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1. Introduction


2. hnRNP and their role in development 

2.1 Polarity assessment
A fundamental process to control functional specificity in many cell types is cell polarity establishment. During Drosophila oogenesis, precise temporal and spatial regulation of gene expression is fundamental for patterning the anterior-posterior and dorsal-ventral body axes. Indeed, establishment of the anterior-posterior (AP) and dorsal-ventral (DV) requires localization and translational control of gurken, oskar and nanos mRNAs and proteins (Holt and Bullock 2009; Martin and Ephrussi 2009; Meignin and Davis 2010). The predominant mechanism lead to the localization of mRNAs in animal cells it is motor-based transport that represents the most rapid method for long-distance translocation of large ribonucleoprotein (RNP) particles through the crowded cellular environment (Bullock, Nicol et al. 2006). Heterogeneous ribonucleoproteins (hnRNPs) have been implicated in nuclear export of mRNA across the species from yeast to human. In Drosophila hnRNPs have been shown to have a fundamental role in polarity establishment (Fig.1 A). Here we present a general view of hnRNP’s involvement in this fundamental step of Drosophila development.

2.1.1 Dorsoventral axis determination: gurken mRNA regulation
Gurken (Grk) is a TGF alpha-like ligand that is produced in the oocyte and signals to the EGFR (Epidermal Growth Factor Receptor) expressed in all somatic follicle cells that comprise the epithelium surrounding the germline cells. During mioogenesis, establishment of the DV axis of the egg and embryo depends on the precise spatial restriction of grk mRNA and protein to the dorsal anterior region of the oocyte to produce localized activation of EGFR (Neuman-Silberberg and Schupbach 1993; Neuman-Silberberg and Schupbach 1994). Among the Drosophila hnRNPs, Squid seems to be a leading actor of this mechanism. Indeed, as shown in different laboratory (Kelley 1993; Neuman-Silberberg and Schupbach 1994), in sqd mutants grk RNA is mislocalized and translated around the anterior part of the oocyte, leading to ectopic EGFR activation and induction of excess dorsal cell fates, determining the disruption of Grk-dependent DV patterning during oogenesis (Kelley 1993; Neuman-Silberberg and Schupbach 1994).
In the 1999 Norvell and colleagues have been shown that Squid seems to be the key factor for delivering the grk message to a cytoplasmic protein involved in its anchoring in the dorso-anterior corner of the oocyte, possibly coupled to translation trough an interaction with some cytoplasmic ovarian proteins, like translational repressor Bruno protein (Norvell, Kelley et al. 1999). The authors proposed a model in which Squid takes grk mrNA from the oocyte, recruits Bruno in the cytoplasm and then release grk mRNA to an anchor (Norvell, Kelley et al. 1999)


Afterwards, it was elucidated that grk transcripts are transported to their final destination in nonmembranous electron-dense cytoplasmic particles known as sponge bodies (Kim-Ha, Kerr et al. 1995; Nilson and Schupbach 1999; Norvell, Kelley et al. 1999) (Caceres and Nilson 2009) (Fig 1A-B). The sponge bodies are composed at least by Squid and the translational repressor Bruno and could provide a shuttle machine migrating with the activity of the Dynein motor, acting as a static structural component for the assembly of grk mRNA transport and anchoring complexes, while the Squid function is necessary for grk mRNA anchoring and for the dynamic conversion of transport particles to sponge bodies (Van De Bor, Hartswood et al. 2005) (Clark, Meignin et al. 2007) (Wilsch-Brauninger, Schwarz et al. 1997) (Delanoue, Herpers et al. 2007).
Interestingly, ulterior studies have been shown evidences that the hnRNPs Squid and Hrb27C, the alternative splicing factor poly U binding factor 68 kDa (pUf68), also known as half-pint) and the germ-line-specific gene ovarian tumor (otu) are required for localization both of grk mRNA to the DA and/or localization of osk mRNA to the posterior of the oocyte. (Goodrich, Clouse et al. 2004; Norvell, Debec et al. 2005). 
More recently, using a biochemical approach, Sqd and Imp were identified as proteins that specifically associate with the GLS (McDermott, Meignin et al. 2012), the grl localization signals, already described in 2005 ((Van De Bor, Hartswood et al. 2005)., as elements necessary and sufficient dor DA localization.. The GLS associate also with a previously uncharacterized new hnRNP, like CG17838, the fly homologue of mammalian SYNCRIP/hnRNPQ, a component of RNA transport granules in the dendrites of mammalian hippocampal neurons (Bannai, Fukatsu et al. 2004) named Syncrip (Syp) (McDermott, Meignin et al. 2012). This new hnRNP, previously identified as a factor required for axis determination, seems to function in the oocyte in the regulation of grk and also osk mRNAs, although it is unclear whether this is through a direct or indirect interaction. One speculation is that Syp may function before the mRNAs reach their final destination in the oocyte in order to influence localization and translation (McDermott, Meignin et al. 2012).
It is reasonable that many proteins occurring in regulation of gurken translation and mRNA localization interacts in a fine regulated process and many others could identify in the future. Using all data present until now, we simply provide a comprensive overwiev of the grk localization during oogenesis. In this model Syp associates specifically with grk, Sqd, Hrb27C, Imp and Otu forming a large complex that run thanks to dynein motor energy that slides microtubules from ventral to dorsal axis (Figura 1; Figure 2A). 

.2 Anteroposterior axis determination: 
2.2.1 oskar mRNA regulation
Establishment of the AP axis requires posterior localization and translational control of both oskar and nanos mRNAs. Oskar protein (Osk) synthesized from localized osk mRNA nucleates the assembly of the germ plasm, which determines germ cell fate in the embryo. This is achieved by the formation of a dynamic oskar ribonucleoparticle (RNP) complex regulating the transport of oskar mRNA, its translational repression while unlocalized, and its translational activation upon arrival at the posterior pole.
As well as in grk translational repressor, osk localization required the interaction with Squid, Hrb27c, Out and Bruno during migration to posterior at the embryo (Kim-Ha, Kerr et al. 1995). (Gunkel, Yano et al. 1998) (Huynh, Munro et al. 2004; Yano, Lopez de Quinto et al. 2004; Norvell, Debec et al. 2005).. 
On the other hands, Besse, Lopez et al. have also been identified a new factor associating with the Oskar RNP in vivo, the nucleo-cytoplasmic shuttling protein Heph/PTBP (polypyrimidine tract-binding protein), the hnRNP homolog to the human hnRNP I/PTB. 
Heph is an RNA-binding protein regulating several aspects of RNA metabolism through direct interaction with its target RNAs and depending on the target, able to binds either to coding sequences or untranslated regions. Indeed, trough the evidence of in vivo association of Heph with oskar mRNA, they have been shown that it is necessary for the translation repression of the oskar localizing mRNA, while its function is dispensable for oskar mRNA transport. They showed that Heph is required in vitro as trans-acting factor for formation of high-molecular-weight complexes and in vivo for efficient copackaging of both 3’UTR- containing reporters and endogenous oskar mRNAs. Finally, these data suggest a model in which the complex behavior of RNP particles is regulated by the independent association of specific protein modules in different cell compartments; it also give an evidence that exists a precise reorganization of RNP complexes upon translocation into the cytoplasm (Fig.1C). 

2.2.2 nanos mRNA regulation
For a correct patterning of the AP body axis Nanos protein should be to product selectively in the posterior. Indeed, Nanos synthesis it is spatially restricted and accomplished by translational repression of unlocalized nanos mRNA (nos) together with translational activation of posteriorly localized nos. Repression of unlocalized nos mRNA is mediated by a bipartite translational control element (TCE) in its 3’ untranslated region. TCE stem-loop II functions during embryogenesis, through its interaction with the Smaug repressor (Smg) (Smibert, Lie et al. 1999; Forrest, Clark et al. 2004). In the 2006, Khalifa et al. have been identified and characterized the Drosophila hnRNP Glorund (Glo), an hnRNP F/H family member, showing that interacts specifically with stem-loop III. They demonstrated that the ability of the TCE to repress translation in vivo reflects its ability to bind Glo in vitro, revealing a specific role for an hnRNP in repression of nos translation during oogenesis. Furthermore, they established that the function of Glo occurs before the Smaug action. Indeed, while Glo acts in the oocyte, Smg acts in the embryo. Finally, in addition to defects in nos regulation, a small proportion of glo mutant embryos show osk mRNA localization defects (Kalifa et al., 2006). The same group in 2009, searching for proteins that interact with Glo, have been demonstrated that this protein is part of a complex that also contains the hnRNP protein Hrb27c, involved also in osk translation regulation, and the splicing factor Half-pint. The authors suggests that Glorund plays a role both in mRNA localization and nurse cell chromosome organization, probably by regulating alternative splicing of otu (ovarian tumor) gene. They proposed that Glo is a component of multiple protein complexes and functions both as a translational repressor and splicing regulator for AP and DV patterning (Kalifa, Armenti et al. 2009). 
In the 2011 Andrews et al. have decoupled translational repression of nos imposed during oogenesis from repression during embryogenesis (Andrews, Snowflack et al. 2011). Indeed, the authors have been showed that translation initiation it is regulated by both Glo and Smg but through different mechanisms. Moreover, in the late oogenesis nos translation is also repressed post-initiation, providing evidences that Glo mediates this event. This post-initiation block is maintained into embryogenesis during the transition to Smg-dependent regulation (Andrews, Snowflack et al. 2011).
In addition to harboring germline determinants, a fundamental step for localization and translation of the abdominal determinant nos is the assembly of the germ plasm. Oskar is involved in this fase because Osk-dependent assembly of germ plasms is essential for the posterior localization and translation of nos mRNA, which is in turn required for abdomen formation in the embryo. osk accumulates at the oocyte posterior during mid-oogenesis by a process involving kinesin-mediated transport (Fig.1D). Sinsimer et al. have uncovered a second, mechanistically distinct phase of oskar localization that occurs during late oogenesis and results in amplification of the germ plasm (Sinsimer, Jain et al. 2011). They identified two new oskar localization factors, Rumpelstiltskin (Rump) the Drosophila hnRNP M homolog and Lost, listed as component of several RNP complexes isolated from cultured cells, but has never been characterized (Blagden, Gatt et al. 2009; Herold, Will et al. 2009). The protein Lost co-purifies with nos and Rump and contributes to nos localization. Interestingly, in this analysis the authors identified a second phase of osk localization that occurs concomitant with nos localization during late oogenesis, showing that only this late-acting pathway requires the combined Rump and Lost functions, while osk localization during mid-oogenesis does not. Indeed is during the late oogenesis that Rump- and Lost-dependent posterior accumulation of osk is fundamental for the amplification of the germ plasm that ensures wild-type abdominal and germline development. As Rump binds directly to osk as well as to nos, this suggests that Rump and Lost are part of a core localization complex that promotes utilization of the late localization pathway by multiple mRNAs in parallel (Sinsimer, Jain et al. 2011) (Fig.1C-D).
As an attractive hypothesis, nos might be transported to or anchored at the posterior together with osk, as part of the same RNP. Incorporation of nos and osk into this RNP and/or the ability to interact with Osk or other anchoring factors would then depend on the interaction of Lost and Rump with each mRNA. Alternatively, Lost and Rump might contribute to the assembly of an independent nos RNP that is competent to associate with the germ plasm at the posterior pole. In conclusion, for a correct polarity establishment are required several hnRNPs that interact with a plethora of proteins and factors.
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Figure 1
Schematic representation of mRNA localization during polarity assessment in early embryo stage.
In the left of the egg chamber, sponge bodies move from ventral axis to dorsal, guiding grk mRNA in an inhibited translational state. At the dorsal extremity, grk is translate and a different Gurken protein localization between Ventral and Dorsal axis contribute to create polarity identity. In the right of the egg chamber, sponge bodies move from Anterior to Posterior axis, using Dynein’s and Kynesin’s energy and. Similarly to grk transfer, osk and nos are maintained in silent translational state until their release in posterior extremity. This crescent gradient of Oskar and Nanos protein contributes to generate Antero-Posterior axis identity.
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Figure 2.
Schematic representation of grk, osk and nos transfer, respectively, by hnRNPs  complex sliding on microtubules. Picture combines all the protein interactions involved in mRNA localization for correct axis determination identified during the last decade. In the left side all figures show the silent translational state in witch each proper mRNA is organized in a complex with specific hNRNPs. In 2A-B Bruno protein maintain repression of translational by binding the BRE sequence in grk and osk mRNA, respectively. In 2C, Glorund protein contribute to translational silencing, binding the second stem loop formed by interaction between region 5-6 of the nos mRNA sequence. In 2A, Dynein motor is responsible for grk sliding from positive extremity of microtubules to negative. In 2B-C, Kynesin motor moves from negative to positive extremity of microtubules. In the right side all figures show each mRNA in relaxed form. This represents an active translational state, organized in a proper hnRNP complex at the specific axis region.




