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ABSTRACT

The DEAD-box RNA helicase Xp54 is an integral
component of the messenger ribonucleoprotein
(mRNP) particles of Xenopus oocytes. In oocytes,
several abundant proteins bind pre-mRNA tran-
scripts to modulate nuclear export, RNA stability
and translational fate. Of these, Xp54, the mRNA-
masking protein FRGY2 and its activating protein
kinase CK2a, bind to nascent transcripts on
chromosome loops, whereas an Xp54-associated
factor, RapA/B, binds to the mRNP complex in the
cytoplasm. Over-expression, mutation and knock-
down experiments indicate that Xp54 functions
to change the conformation of mRNP complexes,
displacing one subset of proteins to accommodate
another. The sequence of Xp54 is highly conser-
ved in a wide spectrum of organisms. Like Xp54,
Drosophila Me31B and Caenorhabditis CGH-1 are
required for proper meiotic development, apparently
by regulating the translational activation of stored
mRNPs and also for sorting certain mRNPs into
germplasm-containing structures. Studies on yeast
Dhh1 and mammalian rck/p54 have revealed a key
role for these helicases in mRNA degradation and
in earlier remodelling of mRNP for entry into
translation, storage or decay pathways. The versat-
ility of Xp54 and related helicases in modulating
the metabolism of mRNAs at all stages of their
lifetimes marks them out as key regulators of post-
transcriptional gene expression.

INTRODUCTION

The first members of the DEAD-box RNA helicase sub-
family, referred to here as ‘DDX6-like’, were discovered in

diverse situations: the gene encoding Drosophila
Me31B was found to be expressed in oocytes and nurse
cells (1); the gene encoding a human orthologue rck/p54
occurred at a chromosomal breakpoint in the human cell
line RC-KS8, derived from a diffuse large B-cell lymphoma
(2), to be later described as a putative proto-oncogene in
both human (3) and mouse (4) cells; the gene encoding
Schizosaccharomyces pombe Stel3 was cloned by functional
complementation of the sterility mutant ste/3 (5); and
the gene encoding Saccharomyces cerevisiae Dhhl was
found to be required for sporulation (6). Studies on an
orthologue expressed in Xenopus oocytes, Xp54, clearly
identified this protein as an integral component of messenger
ribonucleoprotein  (mRNP) particles and as a factor
involved in translational control (7). This provided a focus
for the interpretation of earlier observations and subsequent
studies have placed this subfamily of helicases as a key
component in the metabolism of mRNA. Recent additions
to the list of orthologues include CGHI1, which is expressed
in the germ cells of Caenorhabditis and modulates physiolo-
gical germline apoptosis (8), and p47, which is a component
of non-translating mRNP particles in oocytes and early
embryos of the clam Spisula (9). The occurrence and
main functions of the DDX6 members are summarized
(Table 1).

In addition to the high levels of protein sequence homology
observed across a wide range of organisms, e.g. 72%
identity between yeast Stel3 and Drosophila Me31B and
75% identity between Me31B and vertebrate p54
(Figure 1), equivalence of function has been demonstrated
by complementation of mutant ste/3 with ME3/B cDNA
(5) and mutant dhhl with XP54 c¢cDNA (10) and RCK/P54
cDNA (11).

In this review, we describe the structure of Xp54, its
developmental expression and its presence and activity
in mRNP particles and relate these results to recent
studies on the other members of the DDX6-like
subfamily.
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Table 1. Occurrence and proposed functions of DDX6-like RNA helicases
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Organism Protein Expression Location Function
Xenopus laevis Xp54 Oocytes and early embryos Maternal mRNP particles mRNP assembly
Translation regulation
Balbiani body Required for progression of meiosis
Mouse p54 Gametes and early embryos Maternal mRNP particles Translation regulation
Drosophila melanogaster Me31B Oocytes and early embryos Maternal mRNP particles Translation repression
Sponge body
Caenorhabditis elegans CGH-1 Germ cells and early embryos mRNP particles Modulation of physiological germ
P granules cell apoptosis
Spisula solidissima p47 Oocytes and early embryos Maternal mRNP particles Translation repression
S.pombe Stel3p Essential for progression of meiosis
S.cerevisiae Dhhlp mRNP particles Required for sporulation
P bodies Translation repression
mRNA degradation
G4/S checkpoint control
Mammals Rck/p54 Somatic cells P bodies mRNA degradation
SGs mRNP remodelling
Mammals Rck/p54 Over-expression in tumour cells Cytoplasmic particles Candidate proto-oncogene

Translation regulation

See text for references.

STRUCTURE AND UNWINDING ACTIVITY

DDXe6-like proteins may have unique
structural features

In amino acid sequence and location of conserved DEAD-
box motifs, DDX6 helicases are most closely related to the
mRNA-binding translation factor elF4A and the mRNA
export factor Dbp5 [reviewed in Ref. (12)]. In this respect,
they all contain sufficient sequence information for ATP
binding and hydrolysis and RNA unwinding activity. The
most significant differences within this whole group relate
to extensions of the N- and C-termini of the DDX6-like
members. Whereas the vertebrate proteins, Xenopus Xp54,
human rck/p54 and mouse p54, have a long extension
(~70 residues) at the N-terminus and only a short extension
at the C-terminus, the yeast proteins, Stel3p and Dhhlp,
have a long extension (>70 residues) at the C-terminus
and only a short extension at the N-terminus; the inverte-
brate proteins, Drosophila Me31B, Caenorhabditis CGHI
and Spisula p47, have only short extensions at each end
(Figure 1). These asparagine/glutamine extensions may
contribute to additional features of protein—protein interac-
tions, although no specific interaction motifs have been
identified.

Recent structural analysis has confirmed that, like other
DEAD-box proteins, the core of yeast Dhhlp contains two
RecA-like domains (13). However, unlike elF4A, Dhhlp
has a unique domain arrangement which permits novel inter-
actions of motif V with motif I and the Q motif (14,15),
thereby linking together the two domains and forming a
prominent RNA-binding channel. Similar to elF4A and
other DEAD-box helicases, ATP binding enhances an
RNA-induced conformational change, but, in addition, this
change is disrupted by mutation of conserved motifs, espe-
cially those located at the interface between the two domains.
The conformational switch, induced by ATP hydrolysis,
is thought to be required for the function of Dhhlp and,
presumably, of the other DDX6-like proteins.

