluff, 2004). The oligo(A)
tail is also degraded upon meiotic maturation (Sanchez & Marzluff,
2002; Sanchez & Marzluff, 2004).

In addition to exchange of the xSLBPs, the histone
mRNAs themselves undergo structural changes dur-
ing development, specifically, the addition of a short
poly(A) tail early in oogenesis and its subsequent re-
moval at oocyte maturation. In an unexpected twist
to the preconception that deadenylation silences trans-
lation, a recent report indicates that, on the contrary,
the oligo(A)8 tail (which is too short to bind PABP
(Sachs et al., 1987) actively represses histone mRNA
translation in oocytes, and that its removal during
maturation activates translation (Sanchez & Marzluff,
2004). It is proposed that the oligoadenylated histone
mRNA binds oocyte-specific factors that are involved
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in preventing xSLBP1 interacting with the stem-loop.
Altogether, translational activation requires both degra-
dation of xSLBP2 and removal of the oligo(A) tail
(Sanchez & Marzluff, 2002; Sanchez & Marzluff, 2004).

RNA Localization
The second post-transcriptional process that is heav-

ily exploited during development, often in conjunc-
tion with translational regulation, is RNA localiza-
tion. It is possible to envisage various mechanisms by
which RNAs could become targeted to a specific re-
gion of a cell (reviewed in de Heredia & Jansen, 2004;
Johnstone & Lasko, 2001; Palacios & St. Johnston, 2001;
Tekotte & Davis, 2002; Zhou and King, 2004). For ex-
ample, an RNA may form a tight association with a
previously localized cell component. Any RNA that dif-
fuses into the vicinity of the localized binding partner
would essentially be trapped within this domain. By a
progressive process of RNA diffusion and entrapment,
RNAs would become concentrated within the desired

FIGURE 7 Localization of Drosophila mRNAs during oogenesis. (A) In stage 10 oocytes, oskar mRNA is localized to the posterior pole,
bicoid to the anterior pole and gurken to the anterior-dorsal corner. Microtubules are oriented with their plus ends toward the posterior,
allowing directional transport to occur (Theurkauf et al., 1992). (B) In stage 13 oocytes, a proportion of nanos mRNA has become localized
to the posterior pole, in addition to the previously localized mRNA. Localised nanos mRNA is translationally activated while the majority
of nanos mRNA, which is not localized, remains repressed (Bergsten and Gavis, 1999).

region. Alternatively, RNAs could be confined to a par-
ticular area by ensuring the regulated degradation of
non-localized RNAs and concomitant stabilization of
localized RNAs. The most direct method of RNA lo-
calization would be the active transport of an mRNA
to a specific location within the cell by, for example,
the movement of motor proteins such as kinesins and
dyneins along the microtubule network. Obviously, in-
dividual RNAs would need to be recruited to the mo-
tor proteins and, again, the interaction of RNA-binding
proteins with specific elements in these mRNAs has a
part to play. Effective localization may require a com-
bination of these approaches.

RNA localization has been most extensively studied
in Drosophila. The bicoid, oskar and nanos mRNAs, re-
sponsible for the establishment of the anterior-posterior
axis, are all synthesized within the nurse cells which
surround the oocyte, transported into the oocyte and
then localized by different mechanisms (reviewed in
Cooperstock & Lipshitz, 2001; Johnstone & Lasko,
2001) (Figure 7). At a specific stage of oogenesis, the
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microtubules become organised with the plus ends
pointing towards the posterior pole (Theurkauf et al.,
1992). bicoid is localized through an attachment to a
dynein protein, which is maintained at the minus ends
of the microtubules at the anterior pole (Schnorrer et al.,
2000), while the oskar mRNP, on the other hand, is
bound by Kinesin I and actively transported to the pos-
terior pole (Brendza et al., 2000). The double-stranded
RNA binding protein Staufen is involved in the local-
ization of both bicoid and oskar as will be described
shortly. nanos becomes localized by virtue of its inter-
action with Oskar protein, which is only present at the
posterior (Ephrussi et al., 1991). As the majority of nanos
mRNA remains unlocalized (Bergsten and Gavis, 1999),
translational repression is particularly pertinent in this
case.

RNA localization has also been well studied in
Xenopus laevis, where a number of RNAs are local-
ized to either the animal or vegetal pole of the
oocyte during oogenesis. There are two different
pathways that have been described for vegetally lo-
calized RNAs. The early, or messenger transport or-
ganiser (METRO), pathway localizes germ cell de-
terminants, such as Xcat2 and Xpat RNAs, in stage
I oocytes (oogenesis is divided into six stages) to
the mitochondrial cloud, a structure which is com-
posed of mitochondria, lipids and other electron-
dense materials and which seems to correspond to
the polar granule material in Drosophila and C. ele-
gans. These RNAs are then transported to the veg-
etal cortex during stage II through their association
with the mitochondrial cloud. RNAs that are local-
ized by the late pathway are initially uniformly dis-
tributed in stage I oocytes but become confined to a
wedge-shaped zone, which also contains endoplasmic
reticulum (ER), within the vegetal hemisphere during
stage II and then concentrated into a tight sub-cortical
layer during stages III and IV (reviewed in King et al.,
1999; Palacios & St. Johnston, 2001; Zhou and King,
2004).

Fewer RNAs have been assigned to the late local-
ization pathway. They include VegT (Stennard et al.,
1996), Vg1 (Melton, 1987; Weeks & Melton, 1987),
the Xenopus Bicaudal-C homologue (Wessely and
De Robertis, 2000) and Xvelo1 (Claussen & Pieler,
2004). Vg1 is the best studied (Figure 9A). It en-
codes a member of the transforming growth factor
β (TGF-β) superfamily involved in mesoderm in-
duction and the establishment of left/right asymme-

try in the developing embryo (Hyatt & Yost, 1998;
Weeks & Melton, 1987). Vg1 mRNA translocation to,
and anchoring at, the vegetal cortex involves micro-
tubules and microfilaments, respectively (Yisraeli et al.,
1990), the actin meshwork serving as a framework
for the network of cytokeratin filaments (Alarcon &
Elinson, 2001). The cis-acting element for localization
of Vg1 has been mapped within the 3′ UTR. It comprises
a 340 nt element, the Vg1 localization element (VLE)
(Mowry & Melton, 1992), which contains short repeated
motifs required for localization (Bubunenko et al., 2002;
Deshler et al., 1998; Havin et al., 1998; Kwon et al., 2002).
Localization of VegT mRNA, which encodes a T-box
transcription factor and, like Vg1 mRNA, is implicated
in establishing the primary germ layers (Zhang et al.,
1998), is mediated by similar motifs within its local-
ization element (Bubunenko et al., 2002; Kwon et al.,
2002).

