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Abstract

Translational control is a vital aspect of gene expression. Message specific translational repressors
have been known of decades. Recent evidence, however, suggest that a general machinery exists
that dampens the translational capacity of the majority of mMRNAs. This activity has been best
ascribed to a conserved family of RNA helicases called the DHH1 / RCKp54 family. The function
of these helicases is to promote translational silencing. By transitioning mRNA into quiescence,
DHH1 / RCKp54 helicases promote either mMRNA destruction or storage. In this review we
describe the known roles of these helicases and propose a mechanistic model to explain their mode
of action.

Translational repression is a critical node of gene expression

The control of mMRNA translation is vital to maintain cellular homeostasis. Just as the
process of transcription is reiterative, so is translation. Each RNA message can be translated
hundreds of times, thereby encoding hundreds of polypeptide. Therefore, the effects of
nuclear changes in expression would not be felt without additional control of cytoplasmic
transcripts, which must stop translating in a regulated fashion if protein expression is to be
downregulated, for example. It therefore makes sense that regulatory mechanisms exist to
enforce translational regulation, ensuring the mRNA doesn’t translate ad infinitium. While
down-regulating mRNA translation is often coupled to robust degradation of the transcript,
it is also possible to store messages as stable species so that they can be reutilized. Arresting
translation and maintaining transcripts in a stable, inert form provides the cell with a
complex poised to respond quickly to biological cues. For example, translationally silenced
mRNAs are found at neuronal synapses(1), where rapid expression is critical for cellular
function. Additionally, translational silencing mediated by changes in polyadenylation has
been shown to be important in gene expression control during oocyte maturation and
embryo development(2). For most mRNA transcripts, however, translational silencing feeds
the message into decay(3). The regulated destruction of the mRNA is the ultimate
mechanism to stop a transcript’s translation. Despite the importance of the processes, the
interplay between mRNA translational control and mRNA decay is not well understood.

In this review we discuss the events that occur at the interface of translational control
pathways and mMRNA decay, and the importance thereof. Specifically we focus on the
DEAD box helicase protein DHH1/RCKp54 which appears to transition mRNA from a state
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that is favorable for translation to a state of quiescence that can lead to either storage of an
mRNA or entry into degradation. We hypothesize that this family of helicases is part of a
basal machinery that is exploited for both general and mRNA specific translational control.

DEAD-box helicases and translation

The DEAD-box family of proteins is a large group of proteins generally involved in RNP
remodeling(4). They are classified as members of helicase superfamily 2 (SF2)(5), along
with the related DEAH and similar helicases (collectively referred to as the DExD/H
helicase family). They are defined by a set of 9 conserved sequence motifs that have been
identified by homology to the founding member of the family, elF4A —an RNA helicase
involved in translation initiation. These motifs permit DEAD-box proteins to bind and
hydrolyze ATP as well as interact with RNA. Structural data, including the crystal structure
of elF4A alone(6) and D. melanogaster Vasa with RNA and ATP(7), have supported the
involvement of the identified critical residues. While DEAD box proteins are classified as
helicases, this is somewhat of a misnomer as no members of the family have been found to
carry out processive unwinding ascribed to classical helicases. Instead, the known members
of the family function in a variety of roles related to RNA metabolism, with functions
ranging from local disassociation of short duplexes to RNA binding(8). elF4A, for example,
was found to change the sensitivity of RNA to nuclease, presumably by rearranging its
structure(9). In addition, elF4111-A appears to clamp tightly to RNA in response to ATP
binding and hydrolysis(8). Members of this family have been found to be involved at every
step in RNA processing, particularly ribosome biogenesis, splicing, and translation.

The DHH1/RCKp54 family of helicases

Structural

DHH1/RCKp54 proteins are stereotypic members of the DEAD-box helicase family, with 9
conserved motifs and characterized ATP binding and hydrolysis activities (Figure 1). This
family of helicases was first identified in Drosophila as Me31b (maternally expressed from
chromosomal locus 31b): a gene important for embryonic development(10). Since then,
homologs have been identified in most eukaryotes and its functions have been described to
be at the interface between mRNA translation and decay. Specifically, DHH1/RCKp54
helicases have been implicated in promoting maternal mMRNA silencing in oocytes, as well
as developmental regulation in the embryo, controlling cell-cycle checkpoints, maintaining
neuronal synaptic plasticity, promoting stress responses, allowing viral replication, and
facilitation of mMRNA decapping and decay(11). In this review, we hypothesize that these
diverse functions are a result of its core conserved function in promoting translational
repression.