DDX6-like proteins have in vitro
RNA-unwinding activity

Both Xp54 and rck/p54 have been shown to have RNA-
unwinding activity in vitro. Native Xp54, biochemically isol-
ated from oocyte mRNP particles, has ATP-dependent RNA
helicase activity (7). Duplexed sequences of both plasmid and
maternal mRNA origin were unwound from 5’ single-strand
ends, unwinding being specifically blocked by the addition
of anti-Xp54 IgG (7). Electron-microscopical and surface
plasmon resonance studies have shown that recombinant
rck/p54 binds c-myc RNA transcripts in the presence of
ATP with a K4 of 18 nM and unwinds intra-strand duplex
structures (16). Deletion of the C-terminal 184 amino acid
residues, essentially domain 2, from rck/p54 results in loss
of unwinding activity. However, neither of these results
excludes a requirement for partner proteins in regulating
helicase activity in vivo. Furthermore, recent developments
favour the view that RNA unwinding, per se, is not essential
for modulation of RNA—protein interactions.

NUCLEAR ACTIVITIES: BINDING TO NASCENT
TRANSCRIPTS AND MRNA EXPORT

Function of N-terminal and C-terminal ancillary motifs

In addition to the conserved helicase motifs, Xp54 contains
motifs at the N- and C-termini that are involved in additional
functions (Figure 2). Both a lysine-rich nuclear localization
signal (NLS) and a leucine-rich nuclear export signal (NES)
are present in the N-terminal region, suggesting that Xp54
might be able to shuttle between nucleus and cytoplasm.
Although a nuclear presence of native Xp54 is noticeable
in oocyte nuclei only at early stages, when transcriptional
activity is maximal, an N-terminal truncation of recombinant
Xp54 fused to green fluorescent protein (NT-GFP) was
shown to be capable of shuttling when expressed in later
stage oocytes and in Xenopus or mammalian culture cells
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(17). The shuttling activity was shown to be sensitive to lep-
tomycin B (LMB), a potent inhibitor of the CRMI nuclear
export pathway and was compromised by mutation of key
leucine residues. In addition to its shuttling activity, this
fusion protein had the ability to bind to the nascent RNP tran-
scripts present on the loops of lampbrush chromosomes.
However, the N-terminal region used contained only con-
served motifs I and Q: since the proposed RNA-binding
sequence of motif V was absent, it is possible that the
observed binding is due to protein—protein interactions.
Whatever the mode of interaction, once bound to transcripts,
Xp54 is exported to the cytoplasm with mRNA by a CRM1-
independent pathway (17) and remains associated with the
RNA until translation activation. These observations on the
behaviour of Xp54 are similar to those described for other
DEAD-box helicases involved in nuclear export of mRNA,
such as An3 (18) and Dbp5 (19).

The N-terminal nucleocytoplasmic shuttling motifs charac-
terized in Xp54 (17) are conserved only in vertebrates
(Figure 1). This does not exclude the possibility that other
members of the DDX6 subfamily also have a nuclear pres-
ence and have the potential to bind nascent RNA polymerase
II transcripts. For instance, Spisula p47 is detected in the nuc-
lei of early embryos (9). The helicase may be transported into
the nucleus as part of a protein complex with appropriate
import/export signals being present on another component.
Xp54, itself, appears to be a component of a preformed
protein complex which is active in binding nascent transcripts
in Xenopus oocytes. Such RNA-free particles have been isol-
ated from oocytes by rate-zonal and density centrifugation
(20,21) and the kinetics and sites of Xp54 binding to nascent
transcripts are coincident with those of the other protein com-
ponents of the preformed particle (22,23). In S.cerevisiae,
Dhhlp was detected as part of the Ccrd4/Pop2/Not multi-
protein complex that is implicated in transcription regulation
(24,25). However, Ccrdp is a catalytic subunit of the yeast
deadenylation system, which also contains Pop2p and Not
proteins (26,27); therefore the possibility exists that the
Ccr4/Pop2/Not complex, including Dhhlp, accompanies
mRNA sequences from their initial transcription to their
eventual degradation. A role for Dhhlp at the end of the life-
time of mRNA is confirmed by the findings that it interacts
with the decapping factor Dcplp to stimulate removal of
the 5’ cap structure (28,29).

That other DDX6-like proteins are not normally detected in
the nucleus is not unexpected because the C-terminal region of
Xp54 over-expressed in mid-sized (stage IV) oocytes appears
to act as a cytoplasmic anchor: replacement of the C-terminal
82 amino acid residues of Xp54 with an unrelated plasmid-
encoded sequence permits nuclear uptake and rapid nucleo-
cytoplasmic shuttling in both oocytes and transfected somatic
cells (17). The deleted region contains potential CK2 phos-
phorylation sites; however, we have not detected any turnover
of phosphates at these sites at times of mRNP assembly,
although they do appear to be phosphorylated at times
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coincident with mRNA translation activation (J. Sommerville
and D. A. Smillie, unpublished data). The molecular basis of
the cytoplasmic retention of over-expressed Xp54 is not
known.

