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          8.1   Introduction 

 While the human GW182 gene was discovered over 10 years Ago, functional 
 characterization of the  Drosophila melanogaster  GW182 othologue—Gawky (GW, 
previously denoted as CG31992, CG11484, CG9905, or dGW182) has been rela-
tively recent. (Rehwinkel et al.  2005 ; Schneider et al.  2006  )  However, the  Drosophila  
model has contributed greatly to studying the role(s) of the GW182 family proteins 
in multiple pathways and in particular their role in RNA interference (RNAi). Of the 
commonly used metazoan models,  Drosophila  is unique in that there is only one 
GW protein encoded by the  Drosophila  genome and this homologue retains a high 
level of sequence and/or organizational identity to vertebrate GW182 proteins 
(Fig.  8.1 ). Thus, the potential functional redundancy associated with the multiple 
GW182 family proteins encoded by the mammalian genome is less of a concern in 
 Drosophila  studies (Schneider et al.  2006 ; Eystathioy et al.  2002  ) . The bulk of the 
currently published literature regarding  Drosophila  GW can be divided into two 
main categories. Functional studies describing the  Drosophila gw  mutant pheno-
type and cell-biological/biochemical studies probing the vital role of GW in the 
mechanics of  Drosophila  miRNA pathway.   
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    8.2   Drosophila Cells Make Extensive Use of Cytoplasmic 
mRNA Regulation 

 In eukaryotic cells, cytoplasmic mRNA regulation is thought to occur largely within 
ribonucleoprotein (RNP) complexes. These complexes contain both RNAs and pro-
teins and are often aggregated into larger regulatory structures (Zhang et al.  2003 ; 
Muddashetty et al.  2002 ; Ohashi et al.  2000 ; Kobayashi et al.  1998  ) . Many investi-
gations of these regulatory mechanisms in  Drosophila  pre-date the discovery of the 
RNA interference (RNAi) pathway or the functional characterization of  gw . One of 
the  fi rst RNP structures to be described is the Nuage/Polar granules located within 
 Drosophila  oocytes and embryos, where regulation of genes critical patterning and 
development makes extensive use of localized expression of mRNAs at the cellular 
poles (Hay et al.  1988 ; Wilsch-Brauninger et al.  1997  ) . 

 Many other patterning events within the developing  Drosophila  oocyte and fer-
tilized embryos are also extensively regulated by post-translational gene regulation. 
 Drosophila  screens to identify genes involved in developmental processes have 
identi fi ed several genes encoding multiple components of regulatory RNPs. 
Examples of these include: Staufen (STAU); Exupurentia (EXU); Ypsilon schachtel 
(YPS), a Y box binding protein One homologue and Oo18 RNA-binding protein 
(ORB), the  Drosophila  Cytoplasmic Poly (A) Element Binding protein homologue 
(St Johnston et al.  1991 ; Mans fi eld et al.  2002 ; Lin et al.  2006  ) . Notably, in 
 Drosophila , it seems that multiple mRNA regulatory events can be functionally 
linked. For example, there is appears to be a coupling of translational suppression 
and cytoplasmic mRNA localization and/or transport in  Drosophila  embryos. 
ME31B, a DEAD box helicase translational repressor and decapping activator, tran-
siently localizes with RNP granules during transport, until they reach the posterior 
of the oocytes (Lin et al.  2006  ) . Notably, many of these previously characterized 
RNA regulatory proteins have since been associated with GW or mammalian 
GW182 (Eulalio et al.  2007b ; Ikeda et al.  2006 ; Quaresma et al.  2009 ; Huntzinger 
et al.  2010 ; Tritschler et al.  2010 ; Yao et al.  2011  ) . 

 This functional linkage between multiple aspects of mRNA regulation and 
Recently, Dcp1, a key part of the decapping enzyme complex that is often found 
associated with GW182 family of proteins in mRNA processing (P-)bodies was 
also identi fi ed as a component of RNP granules that localize to the posterior of 

  Fig. 8.1    The structural organization of the  Drosophila  GW protein. MI MII MIII—Motif I, highly 
conserved regions—Motif II and Motif III (Eulalio et al.  2009a  ) .  DUF  conserved domain of 
unknown function;  UBA  ubiquitin associated domain;  Q/QN Rich  glutamine/glutamine and 
 asparagine rich domain;  RRM  RNA recognition Motif;  Ser  serine rich domain       
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the oocyte (Lin et al.  2006  ) . Degradation of some posteriorly localized  transcripts 
does occur during early embryogenesis (Ephrussi et al.  1991 ; Kim-Ha et al. 
 1993  ) . One  possibility is that early recruitment of Dcp1 may facilitate the rapid 
assembly of the degradation machinery at a later time during embryo develop-
ment (Lin et al.  2006  ) . Much of the early mRNA deposited in the embryo mater-
nally is co-ordinately degraded at approximately 120 min after eggs are deposited 
at the mid-zygotic (or mid-blastula) transition (reviewed in (Tadros and Lipshitz 
 2009  ) ). At this stage of development, foci are seen within the embryo that have 
a typical P-body-like composition including Dcp2 and the 5 ¢ -3 ¢  exonuclease 
Pacman (PCM), a homologue of human Xrn1 (Lin et al.  2008  ) . The fact that the 
various different regulatory RNPs active in  Drosophila  cells often share many 
of the same protein components between various regulatory structures supports 
that they may be linked functionally. This might mean that RNPs containing 
translationally repressed and localized mRNAs that are initially formed in the 
oocyte may later acquire additional components to degrade these mRNAs when 
they are no longer needed. 