and biochemical characterization of DHH1/RCKp54 helicases

The biochemical characterization of proteins in this family is relatively lacking, with the
best characterized members being Xp54 and RCKp54. Xp54 was shown to have unwinding
activity towards a 46-bp duplex with 5” overhangs. The protein used was purified from cell
lysates using salt elution from an oligo(dT)-cellulose column and appeared pure by
coomassie staining. Additionally, the unwinding activity was blocked specifically by the
addition of a-Xp54 antibodies(12). These results strongly suggest that Xp54 is able to
unwind RNA, though the requirement for a cofactor cannot be ruled out. The activity of
RCK/p54 was assayed via electron microscopy. Recombinant RCKp54 was mixed with /in
vitro transcribed RNA and observed for 30 minutes. The protein was observed to coat and
straighten the RNA, which tended to have a structured appearance in the absence of the
protein. The RNA appeared to demonstrate thinner single-stranded regions in these assays,
though these are hard to interpret due to the relatively low resolution of the microscopy(13).
This experimentation clearly shows that RCKp54 is able to bind mRNA without
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modification or cofactors; however, attempts to elicit unwinding activities from other
members of the family (e.g. DHH1(14)) have been unsuccessful. Importantly, however,
work from the Reese lab has shown that DHH1 has weak RNA-dependent ATPase activity
and that this activity is restricted by inter domain interactions. This suggests that co-factors
might exist within the cell to help modulate DHH1/RCKp54 enzymatic activity(14).

While it remains unclear whether all members of the DHH1 subfamily have bona fide
unwinding activity, or whether some members carry out other activities, genetic studies have
shown that mutants that are predicted to affect ATP binding or helicase activity can nullify
DHHL1 function or even create a dominant negative effect(14, 15). These results argue that
whatever catalytic activity DHH1 may have is important to its function. Other evidence of
activity includes the fact that DHH1 preferentially cross-links to ATP and exhibits tight
binding to RNA /n vitro(14). The activity could be something that is distinct from traditional
helicase activity, such as RNA structural conversion, RNA clamping, or RNP displacement.
It has been shown that DexH/D proteins can possess activities of this sort alongside or
instead of traditional unwinding(8).

Most of the details of the molecular function of this helicase subfamily have been elucidated
in the yeast system. The DHHL1 protein is a 506 aa polypeptide with 52% identity and 63%
similarity to the human homolog. These figures improve to 69% and 83% respectively if
only the core 400aa domain is considered. It possesses the traditional DEAD RNA helicase
motifs in the core conserved region and doesn’t have any other recognizable sequence
elements.

The structures of several subfamily members have been solved, including DHH1(15) and
RCKp54(16-18). These have shown that like previously solved DEAD-box proteins
(elF4A(19) and mjDEAD(20)), the DHH1 core contains two RecA-like domains containing
previously described motifs. Each individual domain overlaid with its counterparts from
previous structures gives a maximum RMSD value of 1.3 A. Importantly, the orientation of
the domains is different, with the two forming extensive interactions with each other, with
many of the conserved motifs clustered near the interface. Evidence for the interaction of the
domains was found in the observation that addition of ATP and RNA to DHH1 greatly
increased its resistance to trypsin, suggesting that the protein adopted a more closed
conformation. A mutant predicted to sterically hinder the domain packing largely negated
this effect, as well as creating a dominant negative effect /n vivo(15). These results indicate
that DHH1 has a typical twin Rec-A domain structure, but adopts a unique closed
conformation that is important to the function of the protein.

Evidence for function in translational repression across many organisms

DHH1/RCKp54 helicases have been ascribed many different functions, at different
developmental stages, in many different cell types, and in many different organisms;
however, we hypothesize that one unifying theme unites these functions. In this review, we
propose that each function of the protein hinges on a more general role of this helicase
family in translational repression. As a general decay factor in yeast, it represses translation
and allows decay to overtake the message. As a component of oocyte granules, it serves to
keep RNAs silenced during oocyte development and maturation. It serves similar roles in
neuronal granules, stress granules, as well as other systems and functions. In the following
sections, we will present details about the specific roles of several key members of this
family and then propose a unifying model.
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DHHL1: aregulator of decapping functions by altering mRNA translation