Potential role of Xp54 in nuclear assembly
of pre-mRNP particles

The most obvious nuclear presence of Xp54 is seen in early
(stage I-III) oocytes when transcriptional activity is at its
most intense and in early embryos when zygotic transcription
is activated at mid-blastula: between these stages, there is
an apparent nucleoplasmic absence of Xp54 (17). Over-
expressed Xp54 is restricted to the cytoplasm of oocytes
and culture cells and only enters the mRNP assembly path-
way on hyperactivation of transcription, for instance by treat-
ment of oocytes with trichostatin A (17), which has been
shown to stimulate histone acetylation and global chromatin
remodelling in oocytes (30). However, endogenous Xp54,
together with the other major protein constitutents of
mRNP storage particles, are always detected on the nascent
transcripts of most chromosomal loops (22). Indeed, it is
rare to detect any difference in loop proteins by immunofluor-
escence (31). This uniformity has prompted the suggestion
that these nascent RNP transcripts carry all of the components
required for their processing and determination of their trans-
lational fate, omnia mecum porto (32). Perhaps all mRNPs
start, by default, in a pre-masked state; their translation,
immediate or later, being determined by mRNA-specific reor-
ganization. The association of Xp54 with RNA from the level
of transcription, raises the question of an early requirement
for RNA helicase activity: it is not known whether RNA
unwinding is required to accommodate RNP proteins on
nascent transcripts or whether it is incorporated as a passen-
ger for later remodelling events. An early and extended
requirement for DDX6-like helicases in mRNA metabolism
is suggested by demonstration that deletion of yeast DHHI
is synthetically lethal with mutations in DBP5 and DEDI,
RNA helicases with roles in mRNA export and translation
initiation (10).

Effects of over-expression, mutation and
knockdown of Xp54 on mRNA export

The involvement of Xp54 in the nuclear export of mRNA can
be assessed by interfering with Xp54 expression. By compar-
ing the steady-state nuclear:cytoplasmic ratios of a range of
mRNA species, an impression can be gained on the involve-
ment of Xp54 in the export of individual mRNAs. Examples
shown here (Table 2) indicate that the effects of perturbation
of Xp54 levels are not simple. (i) Over-expression of Xp54
had little effect, except on those mRNAs in demand for
immediate translation, such as mRNAs encoding ribosomal
proteins (L1 and S1). (ii) Mutation of the DEAD motif to
DQAD reversed this effect and inhibited export, not only of
L1 and S1 mRNAs, but also of those stored mRNAs that are

Figure 1. Alignment of the amino acid sequences of eight members of the DDX6 subfamily of DEAD-box RNA helicases. Identical residues (asterisk) and
conserved substitutions (colon or stop) are indicated. Alignments were made using the Clustal W algorithm. Conserved motifs, shared by other DEAD-box
helicases are highlighted (red). N-terminal extensions (green) or C-terminal extensions (orange) are present in only some members. In Xp54, single residues, S or
T (yellow), are indicated as potential phosphorylation sites. Basic residues acting as an NLS are highlighted (blue) as are residues constituting a leucine-rich
NES (purple). Extent of the two RecA-like domains are indicated by arrows: domain 1 (brown), domain 2 (pink).
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Figure 2. Diagram showing the location of sequence motifs and proposed functional regions within Xp54. Blocks indicate the conserved DEAD-box helicase
motifs (red), the N-terminal region with a high content of glycine and glutamine residues (GQ-rich; green), the putative NLS (blue), the identified NES (purple)
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Table 2. Effects on nuclear export and stability of various mRNA species in stage IV oocytes assayed after over-expression or knockdown of Xp54 or over-

expression of a DEAD-box mutant

mRNA Translated EFFECT ON mRNA EXPORT EFFECT ON mRNA STABILITY
Over-expression of Injection of Over-expression of Injection of
Xp54-wt Xp54-DQAD Antisense MO Xp54-wt Xp54-DQAD Antisense MO

HistoneB4 Embryo 0 0 0 0 0 0

FRGY1 Embryo 0 — — + — -

Cyclin Bl Maturation 0 - - + - 0

HistoneH4 Oocyte 0 0 0 — 0 +

p L1 Oocyte + - 0 0 + +

rp S1 Oocyte + - - 0 + +

Nuclei and cytoplasms were isolated at 0 and 24 h after injection of wild-type (wt) or mutant (DQAD) expression vectors or of antisense or control morpholinos
(MO). Steady-state levels of specific mnRNAs were measured in all samples by semi-quantitative RT-PCR. Effects on mRNA export were calculated from changes
in nuclear:cytoplasmic ratios and effects on mRNA stability were calculated from changes in total oocyte amounts. Changes are indicated as significant increase (+),
significant decrease (—), insignificant change (0), where significance is set a >2-fold difference. Data were collected from three separate experiments.

only translated at oocyte maturation (cyclin B1, ¢cB1) or in
embryos (FRGY1/YB1). (iii) Knockdown of Xp54 translation
by prior injection of an antisense morpholino (MO) had
a similar negative effect on some mRNAs (4). Although
both translating and stored mRNAs can be affected, some
mRNAs, namely those encoding translating histone H4 and
stored linker histone B4, remain unaffected. The differences
that can be detected between translating and stored mRNAs
emphasize that, although Xp54 may bind to all classes of
pre-mRNA and function in mRNA export, its presence results
in mRNA-specific effects, perhaps by inducing mRNA
sequence-dependent changes in the selection of bound
proteins.

REGULATION OF TRANSLATION

DDX6-like proteins interact with
non-translating mRNA

Oocytes from a wide variety of organisms are highly active
in transcription and accumulate mRNA to be translated at
various times during oogenesis, oocyte maturation and early
embryogenesis. Similarly, spermatocytes accumulate mRNA
species required for sperm maturation (33). At any one
time in germ cell development only a small percentage of