 Extensive regulation of mRNA within cytoplasmic RNPs is not limited to 
 Drosophila  embryogenesis.  Drosophila  neurons also contain cytoplasmic RNPs 
that include factors involved in P-body mediated mRNA decay including PCM, 
Dcp1, Ago2 the RNAi component, and Up-frameshift suppressor (Upf), a  component 
of RNA nonsense mediated decay (NMD) pathway (Metzstein and Krasnow  2006  ) . 
These neuronal RNPs also have been reported to share components with maternal 
mRNA regulatory RNPs including STAU, FRMP and Barentz or protein compo-
nents normally localized to stress granules (G3BP and eIF2) (Barbee et al.  2006  ) . 
Of  particular note is the observation that a number of RNPs contained different 
subsets of these components. Additionally, the composition of RNPs in neuronal 
cells appears to be in fl uenced directly by the relative level of particular protein 
 components. Over-expression of STAU or a GFP fusion of dFMR1 resulted in an 
increase in the degree of co-localization of these two proteins in cytoplasmic RNPs. 
This concurrent increase in particle size and decrease in particle number suggests 
that the increase in co-localization may be the result of fusion of different types of 
RNA granules. Fusion of these granules further supports a model where there is a 
functional relationship between them. Thus, while many functionally diverse mRNA 
regulatory bodies have been discovered independently in various  Drosophila  cell 
types, they share signi fi cant similarities, both in composition and function. Thus, 
there is a distinct possibility that our current differentiation of cytoplasmic RNA 
regulatory bodies in  Drosophila  could be largely arti fi cial or that there is signi fi cant 
cross-talk between different aspects of mRNA regulation. However, given that most 
of these proteins were identi fi ed in functional screens affecting speci fi c aspects of 
 Drosophila  development, it is clear these cytoplasmic RNPs have a direct role in 
regulating many different aspects of cellular function balancing competing cyto-
plasmic events: mRNA translation and sequestering/degrading mRNAs in RNP 
complexes. Elucidating the role of  Drosophila  GW in some or all of these various 
aspects of mRNA regulation during initial cellular differentiation and later 
 homeostasis has only just begun.  
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    8.3   The Drosophila Genome Project Predicted Only 
one Gene Similar to GW182 

 The majority of the  Drosophila  genome was  fi rst sequenced in 2000 (Adams et al. 
 2000 ; Stapleton et al.  2002 ; Drysdale  2003  ) .  Drosophila  sequences similar to human 
GW182 were  fi rst identi fi ed as two different genes on chromosome 4 given the 
sequential identi fi ers (Celera Genomics) CG11484, CG9905 (Adams et al.  2000  ) . 
Later efforts focused on both functional annotation of the genome and conformation 
of the mRNAs expressed from each identi fi ed gene re fi ned this prediction to a sin-
gle gene id CG31992, which was subsequently named  gawky  ( gw ) (Schneider et al. 
 2006  ) . Follow up projects that mass sequenced multiple cDNAs indicated that the 
 gw  locus produces 8 transcripts via alternative splicing:  gw -RA,  gw -RB,  gw -RC, 
 gw -RD,  gw -RE,  gw -RF,  gw -RG and  gw -RH (Fig.  8.2 ). However, all of these tran-
scripts differ only in their 5 ¢  untranlsated region (UTR) and the open reading frame 
of each of these alternative splicing forms is identical, encoding a protein with a 
molecular weight 143 kD. The modENCODE project has con fi rmed that  Drosophila 
gw  expression is seen in all development stages. The relative expression levels of  gw  
are higher during early embryogenesis and at the beginning stages of pupariation, 
implying that during these two stages, cells may have elevated requirements for 
GW (Celniker et al.  2009  ) . Finally, the  Drosophila  genome project has further 
sequenced  gw  homologues from multiple related species and have found that there 
is signi fi cant conservation of the  gw  locus among the  Drosophilids  (Gilbert  2007  ) .   

    8.4   Functional Identi fi cation of a the Gawky (gw) Mutation 

 Traditionally, gene discovery in  Drosophila  focuses on the identi fi cation of gene 
mutations affecting speci fi c cellular or developmental activities (St Johnston  2002  ) . 
Despite an extensive history of screening of the  Drosophila  genome for mutations 
affecting embryo development, the identi fi cation of  gw  as a critical gene required 
for early embryonic development was quite recent (Schneider et al.  2006  ) . The 
likely reason for this is that the  gw  gene is located on the right arm of chromosome 
4 at sequence location 4:670575..682391, cytological map location 102D2-102D3. 
Unfortunately, the large scale screens for mutations that are so effective in isolating 
critical  Drosophila  genes on other chromosomes largely ignore the few genes on 
chromosome IV.  Drosophila  has two sex chromosomes and 3 autosomes. 
Chromosome IV has two major regions: the centromeric domain is a-heterochro-
matic and consists primarily of about ~3–4 Mbp of short, satellite repeats. This 
region forms part of the highly condensed chromocenter seen in polytene chromo-
some spreads. The remaining ~1.2 Mbp constitutes cytogenetic regions 101E to 
102F (Locke and McDermid  1993  ) . 