In yeast, the investigation of DHH1 has been tied to its effects on mMRNA decay(21, 22). It
was originally shown to function as a general decay factor, interacting with the multiple
proteins involved in the process, including deadenylase components POP2, NOT1, and
CCRA4(23, 24), the decapping cofactors LSM1 and PAT1, and even the decapping
holoenzyme through DCP1(21). Furthermore, it was shown that its deletion leads to general
stabilization of mRNA, inability to repress translation, and poor formation of P-bodies
(processing bodies potentially involved in storage of mMRNA or decay factors)(25).
Additionally, there are reports that DHH1 can function in regulatory roles, changing
expression of specific factors in several cellular processes, specifically in cell cycle
regulation(26-28), mating(29), iron metabolism(30), and mitochondrial function(31). In
many of these cases, it was found to function with other proteins acting as adapters,
recruiting DHH1 to specific messages, where it could carry out its function. Unsurprisingly,
these studies have shown that protein output is controlled by DHH1, as are mRNA levels.
However, there has been little evidence until recently that would allow us to distinguish
whether the level of translation was being reduced by removal of mRNA or whether the
level of mMRNA was being reduced by the inhibition of translation. Recently, however, two
studies have shown that DHH1 represses translation in the absence of an active decapping
pathway, indicating that the protein is able to impact translation without reducing mRNA
levels(32, 33). This confirms that DHH1 can function to reduce the level of translation
directly, likely leading to an increase in the decay rates in its target genes. Taken together,
these experiments identify DHH1 as a versatile translation repressor, able to function in
general decay as well as targeted functions with specific adaptor proteins.

In early studies, DHH1 was suspected to have a role in steps of mMRNA processing relating
to deadenylation, as it had been identified in complexes found to be related to that
process(24). Subsequently, DHH1 was identified as a factor important in decapping, as
mutant cells showed accumulation of capped transcripts, similar to mutants in the decapping
complex(21, 22). However, it was ruled out that DHH1 could simply be a decapping
cofactor, as nonsense-mediated decay (another process that depends on decapping) appears
unaffected(21). Furthermore, DHH1 was found to associate with both the deadenylase
complex and the decapping complex in an RNA independent manner. Bringing the ideas
together, the growth phenotype of a DHH1 deletion was found to be exacerbated by
overexpressing Caf20p, a known antagonist of cap-dependent translation. As these effects
were unique, and did not replicate with mutants in the deadenylase or decapping enzymes, it
was posited to directly tie DHH1 function to translational regulation(21).

Further studies showed that DHH1, along with another factor PAT1, were capable of
repressing translation(25). The overexpression of these proteins leads to a loss of polysomes
and accumulation of these proteins in cytoplasmic foci called P-bodies as well as loss of
reporter mRNASs from heavy polysomes. In contrast, overexpression of other decapping
components like DCP1 does not duplicate this effect. Complementary experiments /n vitro
showed that recombinant DHH1 could inhibit translation in a manner dependent on its ATP
hydrolysis activity. Finally, it was shown that deletion of DHH1 (which stabilizes normal
messages) failed to stabilize translation-inhibited reporters, unlike general decapping factors.
This again directly linked DHH1 with translational repression rather than direct decapping
control(25).

It has been shown in more recent experimentation that mMRNA decays in the context of
translation, with ribosomes still associated with the message at the time of decay(34). In this
state, where the message is accessible to both the translational machinery and the decay
proteins, translational control is critical to directing individual mMRNAs into the decay
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pathway rather than further rounds of translation. This is illustrated by the conclusion that
mutation of translation initiation factors, which inhibits translation, increases the rate of
decay(35). DHH1 appears to function at this junction between the two processes.

From a molecular standpoint, it has been shown that DHH1 inhibits the formation of the 48S
pre-initiation complex /n vitro, implying that DHH1 could have a similar function /n vivo,
which would be consistent with the observed function in translational repression(25). More
recently, however, it was shown that DHH1 functions even in cells where translation
initiation is limited via initiation mutants. While this is not conclusive evidence, the fact that
limiting initiation does not prevent DHH1 function implies that it may function at another
step. Additionally, it was observed that artificially tethering DHH1 to a reporter resulted in
the saturation of message with slowly moving ribosomes(33). Consistent with these
observations, endogenous DHH1 was found to preferentially associate with slow-moving
ribosomes in a manner dependent on its ATPase activity(33). Furthermore, destabilization of
messages impeded for translation elongation was entirely DHH1 dependent. Taken together,
these pieces of evidence indicate that DHH1 functions at steps later than initiation,
associating with translating ribosomes and responding to changes in elongation rate.
Together, the in vitro and in vivo data suggest DHH1 impacts some aspect of ribosome
function. We hypothesize that the context of DHH1’s interaction with ribosomes
dramatically impacts the effect on translation observed (see below).