3. Role in alternative splicing and/or exon skipping

Several Drosophila hnRNPs have been shown to regulate alternative splicing. The heterogeneous nuclear ribonucleoproteins (hnRNPs) and the serine/arginine-rich (SR) proteins represent the two major classes of splicing regulatory proteins (Dreyfuss, Matunis et al. 1993; Black 2003). Classically, hnRNPs have been associated with repression of splicing and SR proteins have been associated with activation of splicing (Mayeda and Krainer 1992; Dreyfuss, Matunis et al. 1993). Despite this subdivision, Borah et al. have been shown an example in which the hnRNPS are positively involved in alternative splicing. Prospero is a transcription factor critical for neuronal differentiation and axonal outgrowth in Drosophila embryogenesis. The prospero pre-mRNA undergoes alternative splicing but represents a particular case because it harbors a rare twintron, an arrangement of introns in which one intron lies embedded within another (Chu-Lagraff, Wright et al. 1991; Doe, Chu-LaGraff et al. 1991). The major U2-type spliceosome is responsible for the excision of the innermost intron while outermost is excised by U12-type spliceosome. The authors found that the Hrb98DE and Hrb87F hnRNPs binds specifically the intronic purine-rich element (PRE) of the prospero twintron. This element has been previously identified as an enhancer of both U2- and U12-type splicing. Thus it is possible to hypothesize that changes in the abundance of these hnRNP A1-like proteins could modulate alternative splicing of the prospero twintron. Indeed the abolishment of these two proteins lead to a decrease of the U2-type splicing of the twintron, while tethering Hrb98DE to the twintron has as result an increase of the U2-type splicing. (Borah, Wong et al. 2009). 
Also the Hrp59 hnRNP seems to be specifically involved in the alternative splicing.  Kiesler et al. have been shown that Hrp59 in vivo preferentially binds to exonic splicing enhancers (Kiesler, Hase et al. 2005). In particular Hrp59 competes with ASF/SF2 for binding to the purine- rich ESE and plays a role in splicing maybe by preventing pre-spliceosome assembly (Kiesler, Hase et al. 2005).
About alternative splicing, that of the Sex-lethal pre-mRNA has provided for long time an example of a regulated splicing event. In their work of 2003, Nagengast and collegues provide evidences that SEX-LETHAL interacts in the context of the U1 snRNP with SANS-FILLE (Nagengast, Stitzinger et al. 2003). They have been shown data that SEX-LETHAL interacts with SANS-FILLE in the context of the U1 snRNP. and that SEX-LETHAL also associates with other integral U1 snRNP components and the heterodimeric splicing factor, U2AF. The authors hypothesized a mechanism by which SEX-LETHAL, interacting with these key splicing factors at both ends of the regulated male exon, it is able to repress splicing, acting after splice site recognition, but before catalysis begins (Nagengast, Stitzinger et al. 2003). In 2010 the same group have been identified a previously uncharacterized protein PPS. PPS encodes a large protein with signature motifs typically found in proteins involved in transcription and seems to be a novel component of the machinery involved directly in the Sxl male exon skipping. The data shown data indicated that PPS is different from other splicing factors involved in male-exon skipping and suggesting also a functional link between transcription and SXL-mediated alternative splicing (Johnson, Nagengast et al. 2010).
To complicate this story, recent findings have been documented that in Drosophila exist extensive sex-specific differences in alternative splicing (Telonis-Scott, Kopp et al. 2009). In the same direction, Hartmann et al. recentrly have been reported data showing that some of novel sex-specific splicing events identified are regulated in a distinct way from those established by female-specific expression of SXL and TRA. Indeed, the data presented indicate that in the same cell are present both SXL-dependent and SXL-independent regulatory mechanisms (Hartmann, Castelo et al. 2011). Sex-specific splicing seems to be regulated by sex-specific differences in the expression of RNA binding proteins like the hnRNP Squid. The authors showed that sex-specific alternative splicing of the gene squid leads to sex-specific differences in the levels of this protein, suggesting that Squid protein contributes to sex-specific splicing regulation. Collectively, these results suggest that widespread sex-specific splicing in Drosophila could be regulated through distinct genetic programs control. Indeed in addition to the regulatory cascade triggered by female-specific expression of Sex-lethal, other mechanisms like qualitative/quantitative differences in expression of RNA binding proteins and/or possibly long-distance effects of the germline on somatic cells might be responsible for determination of sex-specific transcriptomes. (Hartmann, Castelo et al. 2011). In conclusion, also in the case of alternative splicing, the hnRNPs have a principal role in the regulation of this mechanism. It is then possible to hypothesize that a similar regulation also could be applied for determination of sex-specific transcriptomes  at tissue levels.

4. Post-translational modification on hnRNPs

One step for the regulation of the hnRNPs availability might be covalent modifications. Indeed in the paper of Yingbiao and Tulin, the authors have been showed that the poly(ADP-rybosil)ation regulates the interaction between the hnRNPs and RNA, modulating then the splicing pathways (Ji and Tulin 2009). In this paper, tha data presented show that pADPr can bind both Squid and Hrb98DE in vivo. HnRNPs seem to have a putative pADPr-binding sites which is homologous to the pADPr-binding motif identified in human hnRNP M (Gagne, Hunter et al. 2003). Moreover, the ability of pADPr to bind hnRNPs is also up-regulated by the heat-shock treatment, indicating that pADPr binding to hnRNPs may play a role in regulating hnRNP upon environmental stresses such as heat shock. Furthermore, poly(ADP-ribosyl)ation seems to be responsible for the relocalization of hnRNPs from chromatin to nucleoplasm as increased pADPr binding to hnRNPs alters the RNA–binding ability of hnRNPs in vivo and in vitro caused by charge repulsion between pADPr and RNA; this repulsion lead to dissociation of hnRNPs from the most of transcripts (Ji and Tulin 2009).The authors proposed a model in which the spatial- and temporal-specific activity of PARP and PARG in the cell could to explain tissue- or developmental- specific splicing under normal physiological conditions. 
Another important post-translational modification that regulates protein functions is the Arginine methylation. Some of the RNA- binding proteins are methylated on arginine. Interestingly, hnRNPs were the first RNA-binding proteins found to be methylated on arginine (Blackwell and Ceman 2012). In human, methylation of hnRNP A1 was predicted to lock the protein into a nonspecific binding mode by preventing the formation of arginine-dependent hydrogen bonds, as described in other systems (Calnan, Tidor et al. 1991; Najbauer, Johnson et al. 1993). Methylation of hnRNP A2 seems to direct nuclear localization (Nichols, Wang et al. 2000). Boulanger et al. have been reported in 2004 the identification of a family of nine PRMTs in Drosophila, named DART1 to DART9 (Drosophila arginine methyltransferases 1–9) (Boulanger, Miranda et al. 2004). All of these proteins are expressed during Drosophila development. By biochemical evidence, the authors have been demonstrated that DART1 and DART4 are type I arginine methyltransferases, suggesting that DART1 and DART4 are the Drosophila homologues of PRMT1 and PRMT4/CARM1. Moreover, the authors showed that the hnRNP Squid is a substrate of DART1 (Boulanger, Miranda et al. 2004).
Moreover also the formation of the spliceosomal small nuclear ribonucleoprotein (snRNP) particle is influenced by arginine methylation. Indeed snRNP core-Sm structure is constituted by seven Sm proteins assembled with the small nuclear RNA (Will and Luhrmann 2001). The snRNP core formation is highly regulated in vivo and dependent on the survival of motor neuron (SMN) complex (Meister, Eggert et al. 2001; Pellizzoni, Yong et al. 2002). Methylation is needed to increase the affinity of the Sm proteins for the SMN complex, determining then a potential regulatory mechanism in snRNP assembly (Brahms, Meheus et al. 2001; Friesen, Paushkin et al. 2001). Furthermore in Drosophila, arginine methylation of the SmB protein by the Drosophila ortholog of PRMT5 is essential for germ cell formation, migration, and differentiation (Gonsalvez, Rajendra et al. 2006). 
Together all these data demonstrate that in Drosophila post-translational modification like poly(ADP-rybosil)ation and arginine methylation might be a regulating step of hnRNPs functions, in a sort of hnRNPs-code.

5. Roles in muscular development

Among the hnRNPs, many of them have been demonstrated plays a key role in neuronal and neuro-muscular development in Drosophila embryo and adult larval stage. For example, it was demonstrated that the Glorund (Glo) acts at different developmental stages to regulate RNAs in addition to nos (Kalifa, Huang et al. 2006), maybe operating translational control in neuronal development and synaptic function (Piper and Holt 2004; Martin 2005).  

On the other hands, the NonA protein is present in developmentally regulated puffs on polytene chromosomes and it is associated with mRNA and hnRNP proteins in vivo. Complete loss of NonA is lethal in early embryos but not in larvae and adult flies (Stanewsky, Rendahl et al. 1993), suggesting that NonA could participate during early embryogenesis but is dispensable for cell growth. However, mutations in the nonA gene lead to female sterility, deterioration of vision, impaired movement coordination and behavioral defects of the flies (Stanewsky, Fry et al. 1996). The molecular basis of these pleiotropic effects is unknown. Recent studies have demonstrated that NonA forms mRNP complex with NXF1 (an essential mRNA export factor that associates with mRNPs in the nucleus and mediates their export to the cytoplasm) and that depletion of NonA caused an increase of spliced Rp49 mRNA in the nuclear fraction but does not affect transcription or splicing of Histone H3, Lamin and Maleless mRNAs, all of them reported to associate with NonA in vivo (Kozlova, Braga et al. 2006). The authors have been proposed that depletion of NonA reduces the nucleo-cytoplasmic transport of some, but not all mRNAs, hypothesizing then a mechanism able to choose specific set on RNA messenger in particular developmental stages or tissues.

Another hnRNP is Smooth (sm), the homolog of the human heterogeneous nuclear ribonucleoprotein L (hnRNP L), isolated in a genetic screen for quantitative trait loci (QTL) affecting bristle number (Mackay 1985). Sm is responsible for a wide range of deficiency in motor function, indicating that this protein is involved in key regulatory step. Indeed, during embryogenesis, sm is much more strongly expressed in differentiating neurons than in any other tissue (Layalle, Coessens et al. 2005) and, since Smooth seems an effector of the selector gene for the chemosensory cell pox-neuro (poxn), it was proposed that this protein could convert the properties of axons from the default state found in mechano-sensory neurons to the alternative state proper to chemosensory neurons. In the adult stage, sm mutations result in decreased motor function and in a progressive dystrophic muscle phenotype seen in the tergal depressor of the trochanter (TDT). Sm mutants show reduced flying/jumping and compromised performance when assessed using the negative geotaxis assay (Naimi, Harrison et al. 2001; Allikian, Bhabha et al. 2007).
In addition to the observed defects in TDT muscle function, the authors showed some data indicating that sm homozygous mutants also display defective intestinal motility in young flies (Draper, Tabaka et al. 2009). Interestingly in preliminary screen to identify factors associated with controlling Drosophila aging, sm has been identified among genes that in the ‘transcription and translation’ functional categories influence ageing (Paik, Jang et al. 2012). Nevertheless, functions of sm in longevity control are unknown.
6. Roles in neuronal and neuro-muscolar development

In the last years works from different groups have been shown a clear role for the hnRNPs also in the neuronal development. For example in 2012 McDermott et al. have been showed that Syncrip, not only is a component of grk and osk RNP complexes and required for axis specification and germline formation (as above mentioned), but also could be present at neuronal synapses in a complex with at least some of the same proteins that are required for grk mRNA localization (McDermott, Meignin et al. 2012). Indeed, the expression studies in this paper showed that while Syp is absent from embryos, instead is expressed at high levels in the larval nervous system. Considering the role of Syp in mRNA localization and translational regulation in the oocyte and its presence in larval brains, the authors proposed that Syp could have a similar function in the nervous system. It is important to evidence that the human SYNCRIP it is associated with several proteins in mammalian hippocampal neurons (Bannai, Fukatsu et al. 2004; Kanai, Dohmae et al. 2004).

Interestingly, another role of Drosophila hnRNP in neuronal development was demonstrated illustrating the molecular basis of Fragile X syndrome (FXS).  FXS is a common form of inherited mental retardation, usually caused by expansion of the CGG trinucleotide repeat in the 5′ untranslated region of the fragile X mental retardation 1 (FMR1) gene. In 2003, Peng Jin and coauthors (Jin, Zarnescu et al. 2003) have established a Drosophila model that ectopically expresses a portion of the human FMR1 5′ UTR containing either normal or premutation-length rCGG repeats. They have been demonstrated that fragile X premutation rCGG repeats alone can cause neurodegeneration in a dosage- and repeat length-dependent manner.
In the 2007 Jin et al. identified Pur alpha and the Drosophila Hrb87F, the hnRNP homolog of the human A2/B1, as a rCGG repeat binding proteins (RBPs), showing that Pur alpha and rCGG repeats interact in a sequence-specific fashion that is conserved between mammals and Drosophila (Jin, Duan et al. 2007). Another group also have been shown that Drosophila Pur-alpha is part of transported mRNP complexes, analogous to its reported role in nerve cells (Aumiller, Graebsch et al. 2012). Moreover, in the same year, Sofola and coauthors, using a transgenic Drosophila model of FXTAS (Sofola, Jin et al. 2007), showed that overexpression of Hrb87F and CUGBP1 suppresses the phenotype of the CGG transgenic fly. Indeed they demonstrated that Hrb87F protein directly interacts with riboCGG repeats and CUGBP1 protein interacts with the riboCGG repeats through Hrb87f.
In 2012 Tan and coauthors contributed to enrich the story about fragile X syndrome in an FXTAS Drosophila model (Tan, Qurashi et al. 2012), showing that fragile X rCGG repeats can induce the activation of specific retrotransposons, including gypsy and modulate rCGG-mediated neurodegeneration. Moreover, they found that Hrb87F is involved in this process via interaction with heterochromatin protein 1 (HP1). Knockdown of gypsy RNA by RNAi could suppress the neuronal toxicity caused by rCGG repeats and overexpression of Hrb87F could suppress upregulated gypsy expression in rCGG-repeat flies, suggesting that Hrp36 is also required in retrotransposon modulation. These results imply that the sequestration of the rCGG-repeat-binding proteins, in particular Hrb87F, could limit the amount of Hrb87f protein that is able to bind to retrotransposons and recruit HP1 for efficient retrotransposon silencing (Tan, Qurashi et al. 2012). Also the expression of specific miRNAs results alterated, including miR-277 that seems to modulate rCGG-mediated neurodegeneration. Since they showed that Hrb87F can directly regulate the expression of miR-277, it is possibile to hypothesize that this fragile X premutation rCGG repeats could alter the expression of specific miRNAs indirectly, via hnRNP and on the other hand Hrb87F can provide a regulative step in transcriptional regulation of selective miRNAs.

These data seems to clarify the role of the interaction between HP1a and the hnRNPs previously identified in the work of Piacentini et al. (Piacentini, Fanti et al. 2003). In this paper the authors have been shown that HP1a seems to be involved in RNA transcript packaging and stability by its interaction with hnRNP proteins, in particular Hrb87F and Pep. In the paper’s conclusion the authors suggest that HP1a-containing hnRNP sub-complex could play a role in heterochromatin formation, but the more recent data allow to speculate that probably the specific role of the interaction between HP1 and Hrb87f could be the retrotransposon silencing. Altogether these data provide an evidence that Hrb87F is an really interesting RNA binding protein involved in several regulative ways and also have unexpected active roles in neuronal development and neurodegenerative disease.