the available mRNA is present in polysomes. Thus most of
the mRNA of germ cells exists in a translationally repressed
state as ‘masked” mRNP particles. Details of the masking
mechanism may differ in different species: for instance, in
Drosophila many mRNP proteins play roles in the transport
and localization of different mRNA to specific regions of
the oocyte [reviewed in Ref. (34)]. In Xenopus oocytes
the DDX6 helicase Xp54 is an abundant protein found
bound to non-translating mRNA together with other abundant
proteins: the cold-shock domain (CSD) protein FRGY2, the
a-subunit of the protein kinase CK2 and poly(A)-binding
protein (Figure 3). A similar complement of proteins, includ-
ing a p54 helicase, is reported for mRNP particles of mouse
oocytes (35,36). CSD proteins bind single-stranded RNA by
way of an OB-fold [a 5-B-barrel structure with an RNA-
binding surface similar to that of the RNA-recognition
motif (RRM) of other RNP proteins (23)], together with an
ancillary C-terminal domain consisting of basic/aromatic
‘islands’ or RGG repeats (23). A common feature of non-
translating mRNP particles in a wide range of organisms is
the relative abundance of such CSD proteins in germ cells
and early embryos: FRGY2 in Xenopus (23); MSY2 in
mouse (33); Ypsilon Schachtel (yps) in Drosophila (37);
and CEY-2,-3 and -4 in Caenorhabditis (38). In addition to
their presence in germ cells and embryos, CSD proteins are
also key constituents of mRNP particles of mammalian
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Figure 3. Diagram indicating possible interactions of mRNA-bound and
associated proteins involved with Xp54 helicase in the remodelling of mRNP
for storage, translation and degradation. FRGY?2 is the major mRNA masking
protein that avidly binds single-stranded RNA. Stability of RNA binding is
maintained by continuous phosphorylation (P red) of FRGY2 oligomers by
CK2o0,, which is an integral component of stored mRNP particles. The RNA
helicase Xp54 can be efficiently crosslinked to an abundant mRNP
component Rap, which is an RNA-associated protein that may regulate
helicase activity. Furthermore, translation repression may involve formation
of a 3'-5" molecular bridge between the protein that binds to the cytoplasmic
polyadenylation element (CPEB), oligomerized Xp54 and the cap-binding
protein elF4E. The eIF4E regulatory protein 4E-T may be required to
complete the bridge. In translation activation, the poly(A) tail is generally
extended and most, but not all, of FRGY2 is released from the mRNA,
apparently through interaction with the acidic chaperone, nucleoplasmin (51)
and/or phosphorylation by the protein kinase Akt (52). In addition, the
translation initiation factor eIF4G may displace the co-repressor 4E-T and
form a bridge with poly(A)-binding protein bound to the extended tail (data
not shown). Coincident with translation activation is phosphorylation of Xp54
(P red) by an unidentified protein kinase (PK). During mRNA degradation,
studies on other systems (71) indicate that deadenylation is followed by
decapping (Dcpl/2) and exonuclease digestion by Xrnl (data not shown).

somatic cells [p50/YB-1; reviewed in Ref. (39)] and
Chironomus salivary gland cells [p40/50; (40)]. In all situ-
ations there appears to be an intimate relationship between
DEAD-box RNA helicases and CSD proteins, one possibility
being that the helicase component is required to stabilize
the interaction of the CSD protein with single-stranded
RNA. Subsequent stabilization, throughout the period of
mRNP storage in Xenopus oocytes, is maintained by con-
tinuous phosphorylation of FRGY2 by its associated CK2a
subunit (20,23.,41).

An additional component that may play a role in cyto-
plasmic stabilization of mRNP is RAPS5S, first described
as an mRNA-associated protein found in oocytes of the
amphibian Pleurodeles (42). Orthologues of RAPS55 are
also expressed in other developmental systems, RapA/RapB
in Xenopus oocytes, Tral in Drosophila oocytes (38,43) and
CAR-1 in Caenorhabditis (38,44,45). RAP55, RapA/B, Tral
and CAR-1 form part of a highly conserved protein family,
called Scd6p (46), which contains structural features probably
involved in RNA- and protein-binding activities (Figure 4).
At the N-terminus is an Sm-like domain forming a 5-B-fold
that may form specific contacts with oligo(U) through con-
served residues in the loops connecting beta strands (47).
Towards the C-terminus of each protein is a novel FNF
domain that is enriched in polar and charged residues forming
a long alpha-helical structure with multiple exposed hydro-
philic loops likely to interact with RNA or highly charged
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Figure 4. Diagram showing the location of sequence motifs and proposed
functional regions within Xenopus RapA and RapB which are members of the
Scd6p family. Blocks indicate the conserved Sm-I and Sm-II motifs (orange)
that constitute the Sm-like domain, the conserved FDF domain (pink) and the
more variable blocks of RGG repeats (green), serine/threonine-rich regions
(yellow) and proline-rich regions (violet). RAPA and RAPB genes are
differentially expressed during oogenesis: RAPA during early oogenesis when
mRNP synthesis is maximum, RAPB throughout oogenesis and into early
embryogenesis when maternal mRNAs are being translated and degraded.

Table 3. Identity of proteins associated with DDX6-like helicases in mRNP
particles from oocytes of different organisms

DDX6-like  Y-box (CSD) Scd6 Cytoplamic
DEAD box protein (Sm domain) poly-adenylation

protein protein element binding
protein
X.laevis Xp54 FRGY2a/b  RapA/B CPEB
D.melanogaster Me31B Yps Tral Orb
C.elegans CGH-1 CEY-2/3/4  CAR-1 CPB-1/2/3/4

For references see text.

peptides (46). Also present is a variable number of RGG
repeats that may contribute to further interactions. Like the
Lsml-7 proteins that are involved in mRNA degradation,
Scd6 proteins can form multimers that may also adopt a
toroidal structure (46). In each instance studied, the Scd6
protein has been shown to interact or co-localize with its
corresponding DDX6-like protein: RapA/B with Xp54, Tral
with Me31B (43) and CAR-1 with CGH-1 (38). Little is
known about the functional consequences of these interac-
tions although one possibility is that Scd6 proteins compete
with Lsm1-7 proteins on the mRNA to prevent entry into
the degradation pathway [processing bodies (P-bodies) and
mRNA degradation]. However, recent studies indicate that
Scd6 proteins are involved in processes beyond mRNA meta-
bolism alone: in Caenorhabditis, CAR-1 is found to play
an essential role in endoplasmic reticulum organization and
late cytokinesis (44,45), while in Drosophila embryos, Tral
is required for formation of normal endoplasmic reticulum
exit sites and proper secretion of proteins involved in
key developmental events (43). These connections, between
mRNP complexes and membrane trafficking, may add
further to the versatility in function of the conserved families
of mRNP proteins. The different members of the conserved
families of mRNA-associated proteins found in germ cells
are listed in Table 3.
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Involvement of DDX6-like proteins in
translation control