Xp54, cgh-1, Me31b: Activities in reproductive and developmental

pathways

In Xenopus, Xp54 was first identified as a component of maternal storage particles. It was
shown to have bona fide unwinding activity, the first of the DHH1/RCKp54 family of
helicases to do so(12). In Xenopus oocyte systems, tethered Xp54 was shown to repress
translation in oocyte systems lacking decay(36), supporting similar evidence in yeast
indicating a role primarily in translational control. Interestingly, similarly tethered inactive
versions of Xp54 show an upregulation of protein output, suggesting that the mutant
proteins function in translation somehow, but fail to fulfill their normal role(37).

Further studies found that during active transcription in oocyte development, Xp54 appears
to shuttle between the nucleus and the cytoplasm, associating with newly synthesized RNA
in the nuclei and participating in mRNP storage body formation in the cytoplasm. Upon
arrest of transcription during maturation, Xp54 becomes restricted to the cytoplasm and
remains there until transcription is reactivated(12). Further studies have shown that Xp54
forms higher order structure in an RNA dependent manner, which may contribute to the
formation of these storage granules(37). These findings suggest a role for Xp54 in
promoting and maintaining the translational silencing of stored mMRNAs in oocytes, which is
vital to embryonic development.

In drosophila, Me31B has been shown to have several functions in widely varying cell
types. It functions in silencing of oocyte-specific genes in transport to the oocyte(38).
Interestingly, Me31B has been shown to be present in synaptic foci in neurons which lack
degradation factors. Knockdown of Me31B in this context leads to elevation in levels of
postsynaptic proteins known to be translationally regulated(1). Similarly to other systems, it
has been shown associate with general decay factors, including Pacman and DCP1(39).

In C. elegans, cgh-1 has been suggested to have distinct functions in somatic cells and germ
cells. In somatic cells, it appears to form cytoplasmic granules consistent with processing
bodies (P-bodies) containing other decay factors(40, 41). In germ cells, however it is
essential for male gametogenesis, as well as oocyte development, triggering an apoptosis
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pathway that destroys developing oocytes upon knockdown(40). In these cells, the protein is
found in distinct cytoplasmic granules devoid of decay factors. Strikingly, RIP-chip analysis
revealed that in this situation, as many as 85% of mMRNAS bound by cgh-1 is identified as
maternal mMRNAS present in embryos before zygotic transcription. Knockdown of cgh-1 led
to specific mislocalization and destabilization of these mMRNASs(41).

RCKp54: Translational silencing in multiple scenarios

In humans, the study of RCKp54 (also called DDX6) has largely focused on the
involvement of the gene in disease processes. It was first described in 1992 as a target of a
particular t(11;14) translocation in the RC-K8 lymphoma cell line from which it took its
name(42). It has been found to be upregulated in cancer cell lines(43) and implicated in
regulation of oncogenes such as c-myc(13). These roles were confirmed by knockdown
studies that showed RCKp54 was important to the proliferation of certain cancer lines(44).
Studies of hepatocellular carcinoma led to a connection with the viral field by showing that
RCKp54 may be contributing to the cancer process in part by facilitating the progression of
the Hepatitis C virus(45) in that system. Since then, it has also been shown to be involved in
the replication and maintenance of HCV(46, 47) and replication and encapsidation of other
viruses in humans(48, 49), including HIV(50), as well as other systems(51). These studies
theorize that the same activity that functions to modulate translation and decay in other
systems may function to remodel the viral MRNP so that it is properly recognized and
packaged. Another explanation would be that viral replication and packaging requires the
viral RNA to be clear of ribosomes, so the translational repression function of the protein
may function in this process as well. It is also possible that viruses take advantage of the
ability of RCKp54 to repress expression of host proteins to facilitate these functions.