Another Drosophila hnRNP that seems to be involved in neuronal physiological process is TBPH, the Drosophila homolog of the human TAR DNA binding protein (TDP-43), an hnRNP that plays numerous roles in mRNA metabolism such us transcription, pre-mRNA splicing, mRNA stability, microRNA biogenesis, transport and translation (Buratti and Baralle 2009; Strong 2010). The human TDP-43 protein represents the major disease protein present in cytoplasmic inclusions in amyotrophic lateral sclerosis (ALS) and fronto-temporal lobar degeneration (FTLD) (Arai, Hasegawa et al. 2006; Neumann, Sampathu et al. 2006). Moreover TDP-43 dysfunction has been also observed in other neurodegenerative disorders like Alzheimer’s, Parkinson’s and Huntington’s disease (Forman, Trojanowski et al. 2007; Chen-Plotkin, Lee et al. 2010). In Drosophila TBPH is expressed in neurons, glia and muscle cells. Interestingly flies mutants for TBPH closely reproduce most of the phenotypes observed in ALS patients like decreasing viability, affected synaptic transmission, defective locomotion and also age-related progressive neurodegeneration. In the last years mat least three different fly models elucidated the role of TBPH in neuronal and neuromuscular development, synaptic transmission, synaptic release, and endocytosis demonstrating that their redistribution to the cytoplasm from nucleus is sufficient to induce degeneration (Neumann, Sampathu et al. 2006; Li, Ray et al. 2010; Ritson, Custer et al. 2010; Hazelett, Chang et al. 2012). 
In 2009 Feiguin and collegues have been demonstrated that loss of TDP-43 function in Drosophila have as result the reduction in the number of motoneurons terminal branches and synaptic boutons at neuro-muscular junctions (NMJs), suggesting that TDP-43 may regulate the assembly and organization of these structures. In 2011, the same group to investigate about functional mechanism leading to these phenotypes tested several factors known to be involved in synaptic growth or bouton formation (Godena, Romano et al. 2011). They found an interaction between TBPH and the futsch gene, encoding for a neuron-specific microtubule binding protein homolog to human MAP1B (involved in maintaining MT integrity at presynaptic terminals during NMJ expansion). The authors have been shown that reduced protein levels in the microtubule associated protein futsch/MAP1B is responsible for alterations in the organization of synaptic microtubules. Moreover they showed that TDP-43 physically interacts with futsch mRNA and that TDP-43 prevents futsch down regulation and synaptic defects through its RNA binding capacity (Godena, Romano et al. 2011). 
As in human either loss or gain of TDP-43 function or both, are responsible for disease formation, Dieper and collegues have been done a systematic comparison of loss- and gain-of-function of TBPH in synaptic function and morphology, motor control, and age-related neuronal survival (Diaper, Adachi et al. 2013). This group presented data showing  that both loss and gain of TBPH compromise development and lead to premature lethality. Furthermore, in adults both loss and gain of TBPH resulted in synaptic defects and in progressive degeneration age-related of neurons involved in motor control. These defects consequently leads to defective synaptic transmission that it is responsible in turn of defective motor behavior and progressive deconstruction of neuronal connections, determing in this way age-related neurodegeneration (Diaper, Adachi et al. 2013). Recently, TBPH was also identified during genetic screen using a Drosophila model of Myotonic dystrophy type 1 (DM1) (Llamusi, Bargiela et al. 2013). DM1 is a genetic disease caused by the pathological expansion of a CTG trinucleotide repeat in the 3' UTR of the DMPK gene, that remember molecular basis of the FXTAS- In the DMPK transcripts, the CUG expansions sequester RNA-binding proteins into nuclear foci, including transcription factors and alternative splicing regulators. Collectively all the data suggest that TBPH and BSF are targets of Mbl-mediated CTG toxicity, and have an important role in DM1 muscle pathology (Llamusi, Bargiela et al. 2013).
Moreover, in a recent study for understanding if and how deregulation of the TDP-43-containing ribonucleoprotein complexes may contributes to neurodegeneration, 25 proteins were identified from rodent brain nuclear extract as co-purificants of TDP-43 (Sephton, Cenik et al. 2011). Among them, polypyrimidine tract-binding protein (PTBP) is of particular interest. PTBP is homolog with human PTB (hnRNP I) and with Drosophila Heph, encods by the hephaestus gene. As we previously mentioned, Heph is involved in translational repression of the osk mRNA during their localization for the correct AP determination. In their work Sephton and coauthors suggest that PTBP could co-regulate TDP-43 RNA target and seems to be involved in neurodegenerative disease.
Collectively all these results highlight the fundamental role that hnRNPs have in the muscle and nervous system development.

7. Fuitfly as a model for human hnRNPs related neurodegeneration 

A series of studies have documented the aberrant expression of hnRNPs and their targets genes in cancer cells as well as their role in the regulation of different events of tumour development and progression such as inhibition of apoptosis, proliferation, invasion and metastasis (Carpenter, MacKay et al. 2006; Dery, Gaur et al. 2011; Schiffner, Zimara et al. 2011; Gao, Yu et al. 2013). On the other hands, the regulation of hnRNPs is involved also in other kind of disease like diabet and hypertension (Lo, Chang et al. 2012). Nevertheless, hnRNPs seems to have very big involvement in neurological disease. For over a decade, Drosophila has been a highly tractable model system for studying human neurodegenerative diseases and has led to the identification of novel genes and pathways involved in neurodegeneration (Pandey and Nichols 2011). Indeed the high neuronal complexity, due to an advanced brain able to learning and memory and to the presence of really specialized nervous system, makes appealing the use of Drosophila as a model.
Amyotrophic lateral sclerosis (ALS) is a devastating, late-onset, progressive neurodegenerative disorder that causes the selective loss of upper and lower motor neurons. So far have been identified several mutations in different proteins as responsible for ALS causative start point, such as mutations in related RNA-binding proteins Tar DNA Binding Protein 43 (TDP-43), Fused In Sarcoma (FUS), RNA Polymerase II, TATA Box Binding Protein (TBP)-Associated Factor TAF15 and many others like for example Valosin Containing Protein (VCP) (Rosen, Siddique et al. 1993; Chen, Bennett et al. 2004; Nishimura, Mitne-Neto et al. 2004; Greenway, Andersen et al. 2006; Sreedharan, Blair et al. 2008; Ju, Fuentealba et al. 2009; Maruyama, Morino et al. 2010; Orlacchio, Bernardi et al. 2010; Al-Saif, Al-Mohanna et al. 2011). An emerging concept is that defects in RNA metabolism might contribute to ALS disease pathogenesis. (Hanson, Kim et al. 2012; Lee, Lee et al. 2012). There are two genes candidates to be fly homolog of human FUS, cabeza and CG14718. Moreover the Drosophila gene cabeza (caz) encoding for an RNA-binding protein, has also 53% amino acid identity to the human FUS/TLS-related gene Ewing sarcoma breakpoint region 1 (EWSR1) (Stolow and Haynes 1995). EWRS1 is a gene involved in ALS with similar properties as TDP-43, FUS and TAF15, including aggregation-prone behavior in vitro and ability to confer neurodegeneration in Drosophila (Couthouis, Hart et al. 2012). The knockdown of caz is responsible for decrease of adult viability and led to locomotor disabilities at both larval and adult stage and shorter life span (Wang, Brent et al. 2011). 
Recently were generated fly models of FUS related neurodegeneration recapitulating several features of the human disease (Chen, Yang et al. 2011). By ectopic expression of FUS in eye, brain and motor neurons it was demonstrated that mutant FUS is more toxic than WT, reducing drastically life span and adult climbing abilities. Moreover, the ectopic expression of both WT and mutant FUS caused retinal degeneration, axonal loss and functional defects including locomotive defects (Chen, Yang et al. 2011; Wang, Brent et al. 2011). Moreover, has been also demonstrated the genetic interaction between FUS and TDP-43 (Lanson, Maltare et al. 2011).
Furthermore mutants of the fly homologue of human TDP-43, the TBPH protein, have been shown very similar phenotypes as seen in the caz mutant animals. It has been shown that ectopic expression of human FUS restored the adult viability phenotype caused by caz knockout, suggesting that human FUS can compensate caz function and that the functions of both proteins are highly conserved (Wang, Brent et al. 2011). 
Neuropathology involving TDP-43 has been identified in a wide spectrum of neurodegenerative diseases collectively named as TDP-43 proteinopathy, including amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD). 
Recently the name of multisystem proteinopathy (MSP) has been adopted to collect all those syndrome characterized by progressive degeneration of muscle, brain, motor neurons and bone with also the presence of strong TDP-43 (also called TARDBP) pathology, like inclusion body myopathy (IBM), fronto-temporal dementia (FTD) and ALS. Some cases of MSP are caused by mutations in the VCP gene that encodes for an ubiquitin-dependent segregase (Kim, Kim et al. 2013). In that family in witch MSP was caused by mutation in VCP gene, by genetic analysis it was identified mutation in hnRNP A/B family proteins (Kim, Kim et al. 2013). Intriguingly, both TBPH and hnRNPA2B1/ hnRNPA1 acts as suppressors of VCP-related degeneration in a Drosophila model of MSP. Moreover, it is already known that also in the fragile- X-associated tremor ataxia syndrome (FXTAS), hnRNPA2B1 is sequestered in RNA foci (also described in this review). The hnRNPA2B1 and hnRNPA1 domains essential for activity and able to mediate interaction with TDP-43 are glycine-rich (Buratti, Brindisi et al. 2005). Interestingly, the disease-causing mutations fall at the center of a predicted prion-like domain (PrLD) previously identified in the C-terminal regions of hnRNPA2 and hnRNPA1. Furthermore has been shown that many hnRNPs have similar PrLDs, including TDP-43 and FUS (Buratti, Brindisi et al. 2005). Constructing a transgenic Drosophila model expressing both wild-type or mutant forms of human hnRNPA2, hnRNPA1 and fly homologue HRB98DE, Kim and coauthors elucidated that mutation in PrLD act as a gain of function that promotes fibrillation of both hnRNPA2B1 and hnRNPA1 and subsequent cytoplasmic accumulation. Indeed, disease mutations introduce more potent steric zippers into the PrLDs of hnRNPA2 and hnRNPA1, deregulating and accelerating nucleation and polymerization, altering the dynamics of RNA granule assembly and thus compromising RNA metabolism (Kim, Kim et al. 2013). 

As 250 human proteins, many of which are RNA-binding proteins, are predicted to have PrLDs, these class of aggregation-prone RNA-binding proteins might be very good candidates for contributing to light on ALS and related neurodegenerative diseases. Indeed it is possible speculate that several neurodegenerative disease could derived by dysfunction or mutation affecting PrLD and/or factors that are involved in the ribonucleoprotein assembly, determining thus an altered RNA metabolism as a final consequence.


Conclusions 
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	The spatial regulation of Egfr activity in the follicular epithelium of the ovary is achieved by the localization of its ligand, Gurken, within the germline. The final distribution of Gurken within the oocyte appears to be specified both by the localization of the gurken RNA and by regulation of Gurken protein accumulation, possibly at the level of translation. Localized activation of the Egfr distinguishes certain subpopulations of follicle cells, thereby generating asymmetry within the follicular epithelium. In early oogenesis, Egfr activation in posterior follicle cells defines the AP polarity of the egg chamber, and in midoogenesis restriction of Egfr activity to dorsal follicle cells determines DV polarity. A number of factors required downstream of the Egfr have been identified, but the mechanism by which the observed patterning of the follicular epithelium is achieved remains unclear. The dynamic expression patterns of some of these targets suggest that the initial Gurken-Egfr signal at the dorsal side of the follicular epithelium mediates an initial distinction between dorsal and ventral follicle cells and also initiates subsequent refinement processes that determine the final pattern of cell fates. In the dorsal follicle cells, this refinement appears to involve interactions between Egfr targets and may also involve feedback regulation of Egfr activity such that the profile of Egfr activity is modulated over time. In addition, the initial Gurken-Egfr signal negatively regulates the functional domain of another patterning process that governs the establishment of the DV axis of the developing embryo.

Norvell, A., A. Debec, et al. (2005). "Squid is required for efficient posterior localization of oskar mRNA during Drosophila oogenesis." Development genes and evolution 215(7): 340-349.
	The nuclear-cytoplasmic shuttling heterogeneous nuclear RNA-binding protein (hnRNP) Squid (Sqd) is required during Drosophila melanogaster oogenesis, where it plays a critical role in the regulation of the TGFalpha-like molecule Gurken (Grk). Three Sqd isoforms have been described, SqdA, S and B, and two of these, SqdA and SqdS, differentially function in grk mRNA nuclear export, cytoplasmic transport and translational control during oogenesis. Here, we report that Sqd is also required for the regulation of oskar (osk) mRNA, functioning in the cytoplasmic localization of the osk transcript. In oocytes from sqd females, osk mRNA is not efficiently localized to the posterior pole, but rather accumulates at the anterior cortex. Furthermore, anterior patterning defects observed in embryos from sqd females expressing only the SqdS protein isoform suggest that Sqd may also play a role in the translational regulation of the mislocalized osk mRNA. These findings provide additional support for models of mRNA regulation in which cytoplasmic events, such as localization and translational regulation, are coupled. These results also place Sqd among an emerging class of proteins, including such other members as Bruno (Bru) and Hrb27C/Hrp48, which function in multiple aspects of both grk and osk mRNA regulation during Drosophila oogenesis.

Norvell, A., R. L. Kelley, et al. (1999). "Specific isoforms of squid, a Drosophila hnRNP, perform distinct roles in Gurken localization during oogenesis." Genes & development 13(7): 864-876.
	Heterogeneous nuclear RNA-binding proteins, hnRNPs, have been implicated in nuclear export of mRNAs in organisms from yeast to humans. A germ-line mutation in a Drosophila hnRNP, Squid (Sqd)/hrp40, causes female sterility as a result of mislocalization of gurken (grk) mRNA during oogenesis. Alternative splicing produces three isoforms, SqdA, SqdB, and SqdS. Here we show that these isoforms are not equivalent; SqdA and SqdS perform overlapping but nonidentical functions in grk mRNA localization and protein accumulation, whereas SqdB cannot perform these functions. Furthermore, although all three Sqd isoforms are expressed in the germline cells of the ovary, they display distinct intracellular distributions. Both SqdB and SqdS are detected in germ-line nuclei, whereas SqdA is predominantly cytoplasmic. We show that this differential nuclear accumulation is correlated with a differential association with the nuclear import protein Transportin. Finally, we provide evidence that grk mRNA localization and translation are coupled by an interaction between Sqd and the translational repressor protein Bruno. These results demonstrate the isoform-specific contributions of individual hnRNP proteins in the regulation of a specific mRNA. Moreover, these data suggest a novel role for hnRNPs in localization and translational regulation of mRNAs.

Sinsimer, K. S., R. A. Jain, et al. (2011). "A late phase of germ plasm accumulation during Drosophila oogenesis requires lost and rumpelstiltskin." Development 138(16): 3431-3440.
	Asymmetric mRNA localization is an effective mechanism for establishing cellular and developmental polarity. Posterior localization of oskar in the Drosophila oocyte targets the synthesis of Oskar to the posterior, where Oskar initiates the assembly of the germ plasm. In addition to harboring germline determinants, the germ plasm is required for localization and translation of the abdominal determinant nanos. Consequently, failure of oskar localization during oogenesis results in embryos lacking germ cells and abdominal segments. oskar accumulates at the oocyte posterior during mid-oogenesis through a well-studied process involving kinesin-mediated transport. Through live imaging of oskar mRNA, we have uncovered a second, mechanistically distinct phase of oskar localization that occurs during late oogenesis and results in amplification of the germ plasm. Analysis of two newly identified oskar localization factors, Rumpelstiltskin and Lost, that are required specifically for this late phase of oskar localization shows that germ plasm amplification ensures robust abdomen and germ cell formation during embryogenesis. In addition, our results indicate the importance of mechanisms for adapting mRNAs to utilize multiple localization pathways as necessitated by the dramatic changes in ovarian physiology that occur during oogenesis.