The study of Vg1 mRNA suggests a link between lo-
calization and translational control in Xenopus, as in
Drosophila. Vg1 protein cannot be detected until stage
IV of oogenesis, after RNA localization has been com-
pleted (Dale et al., 1989; Tannahill & Melton, 1989).
Indeed, we and others have shown that the Vg1 3′ UTR
contains a 250 nt long UA-rich Vg1 translational el-
ement (VTE), downstream of the VLE, which medi-
ates the translational repression of unlocalized RNA
in vivo and in vitro, in a cap-dependent but poly(A)-
independent manner (Otero et al., 2001; Wilhelm et al.,
2000a). The major protein shown to interact with the
VTE by UV-crosslinking is ElrB, a member of the elav
family. Members of this family were initially charac-
terized as being involved in the stabilization of RNAs
that possess a destabilizing AU-rich element in their
3′ UTRs. They have more recently been implicated
in translational control (Antic et al., 1999; Jain et al.,
1997; Kullman et al., 2002). Mutation of a motif in
the VTE that matches the consensus binding site de-
scribed for the human ElrB homologue, HelN-I (Gao
et al., 1994) abolishes the ability of the VTE to repress
translation and dramatically reduces ElrB binding. As
multiple copies of the ElrB binding motif will both
repress translation and compete for VTE-dependent
repression, ElrB is strongly implicated in the transla-
tional control of Vg1 mRNA (Colegrove-Otero et al.,
2004).

We will now discuss in more detail some of the pro-
teins involved in RNA localization in Drosophila and
Xenopus.
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The Double-Stranded RNA-Binding
Protein Staufen

The Role of Staufen in the Localization
and Translational Activation of oskar

The localization of both bicoid and oskar RNAs
within the Drosphila oocyte requires the action of the
double-stranded RNA-binding protein Staufen. Dur-
ing oogenesis,Staufen is required to anchor bicoid tran-
scripts to the anterior pole of the oocytes and to localize
oskar mRNA to the posterior pole (reviewed in Palacios
& St. Johnston, 2001). Staufen co-localizes with these
mRNAs, and co-localization requires the RNA-binding
activity of the protein (Ferrandon et al., 1994; Ramos
et al., 2000; St Johnston et al., 1992). Thus, it seems
probable that Staufen binds directly to mRNA, and
perhaps couples this complex to the translocation ma-
chinery. This machinery involves microtubules and the
plus end-directed motor protein Kinesin I, to mediate
transport of oskar mRNA to the posterior pole. Interest-
ingly, both the minus end-directed motor Dynein and
Kinesin I cooperate in the transport of bicoid mRNA to
the anterior pole; both motors are components of the
same complex and appear to cooperate in recycling each
other to the opposite microtubule pole (Brendza et al.,
2000; Duncan & Warrior, 2002; Januschke et al., 2002;
Palacios & St. Johnston, 2002). An additional specific
component of the oskar mRNA localization complex
is the hydrophilic protein Barentsz, which is required
for the Kinesin-mediated transport step and is recruited
to the complex by Cup (van Eeden et al., 2001; Wilhelm
et al., 2003).

Staufen has roles in addition to the part it plays in
the localization of oskar and bicoid during oogenesis. As
discussed earlier, it is very important that Oskar protein
is only produced at the posterior of the oocyte, and
the translation of unlocalized oskar mRNA is, there-
fore, repressed through the binding of factors, including
Bruno, Cup and Hrp48 (Kim-Ha et al., 1995; Micklem
et al., 2000; Nakamura et al., 2004; Yano et al., 2004).
This repression must be relieved once oskar mRNA has
been localized, and Staufen, which remains associated
with the RNA at the posterior pole, performs a second
function in the activation of oskar translation (Mick-
lem et al., 2000). Later, during neurogenesis, Staufen
asymmetrically localizes prospero mRNA, in an actin-
dependent manner, to the apical crescent of dividing
neuroblasts (Broadus et al., 1998; Li et al., 1997). Thus,
Drosophila Staufen is a common component of RNA

transport in oocytes and neurons (Roegiers & Jan, 2000),
and is also involved in translational regulation. Recent
large-scale screens to identify genes involved in the con-
solidation of long-term memory in Drosophila unam-
biguously identified a requirement for the machinery
of mRNA localization and translational regulation, in-
cluding staufen, pumilio and orb/CPEB. In particular,
Staufen is up-regulated in adult flies in memory for-
mation, and staufen mutants have defects in long-term
memory (Dubnau et al., 2003).

Domain Structure and Function
of Staufen Homologs

Drosophila Staufen contains five double-stranded
RNA-binding domains (dsRBDs; Table 1). The dsRBDs
do not recognize particular nucleotide sequences in
vitro, allowing non-specific binding to dsRNAs and
to ssRNAs with extensive secondary structure, suggest-
ing that target specificity may be governed by inter-
actions with other proteins (Saunders & Barber, 2003;
St Johnston et al., 1992). In vivo, Staufen protein is
specifically recruited to the site of injection of the
3′ UTR of bicoid mRNA, but not a control RNA, to
form particles that move in a microtubule-dependent
manner (Ferrandon et al., 1994). The regions recog-
nized by Staufen in this in vivo assay are predicted
to form three stem-loop structures involving extensive
double-stranded stretches (Ferrandon et al., 1997; Wag-
ner et al., 2001). Drosophila dsRBDs 1, 3 and 4 bind
dsRNA in vitro, but dsRBDs 2 and 5 do not (Mick-
lem et al., 2000; St Johnston et al., 1992). An insert
present in Drosophila dsRBD2, which separates the β1
and β2 strands based on the αβββα dsRBD3 NMR
structure (Ramos et al., 2000), destroys its ability to
bind dsRNA in vitro (Micklem et al., 2000). Indeed, all
known Staufen proteins contain an insert at the same
point in dsRBD2, albeit of somewhat varying sequence
and length, leading to lack of RNA-binding by this do-
main (Micklem et al., 2000). Full-length Staufen pro-
tein lacking the dsRBD2 insertion binds oskar mRNA
and activates its translation, but fails to localize the
RNA to the posterior pole. In contrast, Staufen that
is lacking dsRBD5 localizes oskar mRNA normally, but
does not activate its translation. Thus, dsRBD2 is re-
quired for the microtubule-dependent localization of
oskar mRNA, and dsRBD5 for the derepression of os-
kar mRNA translation, once localized. Since dsRBD5
has been shown to direct the actin-dependent local-
ization of prospero mRNA, distinct domains of Staufen
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mediate microtubule- and actin-based mRNA transport
(Micklem et al., 2000).

Mammals—including man, mouse, and rat—have two
genes for Staufen, both of which undergo alternative
splicing to generate a number of isoforms, differing at
their N- and C-termini (Duchaine et al., 2002; Marion
et al., 1999; Wickham et al., 1999). Staufens 1 and 2
are highly related at the sequence level and contain
dsRBD2, 3 and 4, of which dsRBD3 and 4 are the
principal RNA-binding domains, and the most highly
conserved regions of the protein. Staufens 1 (Stau1) lack
dsRBD1, while Staufens 2 (Stau2) appear to have a trun-
cated dsRBD5. Lying between dsRBD4 and dsRBD5 is
the so-called tubulin-binding domain (TBD), unique to
vertebrate Staufens, and absent in Drosophila. The TBD
bears partial homology to the tubulin-binding domain
of MAP1B, and binds tubulin in vitro (Wickham et al.,
1999; Zauner et al., 1992).

Stau1 and Stau2 transcripts appear to be fairly ubiq-
uitously expressed, with evidence of enhanced expres-
sion of Stau1 in ovary, and Stau2 in brain, in mouse,
rat and man (Duchaine et al., 2002; Marion et al., 1999;
Saunders et al., 2000; Wickham et al., 1999). In cultured
cells, human Stau1 (hStau1) co-localizes with markers
of the rough endoplasmic reticulum, but not with endo-
somes, cytoskeleton, or Golgi apparatus (Marion et al.,
1999; Wickham et al., 1999). Furthermore, sedimenta-
tion analyses indicate that hStau1 associates with ri-
bosomes, via protein-protein interactions mediated by
the dsRBD4 and TBD domains, in conjunction with
the RNA-binding activity of dsRBD3 (Luo et al., 2002),
consistent with a possible role in translation.