Specific functions in humans have also been described outside of viral systems. The protein
is required during erythroid development as it is required to store silenced hr15-LOX mRNA
from the point of enucleation until the latest stages, at which point the product of that
message destroys the mitochondria of the mature erythrocyte(52). This functions similarly to
the translational repression seen in oocyte systems, where mRNA is stored for future use
under circumstances that require it. Furthermore, there is evidence that RCKp54 carries out
general translational repression functions in this system also, including repression mediated
by miRNA mechanisms(53). In this case, the RCKp54 protein was found to physically
interact with the miRISC machinery, specifically Ago2. Depletion of the protein led to
significant changes in localization of Ago2 and a significant reduction in its ability to
repress protein production from a miRNA-specific reporter, but not a sSiRNA-specific
reporter. Importantly, knockdown of another protein known to function in mMRNA decay
(Lsm1) did not recapitulate the effects. These findings show that RCKp54 is important to
carrying out the translational repression effects seen in miRNA silencing. The protein is not
required by the siRNA pathway as that pathway involves cleavage of the mRNA and is not
dependent on translational repression in this case. It should be noted that other proteins in
this family have since been shown to have functions in miRNA function, such as Me31b(1).

Granularization: A putative mechanism for translational control?

In many systems, the function of DHH1 and related proteins is connected with aggregation
of protein and RNA into large cytoplasmic complexes termed granules. These are generally
large enough to be viewed microscopically and vary in composition according to the
organism and the situation that leads to their formation. These can be broadly divided into
four classes: germ granules, which are complexes formed during oogenesis which carry
maternal mMRNA into the embryo; P-bodies, which may serve as processing or storage areas
for silenced RNAs in somatic cell; stress granules, which serve to sequester mRNAs during
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severe changes in transcription in response to stress; and specialized granules, such as
neuronal granules, which exist in specific cell types and carry out functions unique to those
cells.

DEAD-box proteins have long been known to participate in granule formation. The family
member vasawas identified as a key component of germ granules in drosophila and was
found to be highly similar to elF4A very early in the study of granule formation(54).
Similarly, DHH1 family members are integral components of germ granules, functioning to
silence maternal mRNAs until necessary(12, 38, 40). In neuronal granules, DHH1/RCKp54
also functions to maintain silencing(1). P-bodies and stress granules are two sets of closely
related granules containing similar sets of translation and decay regulatory factors. They
vary largely by the fact that PBs are present in growing cells whereas SGs are only present
under stress and the fact that PBs are devoid of ribosomal components and translation
factors, whereas SGs contain small ribosomal subunits as well as elF3/4 initiation factors
and poly(A) binding protein(55). DHH1 has been shown to be a found in both types of
bodies, though it is much more heavily represented in P-bodies(56).

One problem that confounds the interpretation of DHH1 function in the context of P-bodies
and stress granules is the fact the function of these bodies has not been clearly elucidated. It
is clear that P-bodies form in cells under normal conditions as well as stress and that stress
granules form under many different kinds of cellular stresses. Some functions are assumed
through the observations that stress granules form at the same time as overall translational
downregulation at the onset of stress. These assumptions are strengthened by the findings
that proteins like DHH1 are found to associate with miRNA machinery and mediate the
function of this machinery(53). Furthermore, Ago2 was found to be directly localized to P-
bodies, further adding to the idea that these were central sites of mMRNA regulation and
decay(57). However, it has been shown that disruption of P-bodies through the deletion of
EDC3(58) has no effect on either decay or translation in yeast. Additional evidence has
demonstrated that translational repression can be induced without formation of stress
granules(59) and miRNA-mediated repression can be carried out without P-bodies(60) in
other organisms. Thus it remains to be established if P-bodies and stress granules are storage
bodies for repressed mRNAs or if they have other functions within the cell.

Summary and model

Many different functions for the DHH1/RCKp54 subfamily of proteins have been discussed.
They function in organisms ranging from yeast to mammals, during development and
adulthood, in both somatic cells and germ lines. They carry out functions from general
regulation of decay to cell-specific functions such as maternal MRNA maintenance,
neurotransmitter regulation, and miRNA silencing. The adaptability and flexibility of these
proteins showcases the versatility of this protein family. However, one thread unites all of
the functions of these proteins. Whatever the context may be, they seem to function in
repressing translation of messages, whether the outcome of that repression is rapid decay in
the yeast system or maintenance and protection in oocytes. In many of these systems, the
mechanism that these proteins use to carry out their functions has not been assayed directly,
but all of the effects discussed above are consistent with the idea that these proteins carry
out a translational repression function in each case.