Smibert, C. A., Y. S. Lie, et al. (1999). "Smaug, a novel and conserved protein, contributes to repression of nanos mRNA translation in vitro." RNA 5(12): 1535-1547.
	Proper deployment of Nanos protein at the posterior of the Drosophila embryo, where it directs posterior development, requires a combination of RNA localization and translational controls. These controls ensure that only the posteriorly-localized nanos mRNA is translated, whereas unlocalized nanos mRNA is translationally repressed. Here we describe cloning of the gene encoding Smaug, an RNA-binding protein that interacts with the sequences, SREs, in the nanos mRNA that mediate translational repression. Using an in vitro translation assay, we demonstrate that SRE-dependent repression occurs in extracts from early stage embryos. Immunodepletion of Smaug from the extracts eliminates repression, consistent with the notion that Smaug is involved. Smaug is a novel gene and the existence of potential mammalian Smaug homologs raises the possibility that Smaug represents a new class of conserved translational repressor.

Steinhauer, J. and D. Kalderon (2006). "Microtubule polarity and axis formation in the Drosophila oocyte." Developmental dynamics : an official publication of the American Association of Anatomists 235(6): 1455-1468.
	The body axes of the fruit fly are established in mid-oogenesis by the localization of three mRNA determinants, bicoid, oskar, and gurken, within the oocyte. General mechanisms of RNA localization and cell polarization, applicable to many cell types, have emerged from investigation of these determinants in Drosophila oogenesis. Localization of these RNAs is dependent on the germline microtubules, which reorganize to form a polarized array at mid-oogenesis in response to a signaling relay between the oocyte and the surrounding somatic follicle cells. Here we describe what is known about this microtubule reorganization and the signaling relay that triggers it. Recent studies have identified a number of ubiquitous RNA binding proteins essential for this process. So far, no targets for any of these proteins have been identified, and future work will be needed to illuminate how they function to reorganize microtubes and whether similar mechanisms also exist in other cell types.

Van De Bor, V., E. Hartswood, et al. (2005). "gurken and the I factor retrotransposon RNAs share common localization signals and machinery." Developmental cell 9(1): 51-62.
	Drosophila gurken mRNA is localized by dynein-mediated transport to a crescent near the oocyte nucleus, thus targeting the TGFalpha signal and forming the primary embryonic axes. Here, we show that gurken and the I factor, a non-LTR retrotransposon, share a small consensus RNA stem loop of defined secondary structure, which forms a conserved signal for dynein-mediated RNA transport to the oocyte nucleus. Furthermore, gurken and the I factor compete in vivo for the same localization machinery. I factor transposition leads to its mRNA accumulating near and within the oocyte nucleus, thus causing perturbations in gurken and bicoid mRNA localization and axis specification. These observations further our understanding of the close association of transposable elements with their host and provide an explanation for how I factor transposition causes female sterility. We propose that the transposition of other elements may exploit the host's RNA transport signals and machinery.

Wilsch-Brauninger, M., H. Schwarz, et al. (1997). "A sponge-like structure involved in the association and transport of maternal products during Drosophila oogenesis." The Journal of cell biology 139(3): 817-829.
	Localization of maternally provided RNAs during oogenesis is required for formation of the antero-posterior axis of the Drosophila embryo. Here we describe a subcellular structure in nurse cells and oocytes which may function as an intracellular compartment for assembly and transport of maternal products involved in RNA localization. This structure, which we have termed "sponge body," consists of ER-like cisternae, embedded in an amorphous electron-dense mass. It lacks a surrounding membrane and is frequently associated with mitochondria. The sponge bodies are not identical to the Golgi complexes. We suggest that the sponge bodies are homologous to the mitochondrial cloud in Xenopus oocytes, a granulo-fibrillar structure that contains RNAs involved in patterning of the embryo. Exuperantia protein, the earliest factor known to be required for the localization of bicoid mRNA to the anterior pole of the Drosophila oocyte, is highly enriched in the sponge bodies but not an essential structural component of these. RNA staining indicates that sponge bodies contain RNA. However, neither the intensity of this staining nor the accumulation of Exuperantia in the sponge bodies is dependent on the amount of bicoid mRNA present in the ovaries. Sponge bodies surround nuage, a possible polar granule precursor. Microtubules and microfilaments are not present in sponge bodies, although transport of the sponge bodies through the cells is implied by their presence in cytoplasmic bridges. We propose that the sponge bodies are structures that, by assembly and transport of included molecules or associated structures, are involved in localization of mRNAs in Drosophila oocytes.

Yano, T., S. Lopez de Quinto, et al. (2004). "Hrp48, a Drosophila hnRNPA/B homolog, binds and regulates translation of oskar mRNA." Developmental cell 6(5): 637-648.
	Establishment of the Drosophila embryonic axes provides a striking example of RNA localization as an efficient mechanism for protein targeting within a cell. oskar mRNA encodes the posterior determinant and is essential for germline and abdominal development in the embryo. Tight restriction of Oskar activity to the posterior is achieved by mRNA localization-dependent translational control, whereby unlocalized mRNA is translationally repressed and repression is overcome upon mRNA localization. Here we identify the previously reported oskar RNA binding protein p50 as Hrp48, an abundant Drosophila hnRNP. Analysis of three hrp48 mutant alleles reveals that Hrp48 levels are crucial for polarization of the oocyte during mid-oogenesis. Our data also show that Hrp48, which binds to the 5' and 3' regions of oskar mRNA, plays an important role in restricting Oskar activity to the posterior of the oocyte, by repressing oskar mRNA translation during transport.

Black, D. L. (2003). "Mechanisms of alternative pre-messenger RNA splicing." Annual review of biochemistry 72: 291-336.
	Alternative pre-mRNA splicing is a central mode of genetic regulation in higher eukaryotes. Variability in splicing patterns is a major source of protein diversity from the genome. In this review, I describe what is currently known of the molecular mechanisms that control changes in splice site choice. I start with the best-characterized systems from the Drosophila sex determination pathway, and then describe the regulators of other systems about whose mechanisms there is some data. How these regulators are combined into complex systems of tissue-specific splicing is discussed. In conclusion, very recent studies are presented that point to new directions for understanding alternative splicing and its mechanisms.

Borah, S., A. C. Wong, et al. (2009). "Drosophila hnRNP A1 homologs Hrp36/Hrp38 enhance U2-type versus U12-type splicing to regulate alternative splicing of the prospero twintron." Proceedings of the National Academy of Sciences of the United States of America 106(8): 2577-2582.
	During Drosophila embryogenesis, the transcription factor Prospero is critical for neuronal differentiation and axonal outgrowth. The prospero pre-mRNA undergoes alternative splicing, but is unique in that it harbors a rare twintron whereby one intron lies embedded within another. The innermost intron is excised by the major U2-type spliceosome and the outermost is excised by the minor U12-type spliceosome. Previously, an intronic purine-rich element (PRE) was identified as an enhancer of both U2- and U12-type splicing, with a greater effect on the U2-type pathway. We find that the PRE binds Drosophila homologs of heterogeneous nuclear ribonucleoprotein (hnRNP) A1, Hrp38 and Hrp36. RNAi-mediated knockdown of these proteins in S2 cells specifically decreases U2-type splicing of the twintron, which is surprising because hnRNPs usually are repressive. Conversely, tethering Hrp38 to the twintron increases U2-type splicing. Thus, developmentally regulated alternative splicing of the prospero twintron can be explained by documented changes in the abundance of these hnRNP A1-like proteins during embryogenesis.

Chu-Lagraff, Q., D. M. Wright, et al. (1991). "The prospero gene encodes a divergent homeodomain protein that controls neuronal identity in Drosophila." Development Suppl 2: 79-85.
	The Drosophila central nervous system (CNS) develops from a population of stem cells called neuroblasts; each neuroblast goes through an invariant cell lineage to produce a characteristic family of neurons or glia. We are interested in the molecular mechanisms controlling neuroblast cell lineage. Recently we identified the prospero (pros) gene, which is expressed in embryonic neuroblasts. Loss of pros function results in aberrant expression of the homeobox genes fushi tarazu, even-skipped and engrailed in a subset of neuroblast progeny, suggesting that pros plays an early and fundamental role in the specification of neuronal fate (Doe et al. 1991). Here we show that the pros gene encodes a highly divergent homeodomain. The homeodomain contains several of the most conserved amino acids characteristic of known homeodomains, yet it is considerably less basic than previously identified homeodomains. These data are consistent with a model in which pros controls neuroblast cell lineages by regulating gene expression.

Doe, C. Q., Q. Chu-LaGraff, et al. (1991). "The prospero gene specifies cell fates in the Drosophila central nervous system." Cell 65(3): 451-464.
	The molecular mechanisms used to generate neuronal diversity are largely unknown. To identify genes controlling cell fate in the Drosophila central nervous system, we screened for mutations that alter expression of homeobox genes in the developing central nervous system (indicating changes in cell fates). We also screened "enhancer trap" lines to identify genes expressed in neuronal stem cells (neuroblasts). The prospero gene was discovered in both screens. prospero is expressed in a subset of neuroblasts, sensory neuron precursors, and identified glial precursors. It is not expressed in neurons. Neuroblasts lacking prospero function generate abnormal cell lineages, producing incorrectly specified progeny that differentiate into neurons showing axon pathfinding defects. prospero is therefore a novel type of gene expressed in neuroblasts and known to specify neuronal fate.

Dreyfuss, G., M. J. Matunis, et al. (1993). "hnRNP proteins and the biogenesis of mRNA." Annual review of biochemistry 62: 289-321.
	
Hartmann, B., R. Castelo, et al. (2011). "Distinct regulatory programs establish widespread sex-specific alternative splicing in Drosophila melanogaster." RNA 17(3): 453-468.
	In Drosophila melanogaster, female-specific expression of Sex-lethal (SXL) and Transformer (TRA) proteins controls sex-specific alternative splicing and/or translation of a handful of regulatory genes responsible for sexual differentiation and behavior. Recent findings in 2009 by Telonis-Scott et al. document widespread sex-biased alternative splicing in fruitflies, including instances of tissue-restricted sex-specific splicing. Here we report results arguing that some of these novel sex-specific splicing events are regulated by mechanisms distinct from those established by female-specific expression of SXL and TRA. Bioinformatic analysis of SXL/TRA binding sites, experimental analysis of sex-specific splicing in S2 and Kc cells lines and of the effects of SXL knockdown in Kc cells indicate that SXL-dependent and SXL-independent regulatory mechanisms coexist within the same cell. Additional determinants of sex-specific splicing can be provided by sex-specific differences in the expression of RNA binding proteins, including Hrp40/Squid. We report that sex-specific alternative splicing of the gene hrp40/squid leads to sex-specific differences in the levels of this hnRNP protein. The significant overlap between sex-regulated alternative splicing changes and those induced by knockdown of hrp40/squid and the presence of related sequence motifs enriched near subsets of Hrp40/Squid-regulated and sex-regulated splice sites indicate that this protein contributes to sex-specific splicing regulation. A significant fraction of sex-specific splicing differences are absent in germline-less tudor mutant flies. Intriguingly, these include alternative splicing events that are differentially spliced in tissues distant from the germline. Collectively, our results reveal that distinct genetic programs control widespread sex-specific splicing in Drosophila melanogaster.

Johnson, M. L., A. A. Nagengast, et al. (2010). "PPS, a large multidomain protein, functions with sex-lethal to regulate alternative splicing in Drosophila." PLoS genetics 6(3): e1000872.
	Alternative splicing controls the expression of many genes, including the Drosophila sex determination gene Sex-lethal (Sxl). Sxl expression is controlled via a negative regulatory mechanism where inclusion of the translation-terminating male exon is blocked in females. Previous studies have shown that the mechanism leading to exon skipping is autoregulatory and requires the SXL protein to antagonize exon inclusion by interacting with core spliceosomal proteins, including the U1 snRNP protein Sans-fille (SNF). In studies begun by screening for proteins that interact with SNF, we identified PPS, a previously uncharacterized protein, as a novel component of the machinery required for Sxl male exon skipping. PPS encodes a large protein with four signature motifs, PHD, BRK, TFS2M, and SPOC, typically found in proteins involved in transcription. We demonstrate that PPS has a direct role in Sxl male exon skipping by showing first that loss of function mutations have phenotypes indicative of Sxl misregulation and second that the PPS protein forms a complex with SXL and the unspliced Sxl RNA. In addition, we mapped the recruitment of PPS, SXL, and SNF along the Sxl gene using chromatin immunoprecipitation (ChIP), which revealed that, like many other splicing factors, these proteins bind their RNA targets while in close proximity to the DNA. Interestingly, while SNF and SXL are specifically recruited to their predicted binding sites, PPS has a distinct pattern of accumulation along the Sxl gene, associating with a region that includes, but is not limited to, the SxlPm promoter. Together, these data indicate that PPS is different from other splicing factors involved in male-exon skipping and suggest, for the first time, a functional link between transcription and SXL-mediated alternative splicing. Loss of zygotic PPS function, however, is lethal to both sexes, indicating that its role may be of broad significance.

Kiesler, E., M. E. Hase, et al. (2005). "Hrp59, an hnRNP M protein in Chironomus and Drosophila, binds to exonic splicing enhancers and is required for expression of a subset of mRNAs." The Journal of cell biology 168(7): 1013-1025.
	Here, we study an insect hnRNP M protein, referred to as Hrp59. Hrp59 is relatively abundant, has a modular domain organization containing three RNA-binding domains, is dynamically recruited to transcribed genes, and binds to premRNA cotranscriptionally. Using the Balbiani ring system of Chironomus, we show that Hrp59 accompanies the mRNA from the gene to the nuclear envelope, and is released from the mRNA at the nuclear pore. The association of Hrp59 with transcribed genes is not proportional to the amount of synthesized RNA, and in vivo Hrp59 binds preferentially to a subset of mRNAs, including its own mRNA. By coimmunoprecipitation of Hrp59-RNA complexes and microarray hybridization against Drosophila whole-genome arrays, we identify the preferred mRNA targets of Hrp59 in vivo and show that Hrp59 is required for the expression of these target mRNAs. We also show that Hrp59 binds preferentially to exonic splicing enhancers and our results provide new insights into the role of hnRNP M in splicing regulation.

Mayeda, A. and A. R. Krainer (1992). "Regulation of alternative pre-mRNA splicing by hnRNP A1 and splicing factor SF2." Cell 68(2): 365-375.
	When messenger RNA precursors (pre-mRNAs) containing alternative 5' splice sites are spliced in vitro, the relative concentrations of the heterogeneous ribonucleoprotein (hnRNP) A1 and the essential splicing factor SF2 precisely determine which 5' splice site is selected. In general, an excess of hnRNP A1 favors distal 5' splice sites, whereas an excess of SF2 results in utilization of proximal 5' splice sites. The regulation of these antagonistic activities may play an important role in the tissue-specific and developmental control of gene expression by alternative splicing.