FRGY?2 and Xp54 are both present in non-translating mRNP
particles as protein multimers (48,49) possibly arranged along
much of the length of the mRNA as indicated by RNase pro-
tection and cross-linking studies (48). In addition to mRNA
masking by FRGY2, stored mRNA generally has a short
poly(A) tail [reviewed in Ref. (50)]. The switch from stored
mRNP to recruitment into polysomes has been studied
primarily in full-grown (stage VI) oocytes and has been
shown to involve cytoplasmic extension of the poly(A) tail
and removal of most of the FRGY2 from translationally
activated mRNA (50,51). Factors that have been implicated
in the destabilization of FRGY2 binding to mRNA include
the acidic chaperone protein, nucleoplasmin (51) and a pro-
tein kinase that phosphorylates the C-terminal region of
Xp54 (Figure 3). It has been shown recently that association
of mammalian YB-1 with the 5’ cap structure of mRNA is
regulated by phosphorylation by the S/T protein kinase Akt,
leading to relief of translational repression of YB1-bound
mRNAs (52). These results have relevance to the resumption
of meiosis in oocytes because it was shown previously that
Akt is essential for insulin-stimulated cell-cycle progression
of Xenopus oocytes (53).

In addition to the major masking proteins, other factors
regulating translation are located at the 5’ and 3’ ends of
mRNA. At the 3’ end the protein CPEB is bound to the cyto-
plasmic polyadenylation element (CPE) and appears to have
dual functions: in directing polyadenylation to activate trans-
lation and in interacting with maskin (a translation inhibitor
expressed at late oogenesis) to repress translation [reviewed
in Ref. (50)]. Both Spisula p47 and Xp54 have been shown
to associate with CPEB, but not through direct binding:
whereas p47 associates with CPEB through RNA binding
(9), Xp54 associates with CPEB in the absence of RNA,
probably via another protein. It has been shown that Xp54,
tethered to the 3’-untranslated region (3’-UTR) of a poly(A)~
reporter, results in a 3- to 5-fold suppression of translation
(9). However, tethered DQAD and HRIGQ mutants actually
stimulate translation, whereas both wild-type and muta-
ted Xp54 tethered to a poly(A)" reporter had no effect
on translational efficiency (9). These results indicate that
Xp54 activity is required for repression of mRNA with
short poly(A) tails. The mechanism of repression appears to
rely on RNA-dependent Xp54 oligomerization initiated either
by tethering Xp54 to the 3’-UTR or by interaction of Xp54
with a CPEB-associated factor (49). Oligo-Xp54 can then
interact with the cap-binding protein eIF4E, possibly through
an inhibitory complex containing CPEB and co-repressor
maskin, to repress translation initiation [reviewed in
Ref. (50)]. However, maskin is expressed only late in
oogenesis (stage VI) and an alternative bridge component
would be required to repress translation at earlier times.

These observations have been extended in studies on
mammalian cells which indicate that rck/p54 interacts with
elFAE and an associated factor, elF4E-transporter (4E-T)
which may substitute for eI[F4G to form a translationally
repressed mRNP (Figure 3), or replace elF4G to direct the
mRNP towards degradation (54,55). However, such a mech-
anism of translation repression and activation appears not

to be universal. In yeast cells, Dhhlp physically interacts
with Patlp (28). Although both proteins carry out similar
functions, they now appear to operate through separate
mechanisms, which are not known in detail. Nevertheless,
over-expression of Dhhlp has been shown to be sufficient
to drive translational repression of mRNAs in yeast cells
and both Dhhl and its human orthologue, rck/p54, can
exert this effect on translation in vitro (56). Furthermore,
Dhhlp can work to repress translation independently of the
presence of a 5’ cap structure on the mRNAs, being capable
of repressing those mRNAs whose translation initiation is
dependent on the presence of an IRES (56). Translation
activation might then be expected to result from a knockdown
of the DDX6-like component alone.

Global activation of translation is observed by injecting
oocytes with antisense morpholinos that are complementary
to the translation start site of XP54 mRNA. Compared with
injected control morpholino, translation levels become notice-
ably greater as knockdown of available Xp54 protein takes
effect. This activation of translation apparently applies to
different classes of mRNA, for instance, those encoding
ribosomal proteins and proteins bound to poly(A)" RNA
(J. Sommerville and A. Weston, unpublished data). However
no common regulatory element has been identified in these
two classes of mRNA. The extent to which increased synthesis
results from release from translation repression, rather than
stabilization of polysomal mRNA, remains to be determined.

A similar situation to that in Xenopus oocytes occurs in
Drosophila oocytes. Here Me31B, the RNA-binding protein
Tral, the CSD protein yps, the CPEB orthologue Orb
and RNA localization factor Exuperantia (Exu) assemble
with mRNAs to form translationally repressed mRNPs
(37,38,57,58). Consistent with its proposed role, Me31B
knockout results in premature translation of oskar and bicoid
mRNAs in nurse cells, instead of later translation at their
positional destinations in oocytes (58) (Figure 5).