The differences in all of these situations are the proteins that bind and recruit DHH1/
RCKp54. The system appears to be very flexible and modular. In the case of general
regulation of translation and decay DHH1 functions in concert with other translational
repressors and decay activators, such as CCR4/NOT. These proteins complement DHH1
function and may serve to recruit it or make certain messages better substrates. In the
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example of CCR4/NOT, the deadenylase function of the complex serves to repress
translation and create conditions amenable to decay. Even in this simple system, the PUF
regulatory proteins are known to interact with members of the CCR4/NOT complex and
may promote recruitment of DHH1 to the targeted mMRNA(61). In similar fashion, factors
involved in miRNA regulation such as Agol and Ago2 interact with RCKp54 in active
miRISC complexes. These serve to target and deliver RCKp54 to its target mRNAs, where it
can carry out its function and create the silencing effect observed with miRNA regulation.

Its function in storage bodies like the maternal and neuronal bodies is also defined by its
interactions with its binding partners. It has a complex role in Xenopus oocytes, with a
nuclear component, where Xp54 binds newly synthesized RNAs in the nucleus a
cytoplasmic function where Xp54 maintains those maternal mRNAs in a silenced state.
Though its binding partners in the nucleus remain unknown, it interacts with CPEB and
FRGY2 in the cytoplasm, both factors implicated in maintenance and regulation of the
maternal granules(62). In the neuronal system, Me31b has been found to associate with
FMRP in neuronal granules. A deletion of Me31b in that system has been shown to lead to
loss of FMRP-associated phenotypes, implying that Me31b is involved in FMRP-mediated
repression(1).

Mechanistically, it has been proposed that DHH1/RCKp54 helicases repress translation by
acting on translational initiation(25). More recently, we have observed that DHH1 in yeast
can slow translational elongation/termination when tethered(33). One potentially unifying
theory of the data is that DHH1 directly affects the function of the 40S ribosomal subunit
itself and the context of this interaction dictates the mRNA’s fate. Indeed, it has been
observed that Dhh1 binds ribosomes(33, 63). Moreover, Dhh1 represses translation in vitro
of an mRNA harboring the Cricket Paralysis Virus IRES, which requires only the 40S
ribosomes to initiate translation(25). The context upon which Dhh1 binds to the 40S
ribosomal subunit might affect which step in translation that appears to be inhibited (Figure
2). Interaction between Dhh1 and free 40S subunits could influence translation at early steps
and manifest as an initiation block. Such might be occurring both in vitro and during DHH1
over-expression in cells(25). In the context of an actively translating mRNA, however,
DHHL1 interaction with 40S subunits might impede ribosome movement on mRNA as we
have observed and implies a role for DHH1 in inhibiting translation either during
elongation, termination, or ribosome recycling. Additional experiments will be needed to
define precisely how DHH1 functions mechanistically.
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Figure 1. Structure of DHH1/RCK p54 helicases
DHH1/RCKp54 helicases are traditional members of the SF2 family of helicases. They all
have the nine characteristic helicase domains and are similar to SF2 helicases in structure

(B).
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Figure 2. A novel function of Dhhlistorepressalate step in transation

We hypothesize that DHH1/RCKp54 helicases may function directly on 40S ribosomal
subunits. If Dhh1 were to function on free 40S subunits, the consequence would be
repression of translation at initiation (depicted in the left side of the figure). If DHH1/
RCKp54 helicases act on assembled polyribosomes /n vivo this would lead to repression of
translation at a late, post-initiation step (depicted in the right side of the figure). Repression
of ribosome movement could either be direct repression of ribosomes or possibly further
consolidation of already slowed ribosomes. Repressed polyribosomal mRNA can then either
be decapped or stored depending on the biological conditions.
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Table 1

Protein System Function Ref

DHH1 Yeast Decay/decapping activation, p-body formation, translational repression, cell cycle regulation, 21, 25-29, 33
mating

RCKP54 Human Oncogene, viral functions, erythroid maturation, repression by miRNA 42-53
Me31b Drosophila Oocyte transport silencing, repression by miRNA, neuronal granules, general decay 1,38, 39
Cgh-1 C. elegans Somatic granules, gametogenesis, oocyte development 40, 41
Xp54 Xenopus Maternal granules, in vitro unwinding, tethered repression, granule formation 12, 36, 37
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