In neurons, Stau1 is found in the soma and dendrites,
and is absent from axons. Mammalian Stau1 localizes
to the somatodendritic domain of cultured hippocam-
pal neurons, where it concentrates in the vicinity of the
ER and microtubules (Kiebler et al., 1999; Kohrmann
et al., 1999; Krichevsky & Kosik, 2001; Monshausen
et al., 2001). Indeed, hStau1-GFP granules move bidi-
rectionally along the dendritic shaft in a microtubule-
dependent manner (Kohrmann et al., 1999). Stau2 also
localizes to the somatodendritic domain of neurons,
but, importantly, Stau1 and 2 particles do not co-
localize in distal dendrites (Duchaine et al., 2002). A
dominant negative form of Stau2 reduced, while over-
expression of the wild-type protein increased, den-
dritic mRNA content in cultured hippocampal neu-
rons, suggesting that Stau2 plays an important role
in the transport of RNA to dendrites (Tang et al.,

2001). RNAs are transported in motile granules, which
are highly enriched in Staufen and contain ribosomes
(Krichevsky & Kosik, 2001). Biochemical characteri-
zation of Staufen-containing complexes from rat and
mouse brain documented their association with ribo-
somes and ER, and also identified Kinesin as a compo-
nent (Mallardo et al., 2003; Ohashi et al., 2002). Barentsz
interacts with Stau1 in an RNA-dependent manner;
possible candidates being the dendritically localized
brain cytoplasmic 1 (BC1) transcripts (Macchi et al.,
2003; Mallardo et al., 2003). Moreover, Barentsz and
Stau1 colocalise within particles in the cell body and,
to a more variable extent, in dendrites of mature hip-
pocampal neurons, suggesting that the mRNA transport
machinery is conserved during evolution (Macchi et al.,
2003).

Little was known until recently of the role of Staufen
proteins in early vertebrate development, when regula-
tion at the level of RNA localization and translation
is also critical. Two reports indicate that the Xenopus
laevis genome encodes homologs to the mammalian
Staufen genes, XStau1 and XStau2 (Allison et al., 2004;
Yoon & Mowry, 2004). Xenopus Staufen 1 and 2 pro-
teins are highly homologous to Drosophila Staufen, and
to their mouse, human, and rat counterparts (Duchaine
et al., 2002; Kiebler et al., 1999; Monshausen et al., 2001).
Oocytes contain one major form of XStau1, of 79 kDa,
most similar to the mammalian Stau163 alternatively
spliced isoform, and three, less abundant, maternal
XStau2 proteins of around 80 kDa (Allison et al., 2004;
Yoon & Mowry, 2004). XStau1 is the principal Staufen
protein in oocytes, eggs and embryos, (Allison et al.,
2004). Consistent with a role in RNA transport, the two
Xenopus Staufen proteins are found in the vegetal cyto-
plasm, a region to which important mRNAs including
Vg1 and VegT mRNAs become localized, and XStau1
interacts with Vg1 and Veg T mRNAs, but not with non-
vegetally-localized mRNAs (Allison et al., 2004; Yoon
& Mowry, 2004). XStau1 was found to be concentrated
in the vegetal cortical region from stage II onwards. It
shows partial co-distribution with endoplasmic reticu-
lum (ER), raising the possibility that Staufen may an-
chor mRNAs to specific ER-rich domains. The impre-
cise co-localization of XStau1 and ER suggests that their
association is indirect, and may depend on the presence
of other structural components. XStau2 in oocytes ap-
pears to be distributed more uniformly than XStau1,
suggesting that XStau2 complexes are essentially cyto-
plasmic (Allison et al., 2004; Yoon & Mowry, 2004).
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Significantly, XStau was shown to interact with Kinesin
I, and to function in vegetal RNA localization, as shown
by over-expression of a dominant negative form con-
taining dsRBD2-4 (Yoon & Mowry, 2004). Previously,
Kinesin II was implicated in Vg1 RNA transport (Bet-
ley et al., 2004). Moreover, XStau proteins are phos-
phorylated by the MAPK pathway early during meiotic
maturation (Allison et al., 2004), a period during which
RNAs such as Vg1 RNA are released from their tight
localization at the vegetal cortex (Forristall et al., 1995;
Klymkowsky et al., 1991). Together these findings sup-
port the previously unrecognized potential for Staufen
to be involved in targeting and/or anchoring of ma-
ternal determinants to the vegetal cortex of the oocyte
in Xenopus (Allison et al., 2004; Yoon & Mowry, 2004),
though the precise roles of the two Staufens remain to
be determined.

Role of the hnRNP Hrp48 in Localization
and Translational Control

Staufen is just one of several proteins which have
been implicated as playing a role in the localization
of oskar mRNA. Recent studies have provided a di-
rect link between the localization of this mRNA and
its translational repression. As described earlier, the in-
volvement of the translational repressor Bruno in the
control of oskar mRNA has been well characterized and
is now known to act through Cup. It had been previ-
ously shown, however, that an unidentified protein p50
also crosslinks to both the translational repressor region
in the 3′ UTR of oskar and a derepression region in the
5′ UTR (Gunkel et al., 1998). Mutations that disrupted
the binding of p50, but not Bruno, resulted in a loss of
translational repression, implying that this protein was
also involved in the translational control.

Recently, p50 was identified as Hrp48, a member
of the hnRNP A/B family of RNA-binding proteins
(Huynh et al., 2004; Yano et al., 2004). Members of
this family are characterized by two N-terminal RRMs
followed by a C-terminal Glycine-rich domain (GRD)
(Matunis et al., 1992, Table 1). Yano et al. found, in three
hrp48 mutants in which the levels of Hrp48 protein
were markedly reduced, that oskar mRNA was not lo-
calized to the posterior pole (Yano et al., 2004). Staufen
protein was also mislocalized. In addition, unlocalized
oskar mRNA was no longer translationally repressed.
The work of Huynh et al. confirmed the role of Hrp48
in oskar localization, utilising mutants that apparently
uncoupled the two activities (Huynh et al., 2004). The

positioning of the latter point mutations within Hrp48
may yield some clues as to the involvement of the pro-
tein in localization. Two of the mutations are located in
the C-terminal GRD, which is thought to function as an
oligomerization domain (Cartegni et al., 1996). Huynh
et al. suggest that these mutations may prevent localiza-
tion by disrupting the formation of higher-order oskar
RNP complexes required for transport. Oligomeriza-
tion of Hrp48 may also play a part in the translational
control since deletion of the Hrp48 binding site in the 5′

UTR of oskar mRNA results in a relief of translational re-
pression. Binding of Hrp48 to both 5′ and 3′ sequences
(Gunkel et al., 1998), followed by self-association, may
promote circularization of the RNA (Yano et al., 2004),
in turn facilitating repression by Cup, recruited to the
3′ UTR by Bruno (Nakamura et al., 2004) (Figure 8).