 One aspect of chromosome IV genes that needs to be considered is that this 
 autosome may be regulated by an expression-regulation system similar to some 
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 dosage-compensation systems that regulate sex chromosomes. The Painting-of-
Fourth (POF) protein seems to act in concert with Heterochromatic protein 1 (HP1) 
in a feedback mediated regulatory system to “ fi ne-tune” the expression of genes on 
chromosome IV (Stenberg et al.  2009 ; Riddle et al.  2009 ; Johansson et al.  2007a,   b ; 
Tzeng et al.  2007 ; Larsson et al.  2001,   2004  ) . The POF protein is encoded by a gene 
that it is itself on chromosome IV. Notably,  fl ies hemizygous for chromosome IV 
can survive with few ill effects. However, if the  pof  gene is mutated, loss of one 
copy of chromosome IV is lethal (Stenberg et al.  2009  ) . The DNA encompassing 

  Fig. 8.2    The  gw  gene produces eight mRNA isoforms differing only at the 5 ¢  untranslated 
region (UTR). The 5 ¢  UTR ( blue ) is composed of several different exons that are selectively 
spliced and expressed from three different start sites. However, the coding region of the GW 
protein ( red  ) and the 3 ¢  UTR ( green ) are the same in each  gw  mRNA isoform. The  numbered 
boxes  indicate the positions of RT-PCR primers that can be used to identify mRNAs transcribed 
from each of the three alternative start-sites and, based upon the length of the resulting product, 
each of the mRNAs       
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the  gw  gene locus was found to be bound and potentially regulated by POF 
(Johansson et al.  2007b  ) . Notably, in  pof  mutant larvae,  gw  mRNA expression is 
reduced by one half. Such a  fi ne-tuning mechanism which can compensate for the 
loss of a whole copy of chromosome IV might explain the variability of defects in 
within homozygous  gw  mutant larvae (Schneider et al.  2006  ) . 

 The  Drosophila  chromosome IV mapping project has made a concerted effort 
to expand the relatively small group of mapped and characterized mutations 
within genes along the fourth chromosome (Sousa-Neves et al.  2005  ) . The  gw  
mutation was identi fi ed via screening for mutations in the region predicted to 
encode a potential GW182 homologue by the  Drosophila  genome (Schneider 
et al.  2006  ) . One particular mutation exhibited a striking phenotype, which caused 
early embryo lethality due to progressive loss of intact embryonic nuclei due to 
what appeared to be lack of coordination of the early nuclear divisions. This muta-
tion was termed “ gawky  ( gw )” based on the uncoordinated nuclear division phe-
notype and in anticipation that it was a mutation in the  Drosophila  GW182 
homologue (Schneider et al.  2006  ) . 

 Using a novel approach exploiting site-directed terminal de fi ciencies (Sousa-
Neves et al.  2005  )  the  gawky  recessive zygotic lethal mutation was mapped to a 
single previously uncharacterized gene, the same locus predicted by the  Drosophila  
genome project to be the single  Drosophila GW182  homologue (Adams et al.  2000  ) . 
Subsequently, this  gw  mutation was con fi rmed to be the  gw  gene, via PCR-
sequencing and western blot analysis (Schneider et al.  2006  ) . A particular quirk 
regarding  Drosophila  genetic nomenclature, dating back to the original isolation of 
the  white  mutation by Morgan (Morgan  1910  )  is that gene names are traditionally 
derived from the mutant phenotype (Wilkins  2001  ) . Therefore, anticipation that the 
uncoordinated  gw  mutation identi fi ed in the mutation screen would be the GW182 
homologue was fortunate as it preserved the nomenclature pattern of “GW” while 
avoiding the inherent logical lapse of referring to the 143 kDa  Drosophila  GW pro-
tein with the name GW182. While some groups still refer to “ Drosophila  GW182,” 
this name is confusing and is not supported by the Flybase consortium which repre-
sents the of fi cial register of  Drosophila  nomenclature (Ashburner and Drysdale 
 1994 ; Gelbart et al.  1997 ; Misra et al.  2002  ) . The name Gawky (GW) also avoids 
the situation present in other model organisms where GW182 homologues have 
been given unrelated names (e.g.,  C. elegans  Ain1), while at the same time respect-
ing the long standing tradition of  Drosophila  gene nomenclature.  