Effects of over-expression, mutation and
knockdown of Xp54 on mRNA stability

It has been assumed that individual maternal mRNAs are
stable over the time range (several months) of oogenesis,
whereas what are stable are steady-state amounts due to
continuous transcriptional activity. Rates of turnover can be
measured by inhibiting transcription or by interfering with
the expression of potential stabilizing factors. By manipulat-
ing the level of available Xp54, effects on the steady-
state levels of a variety of mRNAs can be assayed. As
with mRNA export, these effects are not simple (Table 2).
(1) Whereas over-expression of Xp54 had little effect on the
stability of translationally active mRNAs encoding ribo-
somal proteins L1 and S1, stored mRNAs encoding cyclin
B1 and FRGY1 appeared to be further stabilized. (ii) Over-
expression of the DQAD mutant reversed cyclin Bl and
FRGY1 stabilization but had diverse effects on translating
mRNAs (cf. L1, S1 and H4). (iii) Knockdown of Xp54, by
injection of an antisense morpholino (MO), stabilized
mRNAs encoding L1, S1 and H4 and tended to destabilize
mRNAs encoding cyclin B1 and FRGY1. In all treatments,
the level of stored mRNA encoding the embryonic linker
histone, B4, remained unchanged and served as an internal
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Figure 5. Major pathways involving DDX6-like helicases in the metabolism of mRNA of different organisms. Different aspects of helicase activity are
emphasized in different organisms. In S.cerevisiae, best studied is the decay pathway in which Dhhlp has been shown to associate both with the mRNA
deadenylation complex containing Ccr4p and Pop2p and the mRNA decapping complex containing Dcp1/2p, Patlp and Lsm1-7p. Decapping activity is located
in P-bodies. Deletion of DHH] results in a block in meiosis. In Caenorhabditis, CGH-1 locates to cytoplasmic mRNP particles and to P granules. Whereas
CGH-1 particles are dynamic structures responsive to meiotic development, P granules may represent sites of mRNP assembly or remodelling. CEY2-4 are
CSD proteins associated with mRNA. Deletion of CGH-I results in physiological germ cell apoptosis. In Drosophila, Me31B binds to maternal mRNAs
synthesized in nurse cells. Including the CSD protein Yps and the mRNA-localization factor Exu, mRNP is exported to the oocyte where localization between
anterior (A) and posterior (P) regions may occur. In addition, Me31B locates to sponge bodies, which may represent the site of germplasm. Deletion of ME3 /B
results in premature translation of mRNAs, normally located to and stored in the oocyte, in nurse cells. In Xenopus, Xp54 can shuttle between cytoplasm and
nucleus (GV) but, after binding to nascent pre-mRNA transcripts together with the CSD protein FRGY2, exits the nucleus in mRNP particles, most of these being
stored in a non-translating (maternal) form. In early oocytes, Xp54 also locates to the Balbiani body that contains the germplasm. In mammalian cells, rck/p54 is
bound to mRNA together with the CSD protein YB1/p50. Some mRNP may be held in a non-translating form. rck/p54 is also a component of SGs and is
implicated in the remodelling of mRNP for translation, storage or degradation in P-bodies. mRNP marked for degradation is associated with the decapping

enzymes Dcpl/2 and the mRNA may be eventually degraded by the 5’ exonuclease Xrnl. For references see text.

control in all assays. As with the assay of mRNA export effi-
ciency, these results point to the importance of available
Xp54 and indicate its diverse effects on different mRNAs.
The molecular mechanisms involved in significant levels of
mRNA decay in oocytes are not known.

Recent studies, on mouse gametes and embryos, have
shown that over-expression of rck/p54, by injection of an
expression plasmid into fertilized eggs, delays the progres-
sion of early embryogenesis and that generation of RCK
knockout mice results in significant lethality of offspring,
indicating that perturbation of rck/p54 production can have
major effects on the development of mammals (36).

REMODELLING AND DEGRADATION OF mRNP

Localization and function of DDX6-like proteins in
cytoplasmic bodies

In addition to a diffuse cytoplasmic distribution reflecting
free mRNP particles, DDX6-like proteins are found to be
concentrated in distinct cytoplasmic foci. These foci take
three forms: (i) structures containing germ plasm in oocytes
of Caenorhabditis [P-granules; (8,38,59)], Drosophila
[sponge bodies; (58)] and Xenopus [Balbiani body/germinal
granules; (17)]; (ii) structures associated with mRNA

degradation, the P-bodies of yeast (60-62) and mammalian
cells (63-67); and (iii) the stress granules (SGs) of mam-
malian cells (66—-68). The function of these structures in
widely different organisms may be comparable (Figure 5).

Germplasm-containing structures and
the distribution of mRNP particles

In the early (stage I) oocytes of Xenopus, high concentrations
of mRNP granules are located, along with proliferating
mitochondria, in a large cytoplasmic structure located on
the vegetal side of the nucleus known as the Balbiani body
or ‘mitochondrial cloud’. The mRNP component constitutes
the germplasm, which is later redistributed as germinal gran-
ules to the vegetal cortex and appears eventually to be
involved in the determination of embryonic germ cells
[reviewed in Ref. (69,70)]. The Balbiani body contains not
only a distinct subset of mRNAs, but also a high concentra-
tion of Xp54 (17). A similar situation exists in sponge bodies
and polar granules of Drosophila oocytes, which contain a
subset of mRNAs together with Me31B helicase (58)
and in P granules of Caenorhabditis germ cells (8,38,59),
which contain mRNAs that specify germline fates together
with CGH-1 helicase. It is tempting to speculate that Balbiani
body/cortical granules, sponge bodies/polar granules and
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P granules are functionally equivalent. However, sponge
bodies appear to be involved in the distribution of mRNP par-
ticles to different regions of the oocyte (58); and P granules
are postulated to be involved in the stabilization of newly
synthesized mRNAs by assembly with CGH-1 and associated
proteins (8,38,59). In early (syncytial) stages of oogenesis,
P granules have a perinuclear location in association with
nuclear pores and, after entry into meiosis, newly synthesized
mRNAs appears to pass through the P granules to accumulate
as cytoplasmic mRNP particles containing CGH-1 and its
associated RNA-binding protein CAR-1 (38). However, in
the cgh-1 deletion mutant, CAR-1 is lost from P granules
in meiotic cells, to accumulate as cytoplasmic aggregates
(38). These results further support the importance of a
functional association between CGH-1 and CAR-1 and
indicate a role for CGH-1 in mRNP assembly. Therefore, in
addition to sequestration of germline mRNPs, the Balbiani
body may also have a more general early role in the assembly
and distribution of mRNP particles. The Xp54/Me31B/
CGH-1 proteins appear not to be essential for the
formation or maintenance of any of these structures; rather
they act as markers for mRNP complexes that reside
within them or pass through them to be located elsewhere
(Figure 5).