Goodrich et al. have further extended our knowl-
edge of the involvement of Hrp48 in localization and
translational control by showing that it also regulates
gurken mRNA (Goodrich et al., 2004). The localiza-
tion of gurken RNA to the dorsal-anterior region of
the oocyte (Figure 7A) is required for the establish-
ment of the dorso-ventral axis (Neuman-Silberberg &
Schupbach, 1993), and, as might be expected, unlo-
calized RNA is translationally repressed. The hnRNP
Squid had previously been shown to play a part in
both processes (Norvell et al., 1999). A two-hybrid as-
say to identify Squid-interacting proteins showed an
interaction between Squid and Hrp48 (Goodrich et al.,
2004). Examination of hrp48 mutants showed defects
in gurken mRNA localization that corresponded to dor-
salized phenotypes. Antibody staining of these mutants
revealed that mislocalized gurken mRNA is translated in
the absence of Hrp48. In the case of gurken, Squid and
Hrp48 appear to cooperate to promote localization and
repress translation.

Therefore, the studies of these proteins show that
the two processes of RNA localization and transla-
tional control, which often functionally complement
each other, can undergo coordinate control by a single
protein.

The Xenopus Protein Vg1RBP/Vera
Homologues, Features and Expression

Interest in RNA-binding proteins that mediate local-
ization in Xenopus oocytes was initiated about a decade
ago, with the analysis by band shift assay of com-
plexes formed between the 340 nt long Vg1 localization
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FIGURE 8 Model showing components involved in the translational repression and localization of Drosophila oskar mRNA during
oogenesis. As shown in Figure 2, the translational repressor Cup interacts directly with Bruno, bound to the oskar 3′ UTR, and with eIF4E
(Nakamura et al., 2004; Wilhelm et al., 2003). Hrp48, which has specific binding sites in both the 5′ and 3′ UTRs, has been implicated in both
repression and localization (Gunkel et al., 1998). It is suggested that oligomerization of Hrp48, together with its binding to both ends of
the RNA, may assist circularization of the mRNA, facilitating repression by Cup (Huynh et al., 2004; Yano et al., 2004). Oligomerization may
also play a part in the correct formation of higher-order complexes required for transport. Hrp48 has not yet been shown to interact with
any of the other proteins involved in the complex. Barentsz is recruited to the complex by Cup and is required for the kinesin-mediated
transport step (van Eeden et al., 2001; Wilhelm et al., 2003). However, no direct interaction has been shown between Barentsz and Cup,
the kinesin heavy chain or Staufen, although Barenstz co-immunoprecipitates with Staufen in an RNAse-sensitive manner (Macchi et al.,
2003). Barentsz does interact with directly with eIF4AIII, which in turn interacts with the Mago-Y14 dimer (Palacios et al., 2004). The
double-stranded RNA binding protein Staufen moves with oskar mRNA to the posterior pole (St Johnston et al., 1992) and is suggested
to couple the complex to the translocation machinery. However, although Kinesin I has been shown to be required for oskar localization
(Brendza et al., 2000; Palacios & St. Johnston, 2002), no direct interaction has been observed between Kinesin I and any of the proteins
known to be present in the complex. Therefore, there may still be additional factors required which have not yet been identified.

element (VLE) and proteins present in oocyte lysates
and the characterization of trans-acting factors by UV-
crosslinking. Six proteins (called p78, p69, p60, p40,
p36, and p33, after their size in kDa) crosslinked to
VLE RNA, and not to control sequences (Mowry, 1996;
Schwartz et al., 1992). p69, subsequently identified as
Vg1RBP/Vera (Deshler et al., 1998; Havin et al., 1998),
and p60, hnRNP I/PTB (Cote et al., 1999), have been
the most investigated proteins, with documented roles
in RNA localization. p78 can most probably be ascribed
to VgRBP71, a homologue of ZBP-2 (Kroll et al., 2002),
and p40 to Prrp, a proline-rich hnRNP protein that in-
teracts with vegetally localized RNAs and with profilin,
an actin-associated protein that appears to regulate mi-
crofilament assembly (Zhao et al., 2001).

Early biochemical studies pointed to interesting fea-
tures of Vg1RBP/Vera, supporting its involvement in
RNA localization. Vg1RBP/Vera could mediate the as-
sociation of Vg1 RNA with microtubules in vitro and co-
fractionated with endoplasmic reticulum membranes

in concentrated lysates, hinting at a role in associat-
ing RNAs with a distinctive subcompartment of the
ER in the wedge-shaped region in mid-oogenesis, and
their transport to the cortex along microtubules (Desh-
ler et al., 1997; Elisha et al., 1995).

p69, independently cloned as Vg1RBP (Havin et al.,
1998) and Vera (VLE and ER association) (Deshler et al.,
1998), turned out to be a member of a highly-conserved
family of RNA-binding proteins whose founder mem-
ber is the chicken zipcode-binding protein (ZBP1), im-
plicated in localising β-actin mRNA via its short 3′ UTR
zipcode to the leading edge of fibroblasts (Ross et al.,
1997). The proposed participation of these proteins in
targeting different mRNAs in oocytes, fibroblasts, and
subsequently neurons (Zhang et al., 2001) suggested that
Vg1RBP is a common component of diverse localiza-
tion pathways. Other members of the ZBP1 (or VICKZ,
reviewed in (Yaniv & Yisraeli, 2002)) family include the
mouse c-myc coding region determinant-binding pro-
tein (CRD-BP) implicated in regulating RNA stability
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(Doyle et al., 1998), and three human insulin-like growth
factor II mRNA-binding proteins (IMP1-3) whose bind-
ing to the 5′-leader of IGF-II mRNA represses transla-
tion in late development (Nielsen et al., 1999). IMP1
(CRD-BP) is essential for normal growth and develop-
ment; Imp1(−/−) mice are significantly smaller than
average, show impaired gut development and high peri-
natal mortality (Hansen et al., 2004). The pattern of
ZBP1 family expression in flies, frogs, zebrafish, and
mice is biphasic and includes a maternal component
followed by zygotic expression in the early developing
nervous system (Hansen et al., 2004; Müeller-Pillasch
et al., 1999; Nielsen et al., 2000; Zhang et al., 1999a). So
far, significant levels of ZBP1 proteins have not been
detected in adult tissues, but are frequently found in
transformed cells, and hence they are known as on-
cofetal proteins (reviewed in Yaniv & Yisraeli, 2002).
Indeed, targeted expression of CRD-BP in mammary
epithelial cells in transgenic mice results in them devel-
oping mammary adenocarcinomas that are capable of
metastasizing (Tessier et al., 2004).