Nagengast, A. A., S. M. Stitzinger, et al. (2003). "Sex-lethal splicing autoregulation in vivo: interactions between SEX-LETHAL, the U1 snRNP and U2AF underlie male exon skipping." Development 130(3): 463-471.
	Alternative splicing of the Sex-lethal pre-mRNA has long served as a model example of a regulated splicing event, yet the mechanism by which the female-specific SEX-LETHAL RNA-binding protein prevents inclusion of the translation-terminating male exon is not understood. Thus far, the only general splicing factor for which there is in vivo evidence for a regulatory role in the pathway leading to male-exon skipping is sans-fille (snf), a protein component of the spliceosomal U1 and U2 snRNPs. Its role, however, has remained enigmatic because of questions about whether SNF acts as part of an intact snRNP or a free protein. We provide evidence that SEX-LETHAL interacts with SANS-FILLE in the context of the U1 snRNP, through the characterization of a point mutation that interferes with both assembly into the U1 snRNP and complex formation with SEX-LETHAL. Moreover, we find that SEX-LETHAL associates with other integral U1 snRNP components, and we provide genetic evidence to support the biological relevance of these physical interactions. Similar genetic and biochemical approaches also link SEX-LETHAL with the heterodimeric splicing factor, U2AF. These studies point specifically to a mechanism by which SEX-LETHAL represses splicing by interacting with these key splicing factors at both ends of the regulated male exon. Moreover, because U2AF and the U1 snRNP are only associated transiently with the pre-mRNA during the course of spliceosome assembly, our studies are difficult to reconcile with the current model that proposes that the SEX-LETHAL blocks splicing at the second catalytic step, and instead argue that the SEX-LETHAL protein acts after splice site recognition, but before catalysis begins.

Telonis-Scott, M., A. Kopp, et al. (2009). "Sex-specific splicing in Drosophila: widespread occurrence, tissue specificity and evolutionary conservation." Genetics 181(2): 421-434.
	Many genes in eukaryotic genomes produce multiple transcripts through a variety of molecular mechanisms including alternative splicing. Alternatively spliced transcripts often encode functionally distinct proteins, indicating that gene regulation at this level makes an important contribution to organismal complexity. The multilevel splicing cascade that regulates sex determination and sex-specific development in Drosophila is a classical example of the role of alternative splicing in cell differentiation. Recent evidence suggests that a large proportion of genes in the Drosophila genome may be spliced in a sex-biased fashion, raising the possibility that alternative splicing may play a more general role in sexually dimorphic development and physiology. However, the prevalence of sex-specific splicing and the extent to which it is shared among genotypes are not fully understood. Genetic variation in the splicing of key components of the sex determination pathway is known to influence the expression of downstream target genes, suggesting that alternative splicing at other loci may also vary in functionally important ways. In this study, we used exon-specific microarrays to examine 417 multitranscript genes for evidence of sex-specific and genotype-specific splicing in 80 different genotypes of Drosophila melanogaster. Most of these loci showed sex-biased splicing, whereas genotype-specific splicing was rare. One hundred thirty-five genes showed different alternative transcript use in males vs. females. Real-time PCR analysis of 6 genes chosen to represent a broad range of biological functions showed that most sex-biased splicing occurs in the gonads. However, somatic tissues, particularly adult heads, also show evidence of sex-specific splicing. Comparison of splicing patterns at orthologous loci in seven Drosophila species shows that sexual biases in alternative exon representation are highly conserved, indicating that sex-specific splicing is an ancient feature of Drosophila biology. To investigate potential mechanisms of sex-biased splicing, we used real-time PCR to examine the expression of six known regulators of alternative splicing in males vs. females. We found that all six loci are themselves spliced sex specifically in gonads and heads, suggesting that regulatory hierarchies based on alternative splicing may be an important feature of sexual differentiation.

Anne, J. (2010). "Arginine methylation of SmB is required for Drosophila germ cell development." Development 137(17): 2819-2828.
	Sm proteins constitute the common core of spliceosomal small nuclear ribonucleoproteins. Although Sm proteins are known to be methylated at specific arginine residues within the C-terminal arginine-glycine dipeptide (RG) repeats, the biological relevance of these modifications remains unknown. In this study, a tissue-specific function of arginine methylation of the SmB protein was identified in Drosophila. Analysis of the distribution of SmB during oogenesis revealed that this protein accumulates at the posterior pole of the oocyte, a cytoplasmic region containing the polar granules, which are necessary for the formation of primordial germ cells. The pole plasm localisation of SmB requires the methylation of arginine residues in its RG repeats by the Capsuleen-Valois methylosome complex. Functional studies showed that the methylation of these arginine residues is essential for distinct processes of the germline life cycle, including germ cell formation, migration and differentiation. In particular, the methylation of a subset of these arginine residues appears essential for the anchoring of the polar granules at the posterior cortex of the oocyte, whereas the methylation of another subset controls germ cell migration during embryogenesis. These results demonstrate a crucial role of arginine methylation in directing the subcellular localisation of SmB and that this modification contributes specifically to the establishment and development of germ cells.

Barbee, S. A., A. L. Lublin, et al. (2002). "A novel function for the Sm proteins in germ granule localization during C. elegans embryogenesis." Current biology : CB 12(17): 1502-1506.
	General mRNA processing factors are traditionally thought to function only in the control of global gene expression. Here we show that the Sm proteins, core components of the splicesome, also regulate germ granules during early C. elegans development. Germ granules are large cytoplasmic particles that localize to germ cells and their precursors during embryogenesis of diverse organisms. In C. elegans, germ granules, called P granules, are segregated to the germline precursor cells during embryogenesis by asymmetric cell division, and they remain in germ cells at all stages of development. We found that at least some Sm proteins are components of P granules. Moreover, disruption of Sm activity caused defects in P granule localization to the germ cell precursors during early embryogenesis. In contrast, loss of other splicing factor activities had no effect on germ granule control in the embryo. These observations suggest that the Sm proteins control germ granule integrity and localization in the early C. elegans embryo and that this role is independent of pre-mRNA splicing. Thus, a highly conserved splicing factor may have been adapted to control both snRNP biogenesis and the localization of components important for germ cell function.

Blackwell, E. and S. Ceman (2012). "Arginine methylation of RNA-binding proteins regulates cell function and differentiation." Molecular reproduction and development 79(3): 163-175.
	Arginine methylation is a post-translational modification that regulates protein function. RNA-binding proteins are an important class of cell-function mediators, some of which are methylated on arginine. Early studies of RNA-binding proteins and arginine methylation are briefly introduced, and the enzymes that mediate this post-translational modification are described. We review the most common RNA-binding domains and briefly discuss how they associate with RNAs. We address the following groups of RNA-binding proteins: hnRNP, Sm, Piwi, Vasa, FMRP, and HuD. hnRNPs were the first RNA-binding proteins found to be methylated on arginine. The Sm proteins function in RNA processing and germ cell specification. The Piwi proteins are largely germ cell specific and are also required for germ cell production, as is Vasa. FMRP participates in germ cell formation in Drosophila, but is more widely known for its neuronal function. Similarly, HuD plays a role in nervous system development and function. We review the effects of arginine methylation on the function of each protein, then conclude by addressing remaining questions and future directions of arginine methylation as an important and emerging area of regulation.

Boulanger, M. C., T. B. Miranda, et al. (2004). "Characterization of the Drosophila protein arginine methyltransferases DART1 and DART4." The Biochemical journal 379(Pt 2): 283-289.
	The role of arginine methylation in Drosophila melanogaster is unknown. We identified a family of nine PRMTs (protein arginine methyltransferases) by sequence homology with mammalian arginine methyltransferases, which we have named DART1 to DART9 ( Drosophila arginine methyltransferases 1-9). In keeping with the mammalian PRMT nomenclature, DART1, DART4, DART5 and DART7 are the putative homologues of PRMT1, PRMT4, PRMT5 and PRMT7. Other DART family members have a closer resemblance to PRMT1, but do not have identifiable homologues. All nine genes are expressed in Drosophila at various developmental stages. DART1 and DART4 have arginine methyltransferase activity towards substrates, including histones and RNA-binding proteins. Amino acid analysis of the methylated arginine residues confirmed that both DART1 and DART4 catalyse the formation of asymmetrical dimethylated arginine residues and they are type I arginine methyltransferases. The presence of PRMTs in D. melanogaster suggest that flies are a suitable genetic system to study arginine methylation.

Brahms, H., L. Meheus, et al. (2001). "Symmetrical dimethylation of arginine residues in spliceosomal Sm protein B/B' and the Sm-like protein LSm4, and their interaction with the SMN protein." RNA 7(11): 1531-1542.
	Arginine residues in RG-rich proteins are frequently dimethylated posttranslationally by protein arginine methyltransferases (PRMTs). The most common methylation pattern is asymmetrical dimethylation, a modification important for protein shuttling and signal transduction. Symmetrically dimethylated arginines (sDMA) have until now been confined to the myelin basic protein MBP and the Sm proteins D1 and D3. We show here by mass spectrometry and protein sequencing that also the human Sm protein B/B' and, for the first time, one of the Sm-like proteins, LSm4, contain sDMA in vivo. The symmetrical dimethylation of B/B', LSm4, D1, and D3 decisively influences their binding to the Tudor domain of the "survival of motor neurons" protein (SMN): inhibition of dimethylation by S-adenosylhomocysteine (SAH) abolished the binding of D1, D3, B/B', and LSm4 to this domain. A synthetic peptide containing nine sDMA-glycine dipeptides, but not asymmetrically modified or nonmodified peptides, specifically inhibited the interaction of D1, D3, B/B', LSm4, and UsnRNPs with SMN-Tudor. Recombinant D1 and a synthetic peptide could be methylated in vitro by both HeLa cytosolic S100 extract and nuclear extract; however, only the cytosolic extract produced symmetrical dimethylarginines. Thus, the Sm-modifying PRMT is cytoplasmic, and symmetrical dimethylation of B/B', D1, and D3 is a prerequisite for the SMN-dependent cytoplasmic core-UsnRNP assembly. Our demonstration of sDMAs in LSm4 suggests additional functions of sDMAs in tri-UsnRNP biogenesis and mRNA decay. Our findings also have interesting implications for the understanding of the aetiology of spinal muscular atrophy (SMA).

Calnan, B. J., B. Tidor, et al. (1991). "Arginine-mediated RNA recognition: the arginine fork." Science 252(5009): 1167-1171.
	Short peptides that contain the basic region of the HIV-1 Tat protein bind specifically to a bulged region in TAR RNA. A peptide that contained nine arginines (R9) also bound specifically to TAR, and a mutant Tat protein that contained R9 was fully active for transactivation. In contrast, a peptide that contained nine lysines (K9) bound TAR poorly and the corresponding protein gave only marginal activity. By starting with the K9 mutant and replacing lysine residues with arginines, a single arginine was identified that is required for specific binding and transactivation. Ethylation interference experiments suggest that this arginine contacts two adjacent phosphates at the RNA bulge. Model building suggests that the arginine eta nitrogens and the epsilon nitrogen can form specific networks of hydrogen bonds with adjacent pairs of phosphates and that these arrangements are likely to occur near RNA loops and bulges and not within double-stranded A-form RNA. Thus, arginine side chains may be commonly used to recognize specific RNA structures.

Friesen, W. J., S. Paushkin, et al. (2001). "The methylosome, a 20S complex containing JBP1 and pICln, produces dimethylarginine-modified Sm proteins." Molecular and cellular biology 21(24): 8289-8300.
	snRNPs, integral components of the pre-mRNA splicing machinery, consist of seven Sm proteins which assemble in the cytoplasm as a ring structure on the snRNAs U1, U2, U4, and U5. The survival motor neuron (SMN) protein, the spinal muscular atrophy disease gene product, is crucial for snRNP core particle assembly in vivo. SMN binds preferentially and directly to the symmetrical dimethylarginine (sDMA)-modified arginine- and glycine-rich (RG-rich) domains of SmD1 and SmD3. We found that the unmodified, but not the sDMA-modified, RG domains of SmD1 and SmD3 associate with a 20S methyltransferase complex, termed the methylosome, that contains the methyltransferase JBP1 and a JBP1-interacting protein, pICln. JBP1 binds SmD1 and SmD3 via their RG domains, while pICln binds the Sm domains. JBP1 produces sDMAs in the RG domain-containing Sm proteins. We further demonstrate the existence of a 6S complex that contains pICln, SmD1, and SmD3 but not JBP1. SmD3 from the methylosome, but not that from the 6S complex, can be transferred to the SMN complex in vitro. Together with previous results, these data indicate that methylation of Sm proteins by the methylosome directs Sm proteins to the SMN complex for assembly into snRNP core particles and suggest that the methylosome can regulate snRNP assembly.

Gagne, J. P., J. M. Hunter, et al. (2003). "A proteomic approach to the identification of heterogeneous nuclear ribonucleoproteins as a new family of poly(ADP-ribose)-binding proteins." The Biochemical journal 371(Pt 2): 331-340.
	A new class of poly(ADP-ribose) (pADPr)-binding proteins, heterogeneous nuclear ribonucleoproteins (hnRNPs), has been identified by a proteomic approach using matrix-assisted laser-desorption-ionization time-of-flight ('MALDI-TOF') MS. Liquid-phase isoelectric focusing with a Rotofor cell (Bio-Rad) allowed pre-fractionation of proteins extracted from HeLa cells. Rotofor protein fractions were further separated by SDS/PAGE and then transferred to a PVDF membrane. pADPr-binding proteins were analysed by autoradiography of the protein blot after incubation with (32)P-labelled automodified pADPr polymerase-1 (PARP-1). Peptide mass fingerprinting of selected bands identified the most abundant pADPr-binding proteins as hnRNPs, a family of proteins that bind pre-mRNA into functional complexes involved in mRNA maturation and transport to the cytoplasm. Sequence homology database searching against a previously reported pADPr-binding sequence motif revealed that the hnRNPs contain a putative pADPr-binding sequence pattern [Pleschke, Kleczkowska, Strohm and Althaus (2000) J. Biol. Chem. 275, 40974-40980]. pADPr-binding assays performed with synthetic peptides by the dot-blot technique and with nitrocellulose-transferred recombinant hnRNPs confirmed the pADPr-binding protein identification and the specificity of the interaction. These results could establish a link between increased levels of pADPr in DNA damaged cells and the modified protein expression pattern resulting from altered mRNA trafficking.