Processing bodies and mRNA degradation

The yeast helicase Dhhlp and the mammalian helicase
p54/rck have been identified recently as key components in
mRNA degradation. The major pathway of mRNA turnover
is initiated with shortening of the 3’ poly(A) tail (deadenyla-
tion), followed by removal of the 5'-cap structure by the
Dcplp/Dep2p decapping complex and 5'-3’ exonucleolytic
decay (71). It has been shown that Dhh1p interacts physically
with several proteins involved in this pathway: with Pop2p,
a subunit of the mRNA deadenylation complex; with the
decapping enzyme Dcplp; and with Lsmlp and Patlp,
which are activators of decapping [(28,29); Figure 5]. Since
Dhhl increases the efficiency of mRNA decapping, one pos-
sible mechanism is that it remodels mRNP particles by
destabilizing the translation initiation complex following
deadenylation and facilitates access to the cap structure for
Dcplp/Dep2p (28,29). An intriguing possibility is that some
mRNP particles, instead of being fed into the decay pathway,
are remodelled for re-entry to translation following storage,
thus unifying the decay/storage functions of Dhhlp and
Xp54 (29). It has been shown that mRNA decapping and
5'-3" degradation, together with the protein components
involved, locate to distinct cytoplasmic foci called P-bodies
(60,61). Recent studies have shown that Dhh1 works redund-
antly with Patlp to facilitate the formation of P-bodies, dele-
tion of DHHI in combination with PATI resulting in a
significant decrease in the number of P-bodies (56). Further-
more, it has been confirmed that P-bodies are dynamic struc-
tures requiring not only mRNA for their formation (61), but
also permitting re-entry of stored mRNA into the translation
pathway (62). Since mRNA can be temporarily held in
P-bodies in association with proteins related to those found
in maternal mRNPs, mechanisms for developmental storage
of non-translating mRNA may have been adapted from
P-body function (62).

The P-bodies of mammalian cells appear to be similar
to their yeast counterparts: in human cells, there is
co-localization of degradation factors Dcpl/2, Ccr4, Lsm1-7
and Xrnl, together with rck/p54, the mammalian orthologue
of RAP55 and accumulated poly(A)" RNA (54,63-68).
Recently it has been shown that rck/p54 is required for the
accumulation of the mRNA degradation factors in P-bodies,
indicating an additional, early role for the helicase in the
decay pathway, perhaps in accommodating the degradation
factors as part of larger mRNP complexes essential for
P-body formation (54,55). Identification and analysis of
additional components of P-bodies, namely eIF4E and its
interaction partner 4E-T (but not translation initiation factors
such as elF4G), indicate key roles for these proteins in
the remodelling of mRNPs for their targeting to P-bodies
(54,55). An early stage in the transition of actively trans-
lating mRNAs to mRNAs destined for degradation in
mammalian cells might involve the interaction of rck/p54
with elF4E, perhaps through a 4E-T bridge, thus replacing
the PABP/elFAG/elF4AE bridge observed in translation
complexes (54,55).

Stress granules and mRNP remodelling

Mammalian p54/rck and RAPS55 are also present in SGs,
which are temporary structures that accumulate in response
to environmental stress. Basically, SGs are aggregates of
stalled translational preinitiation complexes, assembled in
response to elF2o. phosphorylation. (Phosphorylated elF2a
reduces the availability of the elF-GTP—tRNA ternary com-
plex that is required to initiate translation.) SGs therefore
contain a complement of proteins different from P bodies:
although both contain, for instance, p54/rck, RAP55, Xrnl,
elF4AE and CPEB, SGs lack Dcpl/2, but contain elF4G and
PABP, which are absent in P bodies (63—65). As a con-
sequence, SGs are not just involved in mRNA decay—they
appear to be capable of remodelling mRNP for entry into
alternative pathways: for reinitiation of translation; for trans-
lation repression and storage; or for transit to P-bodies (67)
(Figure 5). Therefore, SGs may represent mRNP remodelling
centres par excellence, bringing together all of the compon-
ents required to determine the full range of mRNP transitions.
It will be interesting to know to what extent rck/p54 is
required in determining each of the transitions and to what
extent these mechanism pertain to other systems. A recent
study of mammalian RAP55 has shown that the C-terminal
half, consisting of the two RGG domains and the FDF domain
(Figure 4), is necessary and sufficient to target the protein to
P-bodies, whereas only the second RGG domain is necessary
and sufficient to target the protein to SGs (68). It is suggested
that RAPSS may act as a shuttling protein, to target damaged
mRNA present in SGs to P-bodies for degradation (68).
The mechanism of RNP remodelling by RNA helicases has
received re-evaluation after the discovery that some DexH/D
proteins do not need to unwind duplexed RNA in order to
carry out their function of protein displacement. For instance,
two quite distinct ‘RNA helicases’, NPH-II and DED1 have
been shown to be capable of rearranging RNA—protein com-
plexes independent of duplex unwinding (72,73). In essence,
energy derived from RNA-stimulated ATP hydrolysis can
be used to remodel RNP complexes by a mechanism that



does not depend on changing the secondary structure of
the RNA. In vivo specificity of a remodelling event could
be derived from the immediate protein composition of the
mRNP assembly. This ‘RNPase’ concept (72) has received
widespread acceptance (72-76) and is in accord with most
of the results discussed here on the DDX6-like subfamily.

EXPRESSION OF RCK/P54 IN TUMOUR CELLS

The human DDX6 gene, RCK, is the target of a chromosomal
breakpoint translocation occurring in patients with B-cell
lymphomas. The gene product, rck/p54, was found to be
over-expressed in several malignant cell types, indicating
that RCK is a candidate proto-oncogene (2,3,77-79). Over-
expression of rck/p54 in colon tumour cells is frequently
accompanied by over-expression of c-Myc, an observation
that has led to the suggestion that rck/p54 contributes to the
stabilization and increased translational efficiency of c-myc
mRNA (77,78). That rck/p54 can directly affect c-myc
mRNA has been indicated by in vitro-binding studies,
which show that not only does rck/p54 protein bind to in vitro-
transcribed c-myc RNA but it also converts a folded RNA
structure to a linear one, but only in the presence of ATP
(16). These results are suggestive of an RNA-unwinding
activity that converts intrastrand duplexes to single-stranded
RNA. However, this activity is not substrate-specific: in vitro-
transcribed RCK RNA itself, is transformed in the same
manner (16). Therefore, the proposed mode of action of
rck/p54 complies with the consensus that all DDX6-like pro-
teins act by regulating the metabolism of mRNA molecules.
Where analogy with Xp54 and Me31B apparently breaks
down, is that in oocytes these proteins are characterized as
agents of translation repression (9,49,58), whereas in tumour
cells rck/p54 apparently activates translation of factors asso-
ciated with carcinogenesis. This difference can be resolved
by postulating that a remodelling activity of DDX6-like
helicases merely presents an opportunity to change the trans-
lational status of any particular mRNA.