Vertebrate ZBP1 proteins (Table 1) contain the novel
combination of two tandem RRM domains followed
by four KH domains, whereas the Drosophila homo-
logue lacks the two N-terminal RRMs (Git & Standart,
2002; Nielsen et al., 2000). The KH domains mediate
RNA-binding (Farina et al., 2003; Git & Standart, 2002;
Nielsen et al., 2002), and self-association (Git & Standart,
2002; Nielsen et al., 2004); the function of the RRMs
is not yet clear (Figure 9B). The four KH domains are
organized as two pairs of didomains, with short and
conserved linkers separating KH1 from KH2 and KH3
from KH4, while longer and more variable loops sep-
arate the RRMs from KH1, and KH2 from KH3. The
two pairs of didomains are not equivalent. KH3+4 me-
diate protein self-association that results in sequential,
cooperative binding on RNA (Git & Standart, 2002;
Nielsen et al., 2004). Different combinations of these
didomains are used to bind RNA in different homo-
logues, perhaps reflecting their varied target RNAs. For
example, KH3+4 in chicken ZBP1 exhibit a preference
for RCACCC (where R is a purine) in Selex experiments
and in the physiological ligand, β-actin mRNA (Farina
et al., 2003), while KH1+2 bind this zipcode with ∼100-
fold less affinity. In contrast, all four KH domains are re-
quired to promote high affinity binding of H19 RNA by
IMP1 (Nielsen et al., 2002), and of Vg1 VLE by Vg1RBP
(Git & Standart, 2002). Several repeated UUCAC mo-
tifs, called E2 elements, which are interspersed in the

long localization elements of Vg1 and the similarly-
regulated VegT mRNA, bind Vg1RBP (Bubunenko et al.,
2002; Deshler et al., 1998; Kwon et al., 2002; Lewis
et al., 2004), possibly explaining the involvement of
all four KH domains. The four KH domains in IMP1,
and the Drosophila homolog, have also been shown to
mediate interactions with microtubule-associated pro-
tein (MAP) preparations and MAP-enriched tubulin
(Nielsen et al., 2002).

The Role of Vg1RBP/Vera in RNA Localization

Vg1RBP is distributed throughout the oocyte in early
stages, and a low but significant amount can even be
detected in the germinal vesicle nucleus (Zhang et al.,
1999a). The presence of Vg1RBP in the nucleus, ini-
tially puzzling, is now clearer. Isolation of the B3 tran-
scription factor of the Xenopus TFIIIA gene, by DNA
affinity chromatography, revealed B3 to be identical
to Vg1RBP (Griffin et al., 2003); thus extending the
functions of this protein to DNA-, as well as RNA-,
binding. Moreover, IMP1 can translocate into the nu-
clei of fibroblasts, although there is no simple import
signal, and be exported into the cytoplasm, via con-
served NES signals present in the KH2 and KH4 do-
mains, indicating that this class of proteins is capable
of shuttling (Nielsen et al., 2003). As oogenesis pro-
gresses, nuclear staining disappears and Vg1RBP accu-
mulates first in a wedge-shaped region and, later, along
the vegetal cortex, mirroring the pattern of Vg1 mRNA
localization (Chang et al., 2004; Zhang et al., 1999a).
Analysis of sequences within the VLE that are required
to support RNA localization on the one hand, and
Vg1RBP binding on the other, showed a very good
correlation, implying the involvement of Vg1RBP in
targeting RNA to the vegetal cortex (Deshler et al.,
1998; Havin et al., 1998). However these early studies,
somewhat curiously, pointed to two different sets of re-
peat elements: three interspersed UUUCUA elements
(also called VM1) (Gautreau et al., 1997; Havin et al.,
1998) and five interspersed UUCAC elements (called
E2 (Deshler et al., 1998; Deshler et al., 1997; Kwon et al.,
2002)). The importance of CAC-rich elements, such as
the E2 motifs, in vegetal RNA localization, not only
in Xenopus oocytes but in chordates in general, was in-
dependently verified in a computational screen (Betley
et al., 2002). More recent re-evaluation of the roles of
the E2 and VM1 repeats proposes that it is the clus-
tering of several copies of each element that is critical
for RNA localization (Bubunenko et al., 2002; Lewis
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FIGURE 9 (A) Late pathway of RNA localization in Xenopus oocytes. Vg1, VegT and Xvelo1 are among are RNAs localized by this
pathway to the vegetal cortex of Xenopus oocytes. The RNAs are initially distributed throughout the cytoplasm, they become confined to
a wedge-shaped region of the vegetal hemisphere during stage II of oogenesis and then become further restricted to the vegetal cortex
during stage III and early stage IV. (B) Model of the RNA binding and self-association of Vg1RBP/Vera. Vg1RBP/Vera possesses two N-
terminal RRM domains and four KH domains arranged as two didomains. All four KH domains are involved in RNA binding while KH3+4
allow self-association (Git & Standart, 2002). This dimerization results in sequential cooperative binding on the RNA (Git & Standart,
2002; Nielsen et al., 2004). A function has not yet been shown for the RRMs. (C) Model showing some of the components involved in Vg1
mRNA localization. The localization process requires microtubules (Yisraeli et al., 1990). Analysis of the Vg1 localization element (VLE)
has shown that the clustering of short repeat elements is required for localization (Lewis et al., 2004). The E2 repeats, with the sequence
UUCAC, bind Vg1RBP/Vera while the VM1 repeats (UUUCUA) interact with VgRBP60/hnRNPI (Bubunenko et al., 2002; Lewis et al., 2004).
Clusters of only one type of element cannot support localization suggesting that both proteins are required for localization (Lewis et al.,
2004). Vg1RBP/Vera and VgRBP60/hnRNPI are present in a complex with the double-stranded binding protein Staufen (Kress et al., 2004)
and Staufen co-immunoprecipitates with the motor protein kinesin I (Yoon & Mowry, 2004). However, it is not clear as yet whether these
proteins are interacting directly or are simply present on the same mRNA molecule. The situation is also complicated by the observation
that the majority of microtubules in oocytes are orientated with their minus ends toward the cortex (Pfeiffer and Gard, 1999). Kinesins are
normally plus end-directed but examples of minus-end directed kinesins do exist (Woehlke & Schliwa, 2000).

et al., 2004). In line with their proposed dual role, both
E2 and VM1 elements, and their relative positions, are
conserved between Vg1 mRNA from X. laevis and the
pseudotetraploid X. borealis (Lewis et al., 2004), as well
as in the more distantly related diploid X. tropicalis (un-
published). UUCAC elements provide the binding sites
for Vg1RBP, while UUUCUA elements interact with
VgRBP60 (Bubunenko et al., 2002; Lewis et al., 2004).
Clusters of only one type of element are not sufficient to
promote localization (Lewis et al., 2004), suggesting the
requirement for both Vg1RBP and VgRBP60 in the lo-
calization process. VgRBP60 was identified as hnRNP I
(Table 1), or polypyrimidine-tract binding protein (PTB)

(Cote et al., 1999), a protein previously associated with
the control of alternative splicing (reviewed in Valcarcel
and Gebauer, 1997), and picornaviral internal initiation
of translation (Kaminski & Jackson, 1998). In stage III
Xenopus oocytes, although most of VgRBP60/hnRNP
I is nuclear, the cytoplasmic fraction co-localizes with
Vg1 mRNA in the vegetal cortex (Cote et al., 1999).
VM1 and E2 elements, and binding by Vg1RBP and
hnRNP I, are required not only to localize Vg1 mRNA,
but also VegT mRNA (Bubunenko et al., 2002; Kwon
et al., 2002). The 300 nt long localization element of
VegT mRNA contains a cluster of redundant elements,
although their precise number and relative arrangement
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differs to that found in the Vg1 VLE (Bubunenko et al.,
2002). It seems, therefore, that rather than sharing a
common primary sequence or secondary structure, the
localization signals of these mRNAs provide a critical
grouping of neighboring elements that bind a common
set of trans-acting factors. Importantly, injection of an-
tibodies raised against Vg1RBP into oocytes reduces
the ability of Vg1 and VegT RNA to localize (Kwon
et al., 2002); thus confirming and extending the mu-
tagenesis and RNA-binding experiments, and demon-
strating an involvement for Vg1RBP in this process.
Vg1RBP and Vg1RBP60/hnRNP I may function by
forming bridging links between the 3′ UTR E2/VM1
elements of localized mRNAs, Staufen and Kinesin mo-
tor proteins (Betley et al., 2004; Yoon & Mowry, 2004)
(Figure 9C). Co-immunoprecipitation experiments re-
veal contacts between Vg1RBP and Vg1RBP60/hnRNP
I and Staufen, and between Staufen and Kinesin I, al-
though it is not yet known whether these are direct
(Kress et al., 2004; Yoon & Mowry, 2004). Additional
cis-elements may also promote vegetal RNA transport
(Claussen & Pieler, 2004).