    8.5   The Phenotype of Drosophila  gw   1   Mutation 

  Drosophila  embryos (and many other insect eggs) are syncytial during the earliest 
stages of development. Notably, cellularization of the rapidly dividing cortical 
nuclei is not complete until after the 14th nuclear division. After fertilization, the 
zygotic nucleus undergoes several rounds of mitosis within the center of the egg. In 
 Drosophila , this continues seven more times until 256 nuclei are present within a 
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single syncytial embryo. Most of these nuclei then migrate to the periphery of the 
embryo. During nuclear division cycle nine several nuclei at the posterior pole 
become surrounded by invaginating apical membrane to generate the pole cells. 
These pole cells ultimately give rise to the adult gametes. Notably, this process 
requires extensive post-transcriptional gene regulatory events (Jin and Xie  2006 ; 
Mahowald  2001  ) . The majority of the remaining nuclei arrive at the embryo cortex 
following nuclear cycle 10. These cortical nuclei then undergo four more mitotic 
division cycles. Also of note is that the earliest nuclear cycles (1–8) are relatively 
less sensitive to regulation by cyclins (Edgar and Lehner  1996  )  and seem to move 
rapidly from S to M phase, with a complete mitotic cycle occurring approximately 
every 10 min. Later nuclear cycles occur more slowly, and seem to have greater 
requirements for the cyclin-based mitotic regulatory machinery. During these later 
nuclear divisions of the cortical nuclei within the syncytial embryo (syncytial blas-
toderm), mitosis occur less rapidly. 

 Beginning at nuclear cycle 13, the apical cell membrane surrounding the embryo 
begins to invaginate between the nuclei, a process that eventually partitions each 
somatic nucleus into a single cell—commonly referred to as cellular blastoderm 
(Foe and Alberts  1983 ; Turner and Mahowald  1977  ) . Thus, after the  fi rst 4 h of 
development,  Drosophila  embryos are composed of a cellular blastoderm of 
approximately 6,000 cells surrounding a central yolk which then undergoes gastru-
lation to form the cellular layers of the embryo. Notably, in the developing 
 Drosophila  embryo, the  fi rst 14 nuclear division cycles are precisely synchronized 
(Edgar and O’Farrell  1989  ) . 

 The  gw   1   mutant lacking the RNA recognition motif (RRM) is the result of a 
nonsense mutation of the tryptophan codon at position 967 to stop (Schneider et al. 
 2006  ) . The  gw   1   mutant embryos die soon after the nuclear cycle 10 around 2 h after 
egg deposition (AED) (Schneider et al.  2006  ) . The homozygous mutant shows a 
disorganized internal structure accompanying abnormal nuclei and cytoskeleton 
network, consequently failing complete cellularization (Fig.  8.3 ). High-resolution 
confocal images of homozygous mutant embryos showed enlarged nuclei accom-
panied by disposition of centrosomes and severely disorganized microtubule net-
work. These disruptions were con fi rmed by transmission electron micrography 
(Schneider et al.  2006  ) .  

 A dif fi culty of working with  Drosophila  genes on chromosome IV is the paucity 
of visible genetic markers that allow unambiguous sorting of wild-type vs. homozy-
gous mutant animals. Genotyping of homozygous  gw   1   mutant embryos required a 
tedious restriction fragment length polymorphism analysis (Schneider et al.  2006  ) . 
Similarly, the location of the  gw  gene made it impossible to use many of the 
 Drosophila  methodologies to create embryos that do not have a signi fi cant maternal 
protein contribution (Perrimon  1998  ) . To circumvent these dif fi culties, a complete 
loss of GW phenotype was induced by injection of af fi nity-puri fi ed polyclonal anti-
GW-antibody into the wildtype developing embryos. Blocking GW function by 
antibody injection had a rapid effect on embryo nuclear division with the pri-
mary phenotypes being mitotic arrest with sister chromatids unable to separate 
(Schneider et al.  2006  ) . In anti-GW injected embryos the cytoskeleton network was 
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no longer anchored at the embryo cortex This phenotype shares a great similarity 
with the  gw   1   mutant and the phenotype caused by injection of Ago2 antibody 
(Schneider et al.  2006  ) .  

    8.6   Several  Drosophila  Screens Have Implicated 
gw in Multiple Processes 

  Drosophila , as a genetic model system, is used extensively for unbiased screening to 
discover genes involved in particular processes (St Johnston  2002  ) . Its development, 
although analogous to mammals, is less complex, requiring only one or two mem-
bers of the known gene families with de fi ned roles in embryonic differentiation. 
Interestingly, there seems to be functional conservation between members of the 
mammalian  GW182  gene and  Drosophila gw . This would indicate that the relative 
simplicity of  Drosophila  compared to mammalian genomes largely represents a 
lack of redundancy, rather than functional differences in the requirement for a par-
ticular gene (Ball and Cherry  2001 ; Venter et al.  2001  ) . Those working with the 
 Drosophila  model system have devised multiple methods to screen the  Drosophila  
genome for genes involved in speci fi c processes (St Johnston  2002 ; Mathey-Prevot 
and Perrimon  2006 ; Reiter and Bier  2002  ) . Accordingly, several screens for a wide 
variety of biological processes have identi fi ed GW. These include a whole-genome 
microarray assay of genes involved in the response of females to mating. GW was 
one of 23 genes that was reduced at least 1.5-fold in virgin females after they were 
exposed to courtship by males (Lawniczak and Begun  2004  ) . 