A ROLE FOR DDX6-LIKE PROTEINS IN
CELL-CYCLE REGULATION

In conditions unfavourable for cell division, eukaryotic cells
undergo transient arrest at the G;-to-S phase transition. Initi-
ation of arrest is known as the checkpoint response. Studies
on G,/S-arrested yeast cells, following induced DNA damage
or ectopic expression of the human tumour suppressor gene
BRCAI, have shown that deleterious effects are suppressed
by deletion of DHHI, implicating Dhhlp as a regulator at
the G,/S transition, at which BRCA1 may have a checkpoint
role in human cells (11). It will be interesting to know if the
human orthologue, DDX6, interacts with BRCA1 in human
cells and whether it is a potential breast cancer gene target.
Further studies on DNA damage-induced arrest have
identified Dhhlp as an essential component in release from
checkpoint arrest (80). With localization of Dhhl in
mRNA-containing complexes (28,29) and biochemical isola-
tion in mRNP particles (10), G,/S checkpoint recovery is
likely to result from regulatory mechanisms acting at the
level of mRNA stability and translatability. It is suggested
that efficient recovery requires Dhhlp either to promote
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decay or to change the translational status of a subset of
mRNAs (80). However, as with the discussion on rck/p54,
Dhhlp need not only be associated with a specific subset of
mRNA targets, the mRNPs involved in cell-cycle progression
may simply be those that are remodelled in response to a
particular stimulus.

PERSPECTIVE
Specificity versus ubiquity

The question remains as to the restriction of binding of
DDXG6-like proteins to a particular subset of mRNAs. If this
were so, different subsets would be bound in different cell
types, e.g. mRNAs encoding specialized meiotic functions
in germ cells and mRNAs encoding proteins required for
cell proliferation in tumour cells. So far there is little
evidence of selective binding to particular mRNAs. It now
seems unlikely that the DDX6-like proteins have a narrow
range of specific mRNA targets and more likely that
they bind any available mRNA molecules in a sequence-
independent fashion. This does not mean that every mRNP
would, at any one time, have to contain DDX6-like protein:
the dynamic nature of mRNP composition and function
would allow for temporary association of the helicase, per-
haps by interacting with a sequence-specific-binding protein.

Coordination of mRNP metabolism

A case against temporary association of DDX6-like proteins
with mRNAs can be argued from the detection of these
proteins at practically every stage of life of the mRNAs.
Other DEAD-box proteins associate with mRNA at specific
stages—at splicing, or nuclear export or translation and
tend not to persist beyond the site of their specific function:
yet DXX6-like proteins are detected on mRNA throughout
its lifetime, from transcription to degradation. Whether this
represents a stable association or periodic rebinding is not
known (given the dynamic nature of protein interaction with
mRNA this distinction may be difficult to define). Never-
theless persistence of association with mRNA would give
the helicase the opportunity of co-ordinating the activities
of a particular mRNA through its metabolic transformations.

Molecular interactions

DDX6-like proteins can apparently interact with a range of
different protein partners in a variety of cellular situations.
Confirmation of the molecular nature of these interactions,
particularly by identification of protein-binding sites, is
required. For instance, several types of genetic interaction
have been identified between DHHI and other yeast genes
or ectopically expressed genes: establishing corresponding
molecular connections would greatly advance our under-
standing of the possible multiple outcomes of Dhhlp activity.
Elucidating the molecular structure of multiprotein com-
plexes involving DDX6-like proteins will be a major task,
especially if their protein composition is labile.

Mode of action

The apparent dynamic transformation of structure and com-
position of mRNA particles calls into question the exact
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role of DDX6-like proteins in such transformations. Although
double-strand unwinding activity can be demonstrated
in vitro, it is not known how this activity relates to situations
in vivo. The currently accepted view is that RNA helicases
may operate to alter mRNP assemblies by their ‘remodelling’
(72-76). Whether remodelling takes the form of local RNA
unwinding, or winding to create double-stranded RNA struc-
tures, or simply by stimulating exchange of protein-binding
partners, remains largely unknown. Apart from using RNA-
stimulated ATP hydrolysis as a motor for protein displace-
ment, other influences, such as protein phosphorylation
and competition for mRNP-binding sites, would determine
the outcome of remodelling. Certainly, the varied changes
that occur in mRNP complexes throughout their lifetimes
mark out the DDXG6-like proteins as classic remodelling
factors.

Consequences of activity

An extension of the remodelling concept is that the outcome
of DDX6-like helicase activity need not be uniform. For
instance, association of the helicase with a group of mRNAs
need not mark them all out for translation repression: some
may be repressed, others may be activated. Nevertheless,
the evidence so far available from studies on translation con-
trol during oogenesis and early development indicates that
depletion of the DDX6-like protein results in widespread
derepression of protein synthesis in oocytes.

Formation of mRNP assemblies

Noticeable cellular structures are generated by the amounts
of mRNP being processed. Just as lampbrush chromosome
loops impress by the density of nascent RNP transcripts pre-
sent and masses of maternal mRNP can form large storage
complexes in germ cells, P-bodies reflect a relatively high-
throughput of mRNP for degradation and SGs form from
aggregates of mRNPs and associated translation components
in conditions that require a large-scale reassignment of
mRNA metabolism. It is impressive that the various members
of the DDX6 helicase subfamily appear to be major compon-
ents in all of these structures and may even be key regulators
of their formation. Perhaps equivalent structures, on vastly
different scale, exist in all cell types to cover the diversity
of mRNP transitions.
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