In addition to its role in RNA localization in oocytes,
Vg1RBP is required for cell migration during early
neural development (Yaniv et al., 2003). Reduction of
Vg1RBP levels, achieved using antisense morpholino
oligonucleotides, severely diminished neural crest mi-
gration. The effect was shown to be specific, as expres-
sion of an mRNA encoding Vg1RBP lacking the regions
of complementarity with the morpholino oligonu-
cleotide rescued this defect. The cells forming the roof
plate of the neural tube were properly determined, but
immobilized at their site of origin (Yaniv et al., 2003). In
migrating neural crest cells, Vg1RBP is found enriched
in the extended processes, suggesting that it may sort
particular mRNAs to the leading edge of cells (Yaniv
et al., 2003). This is a particularly attractive model in
view of the properties of ZBP1, in mediating β-actin
mRNA localization in fibroblasts (Farina et al., 2003;
Ross et al., 1997), growth cones (Zhang et al., 2001),
and dendrites and spines of hippocampal neurons (Eom
et al., 2003; Tiruchinapalli et al., 2003). Chicken embryo
fibroblasts localize β-actin mRNA to their lamellae, re-
sulting in high local concentrations of actin monomers,
which are hypothesized to regulate actin polymerisa-
tion dynamics at the leading edge of the cell. Antisense
oligonucleotides targeted to the 3′ UTR 54 nt long zip-
code or over-expression of the four KH domains of
ZBP-1 delocalise β-actin mRNA and impair cell polarity

and motility (Farina et al., 2003; Kislauskis et al., 1997).
The RNA-binding KH domains form granules that as-
sociate with the actin cytoskeleton, while the RRMs
are required to localize these granules to the periphery
of the fibroblasts (Farina et al., 2003). Formation of an
RNP complex between the zipcode sequence and ZBP1
was similarly required for β-actin mRNA localization
to, and motility of, growth cones (Zhang et al., 2001),
as well as for localization to dendrites of cultured neu-
rons, thereby facilitating filopodial growth (Eom et al.,
2003). In NIH-3T3 fibroblasts, IMP1, fused to GFP, is
also found in large granules, some of which accumulate
in lamellipodia near the leading edge and around the
nucleus (Nielsen et al., 2002).

A detailed understanding of the role of ZBP proteins
in RNA transport will require knowledge of a more com-
plete set of RNA targets, leading to better understand-
ing of their binding sites as well as their protein ligands,
and may need to take into account the possibility of
additional functions in translation and RNA stability.
It would also, no doubt, be very informative to exploit
the power of a genetic approach in examining the role
of the Drosophila homolog (Nielsen et al., 2000).

Involvement of the VLE-Binding Protein
VgRBP71 (ZBP2, MARTA1) in RNA
Localization

The Xenopus Vg1 VLE also binds VgRBP71 (Table 1),
a homologue of a human transcription factor FBP2
(FUSE-binding protein), which was also independently
isolated as the splicing regulatory factor KSRP (Kroll
et al., 2002). Consistent with these functions, the Xeno-
pus protein localizes to both the germinal vesicle and the
cytoplasm. VgRBP71 also contains 4 KH domains, but
does not otherwise resemble Vg1RBP/Vera. Its precise
role in localization is not yet clear. Since it is found as-
sociated with both RNAs localized to the vegetal pole
and to the animal pole, and the cytoplasmic form is
found enriched in the cortical region, it may perform
a common anchoring function, possibly in association
with Prrp, with which it interacts (Kroll et al., 2002). It
has also been proposed to have a function in transla-
tional activation of Vg1 mRNA in mid-oogenesis, by
stimulating a nuclease that cleaves the 3′ UTR between
the VLE and VTE regions to provide a new polyadeny-
lation site (Kolev & Huber, 2003), and to remove the
translational repressor element (Kolev & Huber, 2003;
Otero et al., 2001; Wilhelm et al., 2000a). Whether such a
scission of cortical Vg1 mRNA occurs in vivo remains to
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be determined; hitherto, Northern blot analysis of total
Vg1 mRNA isolated throughout oogenesis has not re-
vealed any significant levels of such a truncated mRNA
(for example, (Melton, 1987).

Interestingly, the β-actin mRNA zipcode interacts
with the homologues of VgRBP71, called ZBP2, in
chicken and rat (Gu et al., 2002; Snee et al., 2002). This
protein also shuttles between the nucleus and the cy-
toplasm (Gu et al., 2002). Expression of a truncated
ZBP2 inhibits the localization of β-actin mRNA in
both fibroblasts and neurons, suggesting that ZBP2,
although predominantly a nuclear protein, has a role
in cytoplasmic RNA localization (Gu et al., 2002). The
same protein has also been implicated in dendritic
sorting of microtubule-associated protein 2 (MAP2)
mRNA, which is mediated by the 640 nt 3′ UTR
dendritic targeting element (DTE). Of the two ma-
jor DTE trans-acting factors, MARTA1 and MARTA2,
MARTA1 has been identified as a ZBP2 homologue.
Again, MARTA1 is primarily intranuclear in rat brain
neurones and cultured neurones derived from superior
cervical ganglia, but it is also present in the somatoden-
dritic cytoplasm and, thus, MARTA1 may play a role
in nucleocytoplasmic mRNA targeting (Rehbein et al.,
2002).

NUCLEAR INFLUENCES ON
CYTOPLASMIC CONTROL

A wealth of data, discussed earlier, illustrates that
maternal mRNAs that are synthesised in vitro and mi-
croinjected into (usually Xenopus but also Drosophila)
oocyte cytoplasm are subject to the appropriate stage-
specific regulation, at the level of translation and lo-
calization, when the oocytes are subsequently matured
and the eggs fertilized. Moreover, these properties of
stage-specific regulation can be transferred to reporter
mRNAs through appending the regulatory (almost al-
ways 3′ UTR) element for translation assays, or sim-
ply examined by analysing the localization of the 3′-
UTR RNA. It has also become increasingly clear that
the translation and localization of mRNAs is influ-
enced by nuclear events, including transcription, splic-
ing, and association with shuttling proteins (reviewed
in Dreyfuss et al., 2002; Farina and Singer, 2002; Le
Hir et al., 2003); leading to the conclusion that the
study of RNA that has not had the nuclear experi-
ence may not entirely reflect its entire control in the
cell.

Influences on Translational Control
In pioneering studies in the Xenopus system, tran-

scription in the nucleus, or injection of in vitro tran-
scribed RNA into the nucleus, resulted in inefficiently
translated RNA compared to RNA injected directly
into the cytoplasm, in the absence of defects in RNA
export or changes in RNA levels. Packaging of newly
synthesized transcripts by the relatively non-sequence-
specific RNA-binding protein FRGY2 was also found
to be important for the repressed or masked state (Bou-
vet et al., 1994; Braddock et al., 1994). Injection of anti-
FRGY2 antibodies into the nucleus relieved repression,
while over-expression of FRGY2 or injection of FRGY2-
precoated mRNA enhanced the repressed state (Bouvet
et al., 1994; Braddock et al., 1994).