  Fig. 8.3    Initial identi fi cation of a  gw  mutation causing embryonic lethality. A sample of 22 h old 
embryos produced by  ci   D   /gw  parents ( ci   D   is a dominant mutation used to mark the  gw  +  chromo-
some). Embryos A1-A2 have a wild-type cuticle pattern, A3 is characteristic of a homozygous  ci  
mutation while A4 is characteristic of a homozygous  gw  mutant. This vacuole was seen consis-
tently in approximately one quarter of the embryos          
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  Drosophila  S2 cells are particularly amenable to large-scale dsRNA knockdown 
screens. Boutros et al.  (  2004  )  showed that knocking down  gw  (then named CG9905) 
caused a signi fi cant reduction in S2 growth and viability (Boutros et al.  2004  ) . The 
 gw  gene was identi fi ed as one of 488 genes in a dsRNA based knockout screen for 
genes involved in cell-cycle progression (Bjorklund et al.  2006  ) . This screen was 
unique in that it employed  fl ow cytometry to identify speci fi c changes in DNA rep-
lication associated with the knockdown phenotypes. Consequently, it identi fi ed a 
large number of loci not found in other screens for cell size and cell cycle progres-
sion. One of the most interesting conclusions of this screen was that functional 
clustering of identi fi ed genes tentatively placed  gw  into a category of p38 b /MAPK 
associated regulators of G2 phase. It is particularly interesting that these recent 
screens have identi fi ed a potential role for  gw  in widely divergent functional pro-
cesses suggesting either that mRNA regulation is also important or that  Drosophila  
GW has roles in addition to mRNA regulation.  

    8.7   The Organization of the Drosophila GW Protein is Similar 
to Mammalian GW182 

 The  Drosophila  genome project predicted that all splice isoforms of the  gw  gene 
encoded a 143 kDa protein with a high ratio of glycine and tryptophan as GW/WG 
repeats throughout its sequences (Adams et al.  2000 ; Stapleton et al.  2002 ; Drysdale 
 2003  ) . This gene encoded a protein with a predicted sequence that is 17.8–20% 
identical and 24–28.3% similar to the human GW182 protein family (Eystathioy 
et al.  2002 ; Schneider et al.  2006  ) . The percentage of glycine (G) and tryptophan 
(W) in  Drosophila gw  is 12.43% and 2.53 %, respectively with 15 pairs of GW/WG 
repeats, 12 of which are located within the N-terminal of the protein broadly de fi ned 
as the GW-rich region (Schneider et al.  2006  ) . This region is followed by a ubiquitin-
 associated-like domain (UBA) (539–604) and a Q-rich/QN-rich domain (635–861) 
rich in glutamine (Q) and asparagines (N), whose percentages are 16.81% and 
14.61% in this region, respectively. Three additional pairs of GW/WG are inter-
spersed within the following sequences (861–1116) before the RRM 
(domain—1116–1198). Within the C-terminal region, there is a domain that is rich 
in serine (S) accounting for 27.62% of the total amino acids (Schneider et al.  2006  ) . 
Similarly, multiple alignment of  Drosophila  GW with other GW182 family proteins 
identi fi ed an additional three highly conservative regions termed: Motif I (1–35), II 
(312–355), III/Domain of unknown function (DUF 937–1003) (Fig.  8.1 ) (Behm-
Ansmant et al.  2006 ; Zekri et al.  2009  ) . Finally, there is functional evidence for the 
region of Gw encompassing amino acids 205–490 exerts the minimal repressive 
function in its N-terminal in miRNA pathway. Thus, this region has been termed the 
N-terminal effector domain (NED) (Chekulaeva et al.  2010  ) . 

 Many of the notable amino acid motifs found within  Drosophila  GW, including the 
GW-rich region, Q-rich domain and RRM are also found within all three human GW182 
family members (Eystathioy et al.  2002 ; Schneider et al.  2006  ) . A homologous 
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region to the UBA domain can only be found between GW and TNRC6C, but 
iterative PSI-BLAST sequence comparison suggests that all mammalian GW182 
family proteins may have this UBA domain (Behm-Ansmant et al.  2006  ) . Therefore, 
strict comparison to mammalian GW182 would suggest that, TNRC6C is most 
homologous to GW. However, the basic domain structure of GW is conserved with 
the entire mammalian GW182 protein family. This is particularly notable as 
reported GW182 orthologues in another widely used model system  Caenorhabditis 
elegans,  are considerably more highly divergent in their overall protein organiza-
tion. For example, neither  C. elegans  AIN-1 nor AIN-2 has a well conserved RRM 
binding domain (Ding et al.  2005  ) . There is some divergence between the human 
GW182 family and  Drosophila  GW. A conserved region for binding Ago1 termed 
as the Ago-hook (Till et al.  2007  )  reported in human TNRC6B is not present within 
 Drosophila  GW. Also, human GW182 family members do not have the concen-
trated Ser-rich domain within the C-terminal domain. Despite these differences, 
there is evidence for functional conservation. Notably, when human GW182, 
TNRC6B and TNRC6C are expressed in  Drosophila  Schneider2 cells, they form 
cytoplasmic foci that also recruit  Drosophila  GW (Schneider et al.  2006  ) . However, 
a functional conservation for the activities of human GW182 family proteins in S2 
cells has not been shown directly.  