Gonsalvez, G. B., T. K. Rajendra, et al. (2006). "The Sm-protein methyltransferase, dart5, is essential for germ-cell specification and maintenance." Current biology : CB 16(11): 1077-1089.
	BACKGROUND: The C-terminal tails of spliceosomal Sm proteins contain symmetrical dimethylarginine (sDMA) residues in vivo. The precise function of this posttranslational modification in the biogenesis of small nuclear ribonucleoproteins (snRNPs) and pre-mRNA splicing remains largely uncharacterized. Here, we examine the organismal and cellular consequences of loss of symmetric dimethylation of Sm proteins in Drosophila. RESULTS: Genetic disruption of dart5, the fly ortholog of human PRMT5, results in the complete loss of sDMA residues on spliceosomal Sm proteins. Similarly, valois, a previously characterized grandchildless gene, is also required for sDMA modification of Sm proteins. In the absence of dart5, snRNP biogenesis is surprisingly unaffected, and homozygous mutant animals are completely viable. Instead, Dart5 protein is required for maturation of spermatocytes in males and for germ-cell specification in females. Embryos laid by dart5 mutants fail to form pole cells, and Tudor localization is disrupted in stage 10 oocytes. Transgenic expression of Dart5 exclusively within the female germline rescues pole-cell formation, whereas ubiquitous expression rescues sDMA modification of Sm proteins and male sterility. CONCLUSIONS: We have shown that Dart5-mediated methylation of Sm proteins is not essential for snRNP biogenesis. The results uncover a novel role for dart5 in specification of the germline and in spermatocyte maturation. Because disruption of both dart5 and valois causes the specific loss of sDMA-modified Sm proteins and studies in C. elegans show that Sm proteins are required for germ-granule localization, we propose that Sm protein methylation is a pivotal event in germ-cell development.

Ji, Y. and A. V. Tulin (2009). "Poly(ADP-ribosyl)ation of heterogeneous nuclear ribonucleoproteins modulates splicing." Nucleic acids research 37(11): 3501-3513.
	The biological functions of poly(ADP-ribosyl)ation of heterogeneous nuclear ribonucleoproteins (hnRNPs) are not well understood. However, it is known that hnRNPs are involved in the regulation of alternative splicing for many genes, including the Ddc gene in Drosophila. Therefore, we first confirmed that poly(ADP-ribose) (pADPr) interacts with two Drosophila hnRNPs, Squid/hrp40 and Hrb98DE/hrp38, and that this function is regulated by Poly(ADP-ribose) Polymerase 1 (PARP1) and Poly(ADP-ribose) Glycohydrolase (PARG) in vivo. These findings then provided a basis for analyzing the role of pADPr binding to these two hnRNPs in terms of alternative splicing regulation. Our results showed that Parg null mutation does cause poly(ADP-ribosyl)ation of Squid and hrp38 protein, as well as their dissociation from active chromatin. Our data also indicated that pADPr binding to hnRNPs inhibits the RNA-binding ability of hnRNPs. Following that, we demonstrated that poly(ADP-ribosyl)ation of Squid and hrp38 proteins inhibits splicing of the intron in the Hsr omega-RC transcript, but enhances splicing of the intron in the Ddc pre-mRNA. Taken together, these findings suggest that poly(ADP-ribosyl)ation regulates the interaction between hnRNPs and RNA and thus modulates the splicing pathways.

Meister, G., C. Eggert, et al. (2001). "Methylation of Sm proteins by a complex containing PRMT5 and the putative U snRNP assembly factor pICln." Current biology : CB 11(24): 1990-1994.
	Seven Sm proteins, termed B/B', D1, D2, D3, E, F, and G, assemble in an ordered manner onto U snRNAs to form the Sm core of the spliceosomal snRNPs U1, U2, U4/U6, and U5. The survival of motor neuron (SMN) protein binds to Sm proteins and mediates in the context of a macromolecular (SMN-) complex the assembly of the Sm core. Binding of SMN to Sm proteins is enhanced by modification of specific arginine residues in the Sm proteins D1 and D3 to symmetrical dimethylarginines (sDMAs), suggesting that assembly might be regulated at the posttranslational level. Here we provide evidence that the previously described pICln-complex, consisting of Sm proteins, the methyltransferase PRMT5, pICln, and two novel factors, catalyzes the sDMA modification of Sm proteins. In vitro studies further revealed that the pICln complex inhibits the spontaneous assembly of Sm proteins onto a U snRNA. This effect is mediated by pICln via its binding to the Sm fold of Sm proteins, thereby preventing specific interactions between Sm proteins required for the formation of the Sm core. Our data suggest that the pICln complex regulates an early step in the assembly of U snRNPs, possibly the transfer of Sm proteins to the SMN-complex.

Najbauer, J., B. A. Johnson, et al. (1993). "Peptides with sequences similar to glycine, arginine-rich motifs in proteins interacting with RNA are efficiently recognized by methyltransferase(s) modifying arginine in numerous proteins." The Journal of biological chemistry 268(14): 10501-10509.
	Several proteins that interact with RNA, e.g. the heterogenous ribonucleoprotein particle A and B proteins, fibrillarin and nucleolin, contain the modified amino acid NG,NG-dimethylarginine. Here, we report that two synthetic peptides, Ac-GGRGGFGGRGGFGGRGGFG-NH2 (R3) and GGFGGRGGFG-NH2 (R1), which are based on methylated sequences in fibrillarin and nucleolin, inhibit the methylation of a large majority of the methyl-accepting proteins observed in extracts of adenosine dialdehyde-treated PC12 cells. Concomitantly, the peptides themselves become methylated, suggesting that they compete for the same enzyme that carries out the bulk of N-methylation in PC12 cells. R3 potently inhibits formation of NG,NG-dimethylarginine in PC12 substrates, with a lesser effect on NG-monomethylarginine and NG,N'G-dimethylarginine. Bovine brain contains an activity that methylates PC12 methyl acceptors. After partial purification, the bovine methyltransferase efficiently modifies R3 and R1, yielding half-maximal rates of methylation at approximately 0.2 and approximately 2 microM peptide, respectively. A search of the GenPept database for the FGGRGGF motif revealed 13 candidate methyl acceptors containing arginine and at most two similar substitutions or one mismatch. Of these, 10 are known or presumed to interact with RNA. These findings are consistent with the hypothesis that a majority of proteins containing NG,NG-dimethylarginine interact with RNA.

Nichols, R. C., X. W. Wang, et al. (2000). "The RGG domain in hnRNP A2 affects subcellular localization." Experimental cell research 256(2): 522-532.
	The heterogeneous nuclear ribonucleoproteins (hnRNP) associate with pre-mRNA in the nucleus and play an important role in RNA processing and splice site selection. In addition, hnRNP A proteins function in the export of mRNA to the cytoplasm. Although the hnRNP A proteins are predominantly nuclear, hnRNP A1 shuttles rapidly between the nucleus and the cytoplasm. HnRNP A2, whose cytoplasmic overexpression has been identified as an early biomarker of lung cancer, has been less well studied. Cytosolic hnRNP A2 overexpression has also been noted in brain tumors, in which it has been correlated with translational repression of Glucose Transporter-1 expression. We now examine the role of arginine methylation on the nucleocytoplasmic localization of hnRNP A2 in the HEK-293 and NIH-3T3 mammalian cell lines. Treatment of either cell line with the methyltransferase inhibitor adenosine dialdehyde dramatically shifts hnRNP A2 localization from the nuclear to the cytoplasmic compartment, as shown both by immunoblotting and by immunocytochemistry. In vitro radiolabeling with [(3)H]AdoMet of GST-tagged hnRNP A2 RGG mutants, using recombinant protein arginine methyltransferase (PRMT1), shows (i) that hnRNP A2 is a substrate for PRMT1 and (ii) that methylated residues are found only in the RGG domain. Deletion of the RGG domain (R191-G253) of hnRNP A2 results in a cytoplasmic localization phenotype, detected both by immunoblotting and by immunocytochemistry. These studies indicate that the RGG domain of hnRNP A2 contains sequences critical for cellular localization of the protein. The data suggest that hnRNP A2 may contain a novel nuclear localization sequence, regulated by arginine methylation, that lies in the R191-G253 region and may function independently of the M9 transportin-1-binding region in hnRNP A2.

Pellizzoni, L., J. Yong, et al. (2002). "Essential role for the SMN complex in the specificity of snRNP assembly." Science 298(5599): 1775-1779.
	The Survival of Motor Neurons (SMN) protein, the product of the spinal muscular atrophy-determining gene, is part of a large macromolecular complex (SMN complex) that functions in the assembly of spliceosomal small nuclear ribonucleoproteins (snRNPs). Using cell extracts and purified components, we demonstrated that the SMN complex is necessary and sufficient to mediate the ATP-dependent assembly of the core of seven Sm proteins on uridine-rich, small nuclear ribonucleic acids (U snRNAs). In vitro experiments revealed strict requirements for ordered binding of the Sm proteins and the U snRNAs to the SMN complex. Importantly, the SMN complex is necessary to ensure that Sm cores assemble only on correct RNA targets and prevent their otherwise promiscuous association with other RNAs. Thus, the SMN complex functions as a specificity factor essential for the efficient assembly of Sm proteins on U snRNAs and likely protects cells from illicit, and potentially deleterious, nonspecific binding of Sm proteins to RNAs.

Will, C. L. and R. Luhrmann (2001). "Spliceosomal UsnRNP biogenesis, structure and function." Current opinion in cell biology 13(3): 290-301.
	Significant advances have been made in elucidating the biogenesis pathway and three-dimensional structure of the UsnRNPs, the building blocks of the spliceosome. U2 and U4/U6*U5 tri-snRNPs functionally associate with the pre-mRNA at an earlier stage of spliceosome assembly than previously thought, and additional evidence supporting UsnRNA-mediated catalysis of pre-mRNA splicing has been presented.

Allikian, M. J., G. Bhabha, et al. (2007). "Reduced life span with heart and muscle dysfunction in Drosophila sarcoglycan mutants." Human molecular genetics 16(23): 2933-2943.
	In humans, genetically diverse forms of muscular dystrophy are associated with a disrupted sarcoglycan complex. The sarcoglycan complex resides at the muscle plasma membrane where it associates with dystrophin. There are six known sarcoglycan proteins in mammals whereas there are only three in Drosophila melanogaster. Using imprecise P element excision, we generated three different alleles at the Drosophila delta-sarcoglycan locus. Each of these deletions encompassed progressively larger regions of the delta-sarcoglycan gene. Line 840 contained a large deletion of the delta-sarcoglycan gene, and this line displayed progressive impairment in locomotive ability, reduced heart tube function and a shortened life span. In line 840, deletion of the Drosophila delta-sarcoglycan gene produced disrupted flight muscles with shortened sarcomeres and disorganized M lines. Unlike mammalian muscle where degeneration is coupled with ongoing regeneration, no evidence for regeneration was seen in this Drosophila sarcoglycan mutant. In contrast, line 28 was characterized with a much smaller deletion that affected only a portion of the cytoplasmic region of the delta-sarcoglycan protein and left intact the transmembrane and extracellular domains. Line 28 had a very mild phenotype with near normal life span, intact cardiac function and normal locomotive activity. Together, these data demonstrate the essential nature of the transmembrane and extracellular domains of Drosophila delta-sarcoglycan for normal muscle structure and function.

Arai, T., M. Hasegawa, et al. (2006). "TDP-43 is a component of ubiquitin-positive tau-negative inclusions in frontotemporal lobar degeneration and amyotrophic lateral sclerosis." Biochemical and biophysical research communications 351(3): 602-611.
	Ubiquitin-positive tau-negative neuronal cytoplasmic inclusions and dystrophic neurites are common pathological features in frontotemporal lobar degeneration (FTLD) with or without symptoms of motor neuron disease and in amyotrophic lateral sclerosis (ALS). Using biochemical and immunohistochemical analyses, we have identified a TAR DNA-binding protein of 43 kDa (TDP-43), a nuclear factor that functions in regulating transcription and alternative splicing, as a component of these structures in FTLD. Furthermore, skein-like inclusions, neuronal intranuclear inclusions, and glial inclusions in the spinal cord of ALS patients are also positive for TDP-43. Dephosphorylation treatment of the sarkosyl insoluble fraction has shown that abnormal phosphorylation takes place in accumulated TDP-43. The common occurrence of intracellular accumulations of TDP-43 supports the hypothesis that these disorders represent a clinicopathological entity of a single disease, and suggests that they can be newly classified as a proteinopathy of TDP-43.

Aumiller, V., A. Graebsch, et al. (2012). "Drosophila Pur-alpha binds to trinucleotide-repeat containing cellular RNAs and translocates to the early oocyte." RNA biology 9(5): 633-643.
	Pur-alpha was identified as a DNA-binding protein with high affinity for the single-stranded PUR-motif (GGN)n. Bound to DNA, Pur-alpha can both activate and repress transcription. In addition, Pur-alpha binds to RNA and may participate in nuclear RNA export as well as transport of cytoplasmic neuronal mRNP granules. The heritable trinucleotide-repeat expansion disease Fragile X associated Tremor and Ataxia Syndrome (FXTAS) leads to interaction of Pur-alpha with mutant, abnormally long r(CGG)n stretches, which appears to titrate the protein away from its physiologic mRNA targets into nuclear RNA-protein aggregates. We examined the function of Drosophila Pur-alpha and demonstrate that the protein accumulates in the growing oocyte early in oogenesis. Co-purifying proteins reveal that Pur-alpha is part of transported mRNP complexes, analogous to its reported role in nerve cells. We analyzed the subcellular localization of mutant GFP-Pur-alpha fusion proteins where either nucleic acid binding or dimerization, or both, were prevented. We propose that association with mRNAs occurs in the nucleus and is required for nuclear export of the complex. Furthermore, efficient translocation into the oocyte also requires RNA binding as well as dimerization. RNA binding assays demonstrate that recombinant Drosophila Pur-alpha can bind r(CGG) 4 with higher affinity than previously thought. Related sequences, such as r(CAG) 4 and the consensus sequence of the opa-repeat r(CAG) 3CAA, can also associate with Pur-alpha in vitro and in vivo. The mRNA target spectrum of Pur-alpha may therefore be larger than previously anticipated.

Bannai, H., K. Fukatsu, et al. (2004). "An RNA-interacting protein, SYNCRIP (heterogeneous nuclear ribonuclear protein Q1/NSAP1) is a component of mRNA granule transported with inositol 1,4,5-trisphosphate receptor type 1 mRNA in neuronal dendrites." The Journal of biological chemistry 279(51): 53427-53434.
	mRNA transport and local translation in the neuronal dendrite is implicated in the induction of synaptic plasticity. Recently, we cloned an RNA-interacting protein, SYNCRIP (heterogeneous nuclear ribonuclear protein Q1/NSAP1), that is suggested to be important for the stabilization of mRNA. We report here that SYNCRIP is a component of mRNA granules in rat hippocampal neurons. SYNCRIP was mainly found at cell bodies, but punctate expression patterns in the proximal dendrite were also seen. Time-lapse analysis in living neurons revealed that the granules labeled with fluorescent protein-tagged SYNCRIP were transported bi-directionally within the dendrite at approximately 0.05 microm/s. Treatment of neurons with nocodazole significantly inhibited the movement of green fluorescent protein-SYNCRIP-positive granules, indicating that the transport of SYNCRIP-containing granules is dependent on microtubules. The distribution of SYNCRIP-containing granules overlapped with that of dendritic RNAs and elongation factor 1alpha. SYNCRIP was also found to be co-transported with green fluorescent protein-tagged human staufen1 and the 3'-untranslated region of inositol 1,4,5-trisphosphate receptor type 1 mRNA. These results suggest that SYNCRIP is transported within the dendrite as a component of mRNA granules and raise the possibility that mRNA turnover in mRNA granules and the regulation of local protein synthesis in neuronal dendrites may involve SYNCRIP.