FRGY2, a doublet of so-called mRNP3 and 4 pro-
teins of about 55 kDa, is a member of the Y-box fam-
ily. Eukaryotic Y-box proteins, so named due to their
ability to bind to Y-box promoters carrying an inverted
CCAAT box, interact with both DNA and RNA to con-
trol transcription and translation. All contain a cold-
shock domain (CSD), also found in prokaryotic cold-
shock proteins that function as RNA chaperones to
destabilize RNA secondary structure and control trans-
lation at low temperatures. Vertebrate homologs also
contain a variable N-terminal domain rich in alanine
and proline, which may serve as a trans-activation do-
main, and a C-terminal tail domain. The latter consists
of alternate regions of predominantly basic or acidic
amino acids, each of which are about 30 amino acids in
length, called a B/A repeat, which has a strong affinity
for single-stranded nucleic acids, and may also function
as a charged zipper and facilitate multimerization (re-
viewed by (Kohno et al., 2003; Matsumoto & Wolffe,
1998; Sommerville, 1999) (Table 1). The CSD, one of
the most evolutionarily conserved nucleic acid-binding
domains yet identified, comprises a five-stranded β-
barrel that includes the two RNA-binding sequence mo-
tifs RNP1 and RNP2 also found in RRMs (Manival et al.,
2001). RNA-binding by FRGY2 is mediated by both the
CSD and the B/A repeat domains, with evidence, from
Selex experiments, of a sequence preference by the CSD
for AACAUC (Bouvet et al., 1995).

These largely cytoplasmic and highly abundant
RNA-binding proteins are the major components of
translationally inactive mRNP in Xenopus oocytes. Con-
sistent with a role in translational repression, the abun-
dance of FRGY2 decreases during embryogenesis and
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it has disappeared completely by the time maternal
mRNA stores are depleted (Matsumoto et al., 1998;
Sommerville, 1999).

The role of FRGY2 in translational repression can
be extended to its homologues. MSY4, a mouse testis
homologue of FRGY2, represses translation of several
mRNAs in spermatids, thereby inhibiting their differ-
entiation (Giorgini et al., 2002). In somatic cells, the
major protein of mRNP is the highly related protein
p50 or YB-1 (Evdokimova et al., 1995). Recent investi-
gations indicate that, coincident with translational re-
pression at the level of initiation, p50 stabilizes mRNA,
in a non-sequence-specific, but 5′-cap-dependent, man-
ner (Evdokimova et al., 2001; Nekrasov et al., 2003). In-
hibitors of translation, such as cap analogs or 4E-BP1,
that interfere with the assembly or function of the eIF4E
cap-binding complex, promote p50 interactions with
the 5′-cap, and prevent RNA degradation. Thus, p50
can stabilize capped RNA in situations where the asso-
ciation of eIF4E with the cap is impaired. The Y-box
proteins are the prototypes of RNA-binding proteins
that associate with nascent mRNA in the nucleus in a
non-sequence-specific manner, and are transported into
the cytoplasm in the form of untranslated mRNP. Sub-
sets of these mRNP would be translationally awakened
at appropriate times by the action of sequence-specific
binding regulators.

The translational fate of mRNA is also responsive to
its prior splicing history. In the Xenopus injection ex-
periments, the addition of a spliceable intron into the
plasmid construct relieved repression (Braddock et al.,
1994; Matsumoto et al., 1998). Moreover, the effect of
splicing appears to be dependent on intron identity
and location. While an intron inserted at the 5′-end
of the transcript relieved repression, and an intron at
the 3′-end further repressed translation in the study of
Matsumoto et al. (1998), a different 3′-intron activated
translation in the Braddock et al. (1994) investigation.
It remains to be determined how intron identity and
location influences translation.

In mammalian cells, as well as in Xenopus oocytes, it
has been reported that splicing enhances translation as
a result of the deposition of exon junction complexes
(EJC) (Nott et al., 2004; Nott et al., 2003). Splicing in
mammalian cells deposits the multiprotein EJC approx-
imately 20 nucleotides upstream of exon-exon junctions
in spliced RNA, irrrespective of RNA sequence. The
EJC functions in nonsense-mediated decay (NMD), a
surveillance mechanism that degrades RNA with prema-

ture termination codons (PTCs). NMD requires splic-
ing and translation and is believed to occur during
a pioneer round of translation, when newly synthe-
sised RNAs are checked for PTCs and the EJC com-
plex is removed (reviewed (Maquat, 2004; Tange et al.,
2004). Splicing-mediated translational stimulation can
be replicated by tethering the individual EJC proteins
Y14 and Magoh or the yeast Upf NMD factors to an in-
tronless reporter mRNA, within the reporter ORF. Im-
portantly, increased translational yield does not reflect
enhanced RNA stability or nucleocytoplasmic trans-
port. Rather, the EJC promotes polysomal association
of the mRNA, in addition to its previously character-
ized role in NMD (Nott et al., 2004).

Factors that are normally associated with the control
of constitutive and alternative splicing, the Ser-Arg-rich
(SR) proteins, such as SF2/ASF, which are known to
shuttle continuously between the nucleus and the cy-
toplasm, also have an enhancing role in translation, as
shown by tethering and over-expression studies in Xeno-
pus oocytes and in HeLa cells (Sanford et al., 2004). It is
interesting to note that, while splicing enhances transla-
tional yields three- to fourfold (Nott et al., 2004; Sanford
et al., 2004), cytoplasmic polyadenylation can result in
up to an approximately 100-fold increase in protein lev-
els (Sheets et al., 1994), although this difference may be
partly attributable to the cellular context—the former
assays are performed in Xenopus oocytes, and the latter
in eggs. Finally, it is noteworthy that at least some of the
well-known mRNAs that are translationally inactive in
the Xenopus oocyte, including c-mos and core histones,
lack introns, whereas translationally-efficient messages,
such as TFIIIA, are spliced (Matsumoto et al., 1998).
With the completion of the Xenopus tropicalis genome,
it will be of interest to extend this analysis to other
regulated mRNAs, to test the generality of this rule.

Influences on RNA Localization
Splicing of the first intron of oskar RNA was shown

to be essential for its localization at the posterior pole
(Hachet and Ephrussi, 2004). Since mRNA synthesized
from an intronless oskar gene fails to be properly local-
ized, how were previous conclusions of the sufficiency
of the oskar 3′ UTR for localization reached? In the
earlier experiments, the intronless reporter lacZ mRNA
was appended to the oskar 3′ UTR (for example in the
study of (Gunkel et al., 1998). The Ephrussi lab showed
that localization of the chimeric reporter requires
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endogenous oskar mRNA, suggesting that lacZ-oskar 3′