    8.8   Drosophila GW Bodies 

 Some of the initial biochemical characterizations of the role of GW in the miRNA 
silencing pathway were reported as early as in 2005 using S2 cells (Rehwinkel et al. 
 2005  ) . Note that this study referred to GW as  Drosophila  GW182 (dGW182) as the 
characterization of the mutant phenotype had yet to be published. In cells of most 
organisms, GW182 family proteins form cytoplasmic foci (Ding et al.  2005 ; 
Eystathioy et al.  2002  ) . Fluorescent-tagged GW was seen co localizing with cyto-
plasmic bodies, Ago2 (Behm-Ansmant et al.  2006  ) , ME31B (Behm-Ansmant et al. 
 2006  ) . These were subsequently supported by observations showing that  Drosophila  
Pacman (PCM), the othologue of human being 5 ¢ -3 ¢  exonuclease XRN1 also co-
localizes with GW in S2 cells. The best proof that  Drosophila  GW localizes to 
nonmembrane-bound punctate cytoplasmic bodies shown by transmission electron 
microscopy and confocal microscopy (Fig.  8.4 ) (Schneider et al.  2006  ) .  

 The functional localization of GW182 families appears to be a highly conserved 
process as all 3 human GW182 family proteins also were targeted to GW containing 
bodies when these human proteins are expressed in  Drosophila  S2 cells (Schneider 
et al.  2006  ) . This implies that GW is part of  Drosophila  mRNA processing bodies as 
it is consistent with the result of others showing that that GW182 co-localizes with 
XRN1 in human HEp-2 cells (Eystathioy et al.  2003  ) . Similarly, both mammalian and 
 Drosophila  GW bodies dissociate after RNase A treatment indicating that RNA is a 
signi fi cant component of structures in both cell types (Schneider et al.  2006  ) . Many 
groups are still expanding the list of known GW-body components using  Drosophila  
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S2 cells. Recently, an immunoprecipitation assay showed that GW interacts with the 
decapping activator HPat (Jager and Dorner  2010  ) . Accumulated evidence con fi rmed 
that the yeast HPat homologue, Pat1p, is an essential component of P-bodies and 
required for translational repression and decapping (Eulalio et al.  2007b  ) . Knocking-
down HPat in  Drosophila  cells caused the levels of miRNA-targeted mRNAs level to 
be slightly elevated (Eulalio et al.  2007a  ) .  

    8.9   The Role of Drosophila GW in Cytoplasmic 
mRNA Regulation 

 Much of the recent research on  Drosophila  GW has concentrated on elucidating the 
speci fi cs of its role in miRNA repression and decay. Depleting Ago1, GW and 
DCP1:DCP2 does not affect NMD and this observation differentiates Ago1 and 
GW from NMD pathway components UPF1 and SMG7 (Rehwinkel et al.  2005  ) . 
Using a speci fi c luciferase reporter that measures activity of speci fi c miRNA silenc-
ing, Ago1 and GW were con fi rmed to be primary effectors of the  Drosophila  
miRNA pathway, while Ago2 was revealed to have relatively poor miRNA repres-
sion ability (Rehwinkel et al.  2005  ) . This is particularly interesting in light of the 
fact that some punctate GW co-localized with Ago2 in S2 cells in several studies 
(Rehwinkel et al.  2005 ; Schneider et al.  2006  ) . This implies that in  Drosophila,  the 

  Fig. 8.4    Drosophila GW bodies. ( top ) Antibody staining against Drosophila GW ( red ) and Ago1 
( green ) in developing embryos. Signi fi cant, but not complete, co-localization is seen between thse 
two proteins. ( bottom ) Transmission electron microscopy of a section of the cytoplasm of a 
Drosophila embryo. Immunogold staining using an anti-GW antibody GW bodies detects 
GW-bodies of various sizes       
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miRNA pathway can function independently of siRNA pathway. Both DCP1 and 
DCP2assist Ago1-GW miRNA repression activities, as the depletion of these 
decapping factors increased the release of repression by another twofold (Rehwinkel 
et al.  2005  ) . 