Buratti, E. and F. E. Baralle (2009). "The molecular links between TDP-43 dysfunction and neurodegeneration." Advances in genetics 66: 1-34.
	TDP-43 nuclear protein is involved in several major neurodegenerative diseases that include frontotemporal lobar degeneration with ubiquitin (FTLD-U) bodies and amyotrophic lateral sclerosis (ALS). As a consequence, the role played by this protein in both normal and diseased cellular metabolism has come under very close scrutiny. In the neuronal tissues of affected individuals TDP-43 undergoes aberrant localization to the cytoplasm to form insoluble aggregates. Furthermore, it is subject to degradation, ubiquitination, and phosphorylation. Understanding the pathways that lead to these changes will be crucial to define the functional role played by this protein in disease. Several recent biochemical and molecular studies have provided new information regarding the potential physiological consequences of these modifications. Moreover, the discovery of TDP-43 mutations associated with disease in a limited number of cases and the data from existing animal models have strengthened the proposed links between this protein and disease. In this review we will discuss the available data regarding the biochemical and functional changes that transform the wild-type endogenous TDP-43 in its pathological form. Furthermore, we will concentrate on examining the potential pathological mechanisms mediated by TDP-43 in different gain- versus loss-of-function scenarios. In the near future, this knowledge will hopefully increase our knowledge on disease progression and development. Moreover, it will allow the design of innovative therapeutic strategies for these pathologies based on the specific molecular defects causing the disease.

Chen-Plotkin, A. S., V. M. Lee, et al. (2010). "TAR DNA-binding protein 43 in neurodegenerative disease." Nature reviews. Neurology 6(4): 211-220.
	In 2006, TAR DNA-binding protein 43 (TDP-43), a highly conserved nuclear protein, was identified as the major disease protein in amyotrophic lateral sclerosis (ALS) and in the most common variant of frontotemporal lobar degeneration (FTLD), FTLD-U, which is characterized by cytoplasmic inclusions that stain positive for ubiquitin but negative for tau and alpha-synuclein. Since then, rapid advances have been made in our understanding of the physiological function of TDP-43 and the role of this protein in neurodegeneration. These advances link ALS and FTLD-U (now designated FTLD-TDP) to a shared mechanism of disease. In this Review, we summarize the current evidence regarding the normal function of TDP-43 and the TDP-43 pathology observed in FTLD-TDP, ALS, and other neurodegenerative diseases wherein TDP-43 pathology co-occurs with other disease-specific lesions (for example, with amyloid plaques and neurofibrillary tangles in Alzheimer disease). Moreover, we discuss the accumulating data that support our view that FTLD-TDP and ALS represent two ends of a spectrum of primary TDP-43 proteinopathies. Finally, we comment on the importance of recent advances in TDP-43-related research to neurological practice, including the new opportunities to develop better diagnostics and disease-modifying therapies for ALS, FTLD-TDP, and related disorders exhibiting TDP-43 pathology.

Diaper, D. C., Y. Adachi, et al. (2013). "Loss and gain of Drosophila TDP-43 impair synaptic efficacy and motor control leading to age-related neurodegeneration by loss-of-function phenotypes." Human molecular genetics 22(8): 1539-1557.
	Cytoplasmic accumulation and nuclear clearance of TDP-43 characterize familial and sporadic forms of amyotrophic lateral sclerosis and frontotemporal lobar degeneration, suggesting that either loss or gain of TDP-43 function, or both, cause disease formation. Here we have systematically compared loss- and gain-of-function of Drosophila TDP-43, TAR DNA Binding Protein Homolog (TBPH), in synaptic function and morphology, motor control, and age-related neuronal survival. Both loss and gain of TBPH severely affect development and result in premature lethality. TBPH dysfunction caused impaired synaptic transmission at the larval neuromuscular junction (NMJ) and in the adult. Tissue-specific knockdown together with electrophysiological recordings at the larval NMJ also revealed that alterations of TBPH function predominantly affect pre-synaptic efficacy, suggesting that impaired pre-synaptic transmission is one of the earliest events in TDP-43-related pathogenesis. Prolonged loss and gain of TBPH in adults resulted in synaptic defects and age-related, progressive degeneration of neurons involved in motor control. Toxic gain of TBPH did not downregulate or mislocalize its own expression, indicating that a dominant-negative effect leads to progressive neurodegeneration also seen with mutational inactivation of TBPH. Together these data suggest that dysfunction of Drosophila TDP-43 triggers a cascade of events leading to loss-of-function phenotypes whereby impaired synaptic transmission results in defective motor behavior and progressive deconstruction of neuronal connections, ultimately causing age-related neurodegeneration.

Draper, I., M. E. Tabaka, et al. (2009). "The evolutionarily conserved RNA binding protein SMOOTH is essential for maintaining normal muscle function." Fly 3(4): 235-246.
	The Drosophila smooth gene encodes an RNA binding protein that has been well conserved through evolution. To investigate the pleiotropic functions mediated by the smooth gene, we have selected and characterized two sm mutants, which are viable as adults yet display robust phenotypes (including a significant decrease in lifespan). Utilizing these mutants, we have made the novel observation that disruption of the smooth/CG9218 locus leads to age-dependent muscle degeneration, and motor dysfunction. Histological characterization of adult sm mutants revealed marked abnormalities in the major thoracic tubular muscle: the tergal depressor of the trochanter (TDT). Corresponding defects include extensive loss/disruption of striations and nuclei. These pathological changes are recapitulated in flies that express a smooth RNA interference construct (sm RNAi) in the mesoderm. In contrast, targeting sm RNAi constructs to motor neurons does not alter muscle morphology. In addition to examining the TDT phenotype, we explored whether other muscular abnormalities were evident. Utilizing physiological assays developed in the laboratory, we have found that the thoracic muscle defect is preceded by dysmotility of the gastrointestinal tract. SMOOTH thus joins a growing list of hnRNPs that have previously been linked to muscle physiology/pathophysiology. Our findings in Drosophila set the stage for investigating the role of the corresponding mammalian homolog, hnRNP L, in muscle function.

Forman, M. S., J. Q. Trojanowski, et al. (2007). "TDP-43: a novel neurodegenerative proteinopathy." Current opinion in neurobiology 17(5): 548-555.
	Over the past decade, it has become clear that there is a significant overlap in the clinical spectrum of frontotemporal lobar degeneration and amyotrophic lateral sclerosis (ALS). The identification of TDP-43 as the major disease protein in the pathology of both frontotemporal lobar degeneration with ubiquitin inclusions and ALS provides the first molecular link for these diseases. Pathological TDP-43 is abnormally phosphorylated, ubiquitinated, and cleaved to generate carboxy-terminal fragments in affected brain regions. The normal nuclear expression of TDP-43 is also reduced leading to the hypothesis that sequestration of TDP-43 in pathological inclusions contributes to disease pathogenesis. Thus, TDP-43 is the newest member of the growing list of neurodegenerative proteinopathies, but unique in that it lacks features of brain amyloidosis.

Godena, V. K., G. Romano, et al. (2011). "TDP-43 regulates Drosophila neuromuscular junctions growth by modulating Futsch/MAP1B levels and synaptic microtubules organization." PloS one 6(3): e17808.
	TDP-43 is an evolutionarily conserved RNA binding protein recently associated with the pathogenesis of different neurological diseases. At the moment, neither its physiological role in vivo nor the mechanisms that may lead to neurodegeneration are well known. Previously, we have shown that TDP-43 mutant flies presented locomotive alterations and structural defects at the neuromuscular junctions. We have now investigated the functional mechanism leading to these phenotypes by screening several factors known to be important for synaptic growth or bouton formation. As a result we found that alterations in the organization of synaptic microtubules correlate with reduced protein levels in the microtubule associated protein futsch/MAP1B. Moreover, we observed that TDP-43 physically interacts with futsch mRNA and that its RNA binding capacity is required to prevent futsch down regulation and synaptic defects.

Hazelett, D. J., J. C. Chang, et al. (2012). "Comparison of parallel high-throughput RNA sequencing between knockout of TDP-43 and its overexpression reveals primarily nonreciprocal and nonoverlapping gene expression changes in the central nervous system of Drosophila." G3 2(7): 789-802.
	The human Tar-DNA binding protein, TDP-43, is associated with amyotrophic lateral sclerosis (ALS) and other neurodegenerative disorders. TDP-43 contains two conserved RNA-binding motifs and has documented roles in RNA metabolism, including pre-mRNA splicing and repression of transcription. Here, using Drosophila melanogaster as a model, we generated loss-of-function and overexpression genotypes of Tar-DNA binding protein homolog (TBPH) to study their effect on the transcriptome of the central nervous system (CNS). By using massively parallel sequencing methods (RNA-seq) to profile the CNS, we find that loss of TBPH results in widespread gene activation and altered splicing, much of which are reversed by rescue of TBPH expression. Conversely, TBPH overexpression results in decreased gene expression. Although previous studies implicated both absence and mis-expression of TDP-43 in ALS, our data exhibit little overlap in the gene expression between them, suggesting that the bulk of genes affected by TBPH loss-of-function and overexpression are different. In combination with computational approaches to identify likely TBPH targets and orthologs of previously identified vertebrate TDP-43 targets, we provide a comprehensive analysis of enriched gene ontologies. Our data suggest that TDP-43 plays a role in synaptic transmission, synaptic release, and endocytosis. We also uncovered a potential novel regulation of the Wnt and BMP pathways, many of whose targets appear to be conserved.

Jin, P., R. Duan, et al. (2007). "Pur alpha binds to rCGG repeats and modulates repeat-mediated neurodegeneration in a Drosophila model of fragile X tremor/ataxia syndrome." Neuron 55(4): 556-564.
	Fragile X-associated tremor/ataxia syndrome (FXTAS) is a recently recognized neurodegenerative disorder in fragile X premutation carriers with FMR1 alleles containing 55-200 CGG repeats. Previously, we developed a Drosophila model of FXTAS and demonstrated that transcribed premutation repeats alone are sufficient to cause neurodegeneration, suggesting that rCGG-repeat-binding proteins (RBPs) may be sequestered from their normal function by rCGG binding. Here, we identify Pur alpha and hnRNP A2/B1 as RBPs. We show that Pur alpha and rCGG repeats interact in a sequence-specific fashion that is conserved between mammals and Drosophila. Overexpression of Pur alpha in Drosophila could suppress rCGG-mediated neurodegeneration in a dose-dependent manner. Furthermore, Pur alpha is also present in the inclusions of FXTAS patient brains. These findings support the disease mechanism of FXTAS of rCGG repeat sequestration of specific RBPs, leading to neuronal cell death, and implicate that Pur alpha plays an important role in the pathogenesis of FXTAS.

Jin, P., D. C. Zarnescu, et al. (2003). "RNA-mediated neurodegeneration caused by the fragile X premutation rCGG repeats in Drosophila." Neuron 39(5): 739-747.
	Fragile X syndrome carriers have FMR1 alleles, called premutations, with an intermediate number of 5' untranslated CGG repeats between patients (>200 repeats) and normal individuals (<60 repeats). A novel neurodegenerative disease has recently been appreciated in some premutation carriers. As no neurodegeneration is seen in fragile X patients, who do not express FMR1, we hypothesize that lengthened rCGG repeats of the premutation transcript may lead to neurodegeneration. Here, using Drosophila melanogaster, we show that 90 rCGG repeats alone are sufficient to cause neurodegeneration. This phenotype is neuron specific and rCGG repeat dosage sensitive. Although devoid of mutant protein, this neurodegeneration exhibits neuronal inclusion bodies that are Hsp70 and ubiquitin positive. Overexpression of Hsp70 could suppress the neurodegeneration. These results demonstrate that neurodegenerative phenotype associated with fragile X premutation is indeed caused by the lengthened rCGG repeats and provide the first in vivo experimental demonstration of RNA-mediated neurodegeneration.

Kalifa, Y., T. Huang, et al. (2006). "Glorund, a Drosophila hnRNP F/H homolog, is an ovarian repressor of nanos translation." Developmental cell 10(3): 291-301.
	Patterning of the anterior-posterior body axis of the Drosophila embryo requires production of Nanos protein selectively in the posterior. Spatially restricted Nanos synthesis is accomplished by translational repression of unlocalized nanos mRNA together with translational activation of posteriorly localized nanos. Repression of unlocalized nanos mRNA is mediated by a bipartite translational control element (TCE) in its 3' untranslated region. TCE stem-loop II functions during embryogenesis, through its interaction with the Smaug repressor. Stem-loop III represses unlocalized nanos mRNA during oogenesis, but trans-acting factors that carry out this function have remained elusive. Here we identify a Drosophila hnRNP, Glorund, that interacts specifically with stem-loop III. We establish that the ability of the TCE to repress translation in vivo reflects its ability to bind Glorund in vitro. These data, together with the analysis of a glorund null mutant, reveal a specific role for an hnRNP in repression of nanos translation during oogenesis.

Kanai, Y., N. Dohmae, et al. (2004). "Kinesin transports RNA: isolation and characterization of an RNA-transporting granule." Neuron 43(4): 513-525.
	RNA transport is an important and fundamental event for local protein synthesis, especially in neurons. RNA is transported as large granules, but little is known about them. Here, we isolated a large RNase-sensitive granule (size: 1000S approximately) as a binding partner of conventional kinesin (KIF5). We identified a total of 42 proteins with mRNAs for CaMKIIalpha and Arc in the granule. Seventeen of the proteins (hnRNP-U, Pur alpha and beta, PSF, DDX1, DDX3, SYNCRIP, TLS, NonO, HSPC117, ALY, CGI-99, staufen, three FMRPs, and EF-1alpha) were extensively investigated, including their classification, binding combinations, and necessity for the "transport" of RNA. These proteins and the mRNAs were colocalized to the kinesin-associated granules in dendrites. The granules moved bidirectionally, and the distally directed movement was enhanced by the overexpression of KIF5 and reduced by its functional blockage. Thus, kinesin transports RNA via this granule in dendrites coordinately with opposite motors, such as dynein.