UTR RNA hitchhikes on the endogenous oskar RNP,
whose assembly requires splicing (Hachet and Ephrussi,
2004). So, localization of oskar mRNA at the poste-
rior pole requires not only the oskar 3′ UTR and its
associated factors, such as Staufen, but also the process
of splicing. Consistent with the splicing-dependent as-
sembly of the oskar RNP, several EJC proteins, origi-
nally characterized in NMD in mammalian cells, are
present in the oskar RNP, and are required for its pos-
terior localization. These include the core heterodimer
of Mago nashi and Y14 (Hachet and Ephrussi, 2001;
Micklem et al., 1997; Mohr et al., 2001), in addition
to eIF4AIII (Palacios et al., 2004), which functions in
NMD (Chan et al., 2004; Ferraiuolo et al., 2004; Pala-
cios et al., 2004; Shibuya et al., 2004). eIF4AIII bridges
the interactions between Mago nashi/Y14 and Barentsz
(Palacios et al., 2004), the plus end-directed microtubule
transport factor recruited to the oskar RNP by Cup
(Wilhelm et al., 2003) (Figure 8). Barentsz is also es-
sential for NMD in HeLa cells (Palacios et al., 2004);
hence, somewhat unexpectedly, a conserved complex
functions in NMD and in RNA localization (Palacios
et al., 2004). eIF4AIII, a nuclear shuttling protein (Chan
et al., 2004; Ferraiuolo et al., 2004; Shibuya et al., 2004),
∼65 % identical to the eIF4AI/II initiation factors, is
also an ATPase-dependent helicase, and interacts with
eIF4G and its co-factor eIF4B. However, it is inhibitory
to translation in vitro, possibly because it only binds the
central eIF4A binding site of eIF4G, rather than both
the central and C-terminal binding sites, which its active
eIF4AI/II counterparts do (Li et al., 1999). Because of
its close similarity to initiation factors and loading onto
RNA in the nucleus, it has been proposed that eIF4AIII
substitutes for eIF4AI/II (Ferraiuolo et al., 2004) during
the pioneer round of translation in NMD (Ishigaki et al.,
2001). eIF4AIII is thus a key structural and functional
link between splicing in the nucleus and localization,
RNA degradation and translation in the cytoplasm.

Consistent with the recent elegant demonstration of
the tight coupling between splicing and localization
of oskar mRNA (Hachet and Ephrussi, 2004), it had
previously been proposed that proteins that associate
with pre-mRNA in the nucleus accompany and reg-
ulate the localization of the cytoplasmic message (re-
viewed in Farina and Singer, 2002). For example, hn-
RNP A2, a shuttling RNA-binding protein, participates
in the localization of myelin basic protein mRNA in
oligodendrocytes (Kwon et al., 1999). The ZBP1 family

members are found in the human spliceosome (IMP3)
(Zhou et al., 2002), and associate with β-actin pre-
mRNA transcripts in nuclei, shown using high speed
imaging, prior to targeting the RNA to the lamellae in
the cytoplasm (ZBP1) (Oleynikov and Singer, 2003). In
Xenopus oocytes, Vg1RBP and hnRNP I bind the veg-
etally localized Vg1 and VegT mRNAs in the nucleus
and the cytoplasm. The two proteins interact in both
compartments, as well as in vitro, but the cytoplasmic,
unlike the nuclear, interaction is RNA-dependent. In
line with the possibility of mRNP remodelling during
export, other components of the Vg1 RNP complex,
Prrp and Staufen, only co-purify with the cytoplasmic
heterodimer (Kress et al., 2004).

REGULATING THE REGULATOR
Last, we briefly revisit the areas of translation and

localization to review the types of mechanisms that are
used to regulate the activities of RNA-binding proteins.
One way to alter gene expression in development is
through the differential expression of protein isoforms
with conserved RNA-binding domains but different
functions, exemplified by the histone stem loop bind-
ing proteins SLBP1/2 (reviewed in Marzluff & Duronio,
2002). We also note that vertebrates, as well as in-
vertebrates, contain several isoforms of CPEB, PABP,
Pumilio and Staufen proteins, among others, that are
differentially expressed, and potentially perform differ-
ent regulatory functions.

Modification of RNA-binding proteins is also used
to regulate their activities, in response to the activation
of critical signalling pathways. Notably, phosphoryla-
tion can influence protein localization. For example,
hnRNP I phosphorylated by protein kinase A (PKA)
is restricted to the Xenopus cytoplasm in oocytes (Xie
et al., 2003). As PKA is down-regulated during meiotic
maturation, hnRNP I may then relocate to the nucleus.
Phosphorylation also impacts on protein stability, as il-
lustrated by cdc2 modification of CPEB and its subse-
quent PEST-mediated proteolysis (Mendez et al., 2002;
Reverte et al., 2001; Thom et al., 2003), and ligand bind-
ing, also exemplified by CPEB phosphorylation by Au-
rora A and cdc2 kinases, which enhance CPSF inter-
actions (Dickson et al., 2001; Mendez et al., 2000b),
and reduce Pumilio binding (Nakahata et al., 2003), re-
spectively, during oocyte maturation. The increase in
EDEN-dependent deadenylation following egg activa-
tion is achieved, at least partially, via dephosphorylation
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and/or phosphorylation of regulatory proteins, includ-
ing dephosphorylation of EDEN-BP, in a manner inde-
pendent from MPF inactivation (Detivaud et al., 2003).
While, to our knowledge, phosphorylation has not been
documented to influence binding to RNA in the de-
velopmental examples discussed hitherto, c-src kinase-
mediated phosphorylation of hnRNP K drives trans-
lational activation of specifically silenced mRNAs by
reducing RNA-binding (Ostareck-Lederer et al., 2002).
On the other hand, acetylation correlates with en-
hanced RNA-binding in the case of the STAR/GSG
protein Sam68, which is modified in tumor cell lines
(Babic et al., 2004).

CLOSING REMARKS
Thus, it can be seen that a number of recur-

ring themes arise in the regulation of translation and
RNA localization by RNA-binding proteins. These pro-
teins often use common RNA-binding motifs such as
the RRM or KH domain. While these domains pro-
vide basic RNA-binding functions, small variations in
the amino acid sequence of individual domains, and
the use of several types of domains in combination,
can result in the recognition of very different RNA se-
quence motifs. Such motifs most often lie in the 3′

UTRs of the RNAs, even those that regulate the initi-
ation of translation at the 5′-end. It will be important
to derive more well defined consensus binding sites for
these proteins than exist at present, to mine the expand-
ing genome and EST databases and predict novel target
RNAs, as it seems unlikely that our current lists are com-
plete. In terms of the control of translation initiation,
the most commonly utilized strategies appear to be to
regulate ribosomal recruitment by disrupting interac-
tions within the eIF4F complex or to modulate poly(A)
tail length, either by adenylation or deadenylation, to
affect the degree of translational stimulation by PABP.
As regards RNA localization, the interaction of RNA-
binding proteins with their target RNAs most often al-
lows the recruitment of additional factors that direct
the RNA to the cytoskeleton for active transport. It will
be interesting to observe whether future work brings to
light novel strategies adopted by other RNA-binding
proteins or whether additional, as-yet-uncharacterized,
mechanistic pathways will also begin to converge. The
study of conserved regulatory proteins in diverse model
systems—some with genetics, some with biochemistry,
others with cytology—will be beneficial to derive a com-

plete and detailed view of the roles of RNA-binding
proteins in early development. Finally, it is exciting to
note that insights gained from such studies of transla-
tion and localization control mechanisms bear directly
on our understanding of these processes in neuronal
cells, as many critical components are shared (reviewed
in Bassell & Kelic, 2004; Glanzer & Eberwine, 2004;
Huang & Richter, 2004; Jiang & Schuman, 2002; Kiebler
& DesGroseillers, 2000; Steward & Schuman, 2003).
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