 The GW protein itself appears to have silencing function independent of some or 
all of the other members of the canonical miRNA silencing pathway. This was 
shown by fusing GW to a phage  l N-peptide which binds with high af fi nity to a 
phage  l  BoxB RNA hairpin. By incorporating repeats of these hairpins into a 3 ¢  
UTR (F-Luc-5BoxB) downstream of a luciferase reporter, it was shown that GW 
could independently promote the target degradation without the presence of either 
Ago1 or miRNA (Behm-Ansmant et al.  2006  ) . Moreover, arti fi cial targeting of 
GW to mRNAs increases their degradation rate. However, in these same experi-
ments, co-deletion of deadenylation complex components CAF1, NOT1, or the 
decapping complex component DCP1:DCP2restored the cellular levels of the 
reporter mRNA (Behm-Ansmant et al.  2006  ) . This would suggest that GW is able 
to trigger mRNA degradation by recruiting deadenylation and decapping complexes 
from the cytoplasmic pool independently of Ago1 (Iwasaki et al.  2009 ; Eulalio et al. 
 2007b  ) . This suggests that GW would functions downstream of Ago1 during miRNA 
repression in  Drosophila  cells. This would agree with studies in human cells where 
GW182 is co-localized with proteins of the 5 ¢  mRNA decapping and deadenylase 
complex usually associated with P-bodies (Eystathioy et al.  2002,   2003  ) . However, 
other studies using different reporters that would interact with a 3 ¢  histone H4 stem-
loop structure instead of linked to poly-A tail show that GW also represses mRNA 
independently of adenylation. Therefore, recruitment of the adenylation complex 
may be a necessary step ONLY for the degradation of the intact RNAs with poly-A 
tails. Notably this poly-A tail independent RNA degradation seems to require both 
GW and Ago1 (Eulalio et al.  2009b  ) . 

 The mechanism by which GW participates in miRNA-mediated degradation 
remains unclear. GW is released from the target mRNP only when the deadenylase 
complex is absent, suggesting GW dissociates from the mRNA target after it is 
deadenylated (Zekri et al.  2009  ) . The C-terminal region is necessary for the release 
of GW from the target mRNP. GW without C-terminal is not released from a com-
plex with the Ago1 and miRNA targets. Other functional studies have shown that 
the middle region conserved sequences MII, together with Motif III and C-terminal 
region of GW bind to PABP1 (Fig.  8.1 ). This binding is required for the degradation 
of and interfere with miRNA target interacting with eIF4G (Zekri et al.  2009  ) . The 
binding is required for the degradation of target RNA possibly through promoting 
recruitment of the deadenylase complex. However, what remains to be determined 
is which subset of the total cellular pool of PABP1 binds to GW. It could be the free 
PABP1from the cytoplasm pool or as part of a complex that circularizes miRNA-
targeted mRNAs. 

 The biochemical interaction between GW and Ago1 has been probed exten-
sively in  Drosophila . The Phe594 (F594V) and Phe629 (F629V) amino acids of 
Ago1 are crucial in miRNA silencing but not important for cap binding (Eulalio 
et al.  2008  ) . However, mutating both sites may cause a conformational change and 
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lose the ability to bind either miRNA or GW directly or indirectly. This study also 
showed that binding of GW to endogenous miRNAs was not impaired after reduc-
ing Ago1 function, indicating that GW is not involved in miRNA being loaded 
onto RNA induced silencing complex (RISC) and acts downstream of the assem-
bly (Eulalio et al.  2008  ) . Notably, overexpression of Ago1 seems to alter the 
GW-Ago1 complex into an inactive state independently of miRNA binding, result-
ing in a release of the miRNA repression in S2 cells. Therefore, interaction between 
Ago1 and GW is necessary for Ago1/miRNA-mediated repression (Eulalio et al. 
 2008  ) . The GW/Ago1 interaction seems to be a regulated process as Ago1 cannot 
dissociate from GW as well as the decapping and deadenylase complex when ATP 
is depleted (Iwasaki et al.  2009  ) . This is particularly notable as Ago1-RISC bind-
ing to RNA target requires ATP. Finally, Ago1 seems to require the presence of GW 
for targeting to cytoplasmic P-bodies (Eulalio et al.  2009a  ) . This would suggest 
that GW has at least two roles in mRNA repression, one independent of the Ago1/
miRNA pathway and the other assisting Ago1 to assist in the miRNA repression 
function possibly through targeting the GW/Ago2 RNP complex to processing 
bodies where some or all of the associated mRNAs are degraded. Moreover, GW 
was also reported not to be related to miRNA repression mediated by Ago2 block-
ing mRNA’s cap structure (Iwasaki et al.  2009  ) . Thus, an unambiguous role for 
GW in this process is still to be determined.  

    8.10   Structure/Function Studies of the Role of GW 
in the  Drosophila  miRNA Pathway 

 It has been reported that at least three independent domains within GW protein have 
potential roles during miRNA repression. Fragments of GW containing amino acids 
1–605, 605–830 and 940–1215 decrease the rate of mRNA translation similar to full 
length GW (Chekulaeva et al.  2009  ) . Later studies mapped a minimal region of GW 
required for miRNA repression more speci fi cally to amino acids 205–490, and the 
Ago1 binding domain resides within amino acids 1–204. This domain has been 
proven to be required for miRNA-mediated repression and degradation and this 
process is independent of poly-A tail (Chekulaeva et al.  2010  ) . 