Kozlova, N., J. Braga, et al. (2006). "Studies on the role of NonA in mRNA biogenesis." Experimental cell research 312(13): 2619-2630.
	The NonA protein of Drosophila melanogaster is an abundant nuclear protein that belongs to the DBHS (Drosophila behavior, human splicing) protein family. The DBHS proteins bind both DNA and RNA in vitro and have been involved in different aspects of gene expression, including pre-mRNA splicing, transcription regulation and nuclear retention of mRNA. We have used double-stranded RNA interference in Drosophila S2 cells to silence the expression of NonA and to investigate its role in mRNA biogenesis. We show that knockdown of NonA does not affect transcription nor splicing. We demonstrate that NonA forms a complex with the essential nuclear export factor NXF1 in an RNA-dependent manner. We have constructed stable S2 cell lines that express full-length and truncated NXF1 fused to GFP in order to perform fluorescence recovery after photobleaching experiments. We show that knockdown of NonA reduces the intranuclear mobility of NXF1-GFP associated with poly(A)(+) RNA in vivo, while the mobility of the truncated NXF1-GFP that does not bind RNA is not affected. Our data suggest that NonA facilitates the intranuclear mobility of mRNP particles.

Layalle, S., E. Coessens, et al. (2005). "Smooth, a hnRNP encoding gene, controls axonal navigation in Drosophila." Genes to cells : devoted to molecular & cellular mechanisms 10(2): 119-125.
	We identified the gene smooth (sm) in a screen for genes that are specifically expressed within the lineage that forms the adult chemosensory bristles. sm is expressed in most or all differentiating neurones during embryogenesis, but is specifically expressed in the neurones of the adult chemosensory organs on the wings and legs during metamorphosis. The inactivation of sm results in axonal defects in the chemosensory neurones, in the inability of mutant flies to feed and in their precocious death. As sm belongs to a family of heterogeneous nuclear ribonucleoprotein (hnRNP), we propose that the control of axonal navigation and connectivity is partly achieved at the level of mRNA splicing or exporting.

Li, Y., P. Ray, et al. (2010). "A Drosophila model for TDP-43 proteinopathy." Proceedings of the National Academy of Sciences of the United States of America 107(7): 3169-3174.
	Neuropathology involving TAR DNA binding protein-43 (TDP-43) has been identified in a wide spectrum of neurodegenerative diseases collectively named as TDP-43 proteinopathy, including amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD). To test whether increased expression of wide-type human TDP-43 (hTDP-43) may cause neurotoxicity in vivo, we generated transgenic flies expressing hTDP-43 in various neuronal subpopulations. Expression in the fly eyes of the full-length hTDP-43, but not a mutant lacking its amino-terminal domain, led to progressive loss of ommatidia with remarkable signs of neurodegeneration. Expressing hTDP-43 in mushroom bodies (MBs) resulted in dramatic axon losses and neuronal death. Furthermore, hTDP-43 expression in motor neurons led to axon swelling, reduction in axon branches and bouton numbers, and motor neuron loss together with functional deficits. Thus, our transgenic flies expressing hTDP-43 recapitulate important neuropathological and clinical features of human TDP-43 proteinopathy, providing a powerful animal model for this group of devastating diseases. Our study indicates that simply increasing hTDP-43 expression is sufficient to cause neurotoxicity in vivo, suggesting that aberrant regulation of TDP-43 expression or decreased clearance of hTDP-43 may contribute to the pathogenesis of TDP-43 proteinopathy.

Llamusi, B., A. Bargiela, et al. (2013). "Muscleblind, BSF and TBPH are mislocalized in the muscle sarcomere of a Drosophila myotonic dystrophy model." Disease models & mechanisms 6(1): 184-196.
	Myotonic dystrophy type 1 (DM1) is a genetic disease caused by the pathological expansion of a CTG trinucleotide repeat in the 3' UTR of the DMPK gene. In the DMPK transcripts, the CUG expansions sequester RNA-binding proteins into nuclear foci, including transcription factors and alternative splicing regulators such as MBNL1. MBNL1 sequestration has been associated with key features of DM1. However, the basis behind a number of molecular and histological alterations in DM1 remain unclear. To help identify new pathogenic components of the disease, we carried out a genetic screen using a Drosophila model of DM1 that expresses 480 interrupted CTG repeats, i(CTG)480, and a collection of 1215 transgenic RNA interference (RNAi) fly lines. Of the 34 modifiers identified, two RNA-binding proteins, TBPH (homolog of human TAR DNA-binding protein 43 or TDP-43) and BSF (Bicoid stability factor; homolog of human LRPPRC), were of particular interest. These factors modified i(CTG)480 phenotypes in the fly eye and wing, and TBPH silencing also suppressed CTG-induced defects in the flight muscles. In Drosophila flight muscle, TBPH, BSF and the fly ortholog of MBNL1, Muscleblind (Mbl), were detected in sarcomeric bands. Expression of i(CTG)480 resulted in changes in the sarcomeric patterns of these proteins, which could be restored by coexpression with human MBNL1. Epistasis studies showed that Mbl silencing was sufficient to induce a subcellular redistribution of TBPH and BSF proteins in the muscle, which mimicked the effect of i(CTG)480 expression. These results provide the first description of TBPH and BSF as targets of Mbl-mediated CTG toxicity, and they suggest an important role of these proteins in DM1 muscle pathology.

Mackay, T. F. (1985). "Transposable element-induced response to artificial selection in Drosophila melanogaster." Genetics 111(2): 351-374.
	The P family of transposable elements in Drosophila melanogaster transpose with exceptionally high frequency when males from P strains carrying multiple copies of these elements are crossed to females from M strains that lack P elements, but with substantially lower frequency in the reciprocal cross. Transposition is associated with enhanced mutation rates, caused by insertion and deletion of P elements, and chromosome rearrangements. If P element mutagenesis creates additional variation for quantitative traits, accelerated response to artificial selection of progeny of M female female X P male male strain crosses is expected, compared with that from progeny of P female female X M male male strain crosses.--Divergent artificial selection for number of bristles on the last abdominal tergite was carried out for 16 generations among the progeny of P-strain males (Harwich) and M-strain females (Canton-S) and also of M-strain males (Canton-S) and P-strain females (Harwich). Each cross was replicated four times. Average realized heritability of abdominal bristle score for the crosses in which P transposition was expected was 0.244 +/- 0.017, 1.5 times greater than average heritability estimated from crosses in which transposition was expected to be rare (0.163 +/- 0.010). Phenotypic variance of abdominal bristle score increased by a factor of four in lines selected from M female female X P male male crosses when compared with those selected from P female female X M male male hybrids. Not all quantitative genetic variation induced by P elements is additive. A substantial fraction of nonadditive genetic variation is implicated by chromosomal analysis, which demonstrates deleterious fitness effects of the mutations when homozygous.--Several putative "quantitative" mutations were identified from chromosomes extracted from the selected lines; these will form the basis for further investigation at the molecular level of the genes controlling quantitative inheritance.

Martin, J. H. (2005). "The corticospinal system: from development to motor control." The Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry 11(2): 161-173.
	The corticospinal system is the principal motor system for controlling movements that require the greatest skill and flexibility. It is the last motor system to develop. The pattern of termination of corticospinal axons, as they grow into the spinal gray matter, bears little resemblance to the pattern later in development and in maturity. Refinement of corticospinal terminations occurs during a protracted postnatal period and includes both elimination of transient terminations and growth to new targets. This refinement is driven by neural activity in the motor cortical areas and by limb motor experience. Developing corticospinal terminals compete with each other for synaptic space on spinal neurons. More active terminals are more competitive and are able to secure more synaptic space than their less active counterparts. Corticospinal terminals can activate spinal neurons from very early in development. The importance of this early synaptic activity appears to be more for refining corticospinal connections than for transmitting signals to spinal motor circuits for movement control. The motor control functions of the corticospinal system are not expressed until development of connectional specificity with spinal cord neurons, a strong capacity for corticospinal synapses to facilitate spinal motor circuits, and the formation of the cortical motor map.

McDermott, S. M., C. Meignin, et al. (2012). "Drosophila Syncrip binds the gurken mRNA localisation signal and regulates localised transcripts during axis specification." Biology open 1(5): 488-497.
	In the Drosophila oocyte, mRNA transport and localised translation play a fundamental role in axis determination and germline formation of the future embryo. gurken mRNA encodes a secreted TGF-alpha signal that specifies dorsal structures, and is localised to the dorso-anterior corner of the oocyte via a cis-acting 64 nucleotide gurken localisation signal. Using GRNA chromatography, we characterised the biochemical composition of the ribonucleoprotein complexes that form around the gurken mRNA localisation signal in the oocyte. We identified a number of the factors already known to be involved in gurken localisation and translational regulation, such as Squid and Imp, in addition to a number of factors with known links to mRNA localisation, such as Me31B and Exu. We also identified previously uncharacterised Drosophila proteins, including the fly homologue of mammalian SYNCRIP/hnRNPQ, a component of RNA transport granules in the dendrites of mammalian hippocampal neurons. We show that Drosophila Syncrip binds specifically to gurken and oskar, but not bicoid transcripts. The loss-of-function and overexpression phenotypes of syncrip in Drosophila egg chambers show that the protein is required for correct grk and osk mRNA localisation and translational regulation. We conclude that Drosophila Syncrip is a new factor required for localisation and translational regulation of oskar and gurken mRNA in the oocyte. We propose that Syncrip/SYNCRIP is part of a conserved complex associated with localised transcripts and required for their correct translational regulation in flies and mammals.

Naimi, B., A. Harrison, et al. (2001). "A tropomyosin-2 mutation suppresses a troponin I myopathy in Drosophila." Molecular biology of the cell 12(5): 1529-1539.
	A suppressor mutation, D53, of the held-up(2) allele of the Drosophila melanogaster Troponin I (wupA) gene is described. D53, a missense mutation, S185F, of the tropomyosin-2, Tm2, gene fully suppresses all the phenotypic effects of held-up(2), including the destructive hypercontraction of the indirect flight muscles (IFMs), a lack of jumping, the progressive myopathy of the walking muscles, and reductions in larval crawling and feeding behavior. The suppressor restores normal function of the IFMs, but flight ability decreases with age and correlates with an unusual, progressive structural collapse of the myofibrillar lattice starting at the center. The S185F substitution in Tm2 is close to a troponin T binding site on tropomyosin. Models to explain suppression by D53, derived from current knowledge of the vertebrate troponin-tropomyosin complex structure and functions, are discussed. The effects of S185F are compared with those of two mutations in residues 175 and 180 of human alpha-tropomyosin 1 which cause familial hypertrophic cardiomyopathy (HCM).

Neumann, M., D. M. Sampathu, et al. (2006). "Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis." Science 314(5796): 130-133.
	Ubiquitin-positive, tau- and alpha-synuclein-negative inclusions are hallmarks of frontotemporal lobar degeneration with ubiquitin-positive inclusions and amyotrophic lateral sclerosis. Although the identity of the ubiquitinated protein specific to either disorder was unknown, we showed that TDP-43 is the major disease protein in both disorders. Pathologic TDP-43 was hyper-phosphorylated, ubiquitinated, and cleaved to generate C-terminal fragments and was recovered only from affected central nervous system regions, including hippocampus, neocortex, and spinal cord. TDP-43 represents the common pathologic substrate linking these neurodegenerative disorders.

Paik, D., Y. G. Jang, et al. (2012). "Misexpression screen delineates novel genes controlling Drosophila lifespan." Mechanisms of ageing and development 133(5): 234-245.
	In an initial preliminary screen we identified factors associated with controlling Drosophila aging by examining longevity in adults where EP elements induced over-expression or antisense-RNA at genes adjacent to each insertion. Here, we study 45 EP lines that initially showed at least 10% longer mean lifespan than controls. These 45 lines and a daughterless (da)-Gal4 stock were isogenized into a CS10 wild-type background. Sixteen EP lines corresponding to 15 genes significantly extended lifespan when their target genes were driven by da-Gal4. In each case, the target genes were seen to be over-expressed. Independently derived UAS-gene transgenic stocks were available or made for two candidates: ImpL2 which is ecdysone-inducible gene L2, and CG33138, 1,4-alpha-glucan branching enzyme. With both, adult lifespan was increased upon over-expression via the GeneSwitch inducible Gal4 driver system. Several genes in this set of 15 correspond to previously discovered longevity assurance systems such as insulin/IGF-1 signaling, gene silencing, and autophagy; others suggest new potential mechanisms for the control of aging including mRNA synthesis and maturation, intracellular vesicle trafficking, and neuroendocrine regulation.

Piacentini, L., L. Fanti, et al. (2003). "Heterochromatin protein 1 (HP1) is associated with induced gene expression in Drosophila euchromatin." The Journal of cell biology 161(4): 707-714.
	Heterochromatin protein 1 (HP1) is a conserved nonhistone chromosomal protein, which is involved in heterochromatin formation and gene silencing in many organisms. In addition, it has been shown that HP1 is also involved in telomere capping in Drosophila. Here, we show a novel striking feature of this protein demonstrating its involvement in the activation of several euchromatic genes in Drosophila. By immunostaining experiments using an HP1 antibody, we found that HP1 is associated with developmental and heat shock-induced puffs on polytene chromosomes. Because the puffs are the cytological phenotype of intense gene activity, we did a detailed analysis of the heat shock-induced expression of the HSP70 encoding gene in larvae with different doses of HP1 and found that HP1 is positively involved in Hsp70 gene activity. These data significantly broaden the current views of the roles of HP1 in vivo by demonstrating that this protein has multifunctional roles.

Piper, M. and C. Holt (2004). "RNA translation in axons." Annual review of cell and developmental biology 20: 505-523.
	The cell body has classically been considered the exclusive source of axonal proteins. However, significant evidence has accumulated recently to support the view that protein synthesis can occur in axons themselves, remote from the cell body. Indeed, local translation in axons may be integral to aspects of synaptogenesis, long-term facilitation, and memory storage in invertebrate axons, and for growth cone navigation in response to environmental stimuli in developing vertebrate axons. Here we review the evidence supporting mRNA translation in axons and discuss the potential roles that local protein synthesis may play during development and subsequent neuronal function. We advance the view that local translation provides a rapid supply of nascent proteins in restricted axonal compartments that can potentially underlie long-term responses to transient stimuli.

Ritson, G. P., S. K. Custer, et al. (2010). "TDP-43 mediates degeneration in a novel Drosophila model of disease caused by mutations in VCP/p97." The Journal of neuroscience : the official journal of the Society for Neuroscience 30(22): 7729-7739.
	Inclusion body myopathy associated with Paget's disease of bone and frontotemporal dementia (IBMPFD) is a dominantly inherited degenerative disorder caused by mutations in the valosin-containing protein (VCP7) gene. VCP (p97 in mouse, TER94 in Drosophila melanogaster, and CDC48 in Saccharomyces cerevisiae) is a highly conserved AAA(+) (ATPases associated with multiple cellular activities) ATPase that regulates a wide array of cellular processes. The mechanism of IBMPFD pathogenesis is unknown. To elucidate the pathogenic mechanism, we developed and characterized a Drosophila model of IBMPFD (mutant-VCP-related degeneration). Based on genetic screening of this model, we identified three RNA-binding proteins that dominantly suppressed degeneration; one of these was TBPH, the Drosophila homolog of TAR