 The role of the N-terminal GW-repeat rich region of GW is still not entirely clear. 
It has been reported that when 12 GW/WG repeats within GW were mutated to AA 
pairs, the interaction between GW and Ago1 were severely disrupted (Chekulaeva 
et al.  2010  ) . The GW 1–539 fragment is suf fi cient to coimmunoprecipitate Ago1 
(Behm-Ansmant et al.  2006  ) . However, only GW/WG repeats in Motif I 
(M I—Fig.  8.1 ) are required for GW interaction with Ago1. The GW/WG repeats in 
the middle the GW protein appear not be essential for binding Ago1 and/or miRNA 
(Eulalio et al.  2009a  ) . This middle region comprising 3 GW/WG repeats as well as the 
C-terminal regions of GW are thought to be more important for miRNA based gene 
silencing (Eulalio et al.  2009a  ) . Finally, it has been reported that the Ago1 binding 
domain and Q-rich domains, but not UBA-like region, are required for the localiza-
tion of GW in cytoplasmic foci P-bodies (Eulalio et al.  2009a  ) . 
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 Structural studies of the  Drosophila  GW RRM domain indicates that it is an RRM 
fold, with an additional C-terminal  a -helix lying on the  b -sheet surface shielding the 
spot used to bind RNA in canonical RRM domain (Eulalio et al.  2009c  ) . The absence 
of two aromatic amino acids in RNP1 and RNP2 domains would seem to indicate a 
low af fi nity for binding RNA. Rather, this domain was suggested to bind other pro-
teins via its hydrophobic cleft (Eulalio et al.  2009c  ) . This region is not essential for 
the interaction of GW and Ago1, or for P-body localization and is not required 
for repression function or poly-A independent deadenylation, but assists in a 
 target-speci fi c manner (Eulalio et al.  2009c ; Iwasaki et al.  2009  ) .  

    8.11   A Link Between Drosophila GW-Bodies 
and Multivesicular Bodies 

 Many in the  fi eld of mRNA regulation have considered GW-bodies and P-bodies as 
identical structures because GW-containing punctate structures often share many of 
the same proteins components with P-bodies. This confusion was enhanced by the 
lack of clear evidence differentiating the biological roles of P-bodies from other 
GW-containing bodies. However, studies of exosomes (small microvesicles that are 
released from late endosomal compartments of cells but unrelated to the RNA deg-
radation machinery) in human monocytes  fi rst suggested that our concept of a cel-
lular GW-body may need to be considered independently from P-bodies (Gibbings 
et al.  2009  ) . In these mammalian cells, GW182, Ago2, miRNA and miRNA-repressible 
mRNA are concentrated with multivesicular bodies(MVB) and endosomes, sug-
gesting that they are the accumulation sites of miRNA-loaded RISC. However 
while Ago2, which is the core protein in human miRNA-RISC, may be recruited 
into this subset of GW182 exosome associated structures, these same structures 
appear to be devoid of the functional P-body marker DCP1. This would suggest that 
the Endosomal Sorting Complex Required for Transport (ESCRT) may partition 
GW182 into the exosomes-lysosomes degradation pathway (Gibbings et al.  2009  ) . 

 Notably, a role in RNAi for ESCRT sorting of GW has also been con fi rmed in 
 Drosophila . In a mutagenesis screen devised to identify genes that increase siRNA-
mediated RNA silencing discovered that mutation of the locus  CG4966  can cause 
stronger RNAi effect.  CG4966  encodes a human Hermansky-Pudlak Syndrome 4 
(HPS4) orthologue controlling the turnover of MVBs. Interestingly, RNAi based 
mRNA silencing is severely impaired when the MVB formation is blocked by 
mutating  Drosophila  ESCRT genes  hrs  and  vps25  (Lee et al.  2009  ) . Gibbings et al .  
found that knocking-down the ESCRT genes  vps36 ,  hrs  and  alix  in human mono-
cytes mildly compromised miRNA repression but did not change the miRNA accu-
mulation (Gibbings et al.  2009  ) . In human cells, mutations in  HPS4  signi fi cantly 
increase the number of GW-bodies and the quantity of miRNAs being loaded onto 
the Ago1-RISC, whereas the mutations in MVB formation proteins HRS and 
TSG101 result in fewer GW-bodies (Gibbings et al.  2009  ) . In  Drosophila  S2 cells, 
GW and ME31B are found juxtaposed to the cytosolic phase of MVBs and/or 
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 lysosomes. It is also found that mutation in  Drosophila  homologue HPS4 enhances 
both siRNA and miRNA-mediated silencing, which would seem to support the 
 fi ndings of Gibbings et al. in mammalian cells. Both groups do agree on a 
 hypothesized mechanistic model that recruiting GW into MVBs is a necessary step 
for miRNA being loaded on to RISC so as to be a rate-limiting step for miRNA 
silencing. However, the critical details of this process still need to be addressed.  

    8.12   Summary and Future Directions 

 The clear conservation of  Drosophila  GW to the mammalian GW182 protein fam-
ily, in terms of both sequence and function has made it a valuable system to model 
the requirements for these proteins in both cellular functions like miRNA based 
repression. However,  Drosophila  studies have also been key to advancing knowl-
edge regarding the function of GW in cellular and developmental processes. An 
advantage to  Drosophila  studies is that our  fi ndings regarding GW can be  fi t into an 
extensive knowledge of the role of mRNA regulation in the cell. Further modeling 
of the developmental role of GW in early embryonic development as well as later 
tissue formation and cellular homeostasis should be particularly interesting.      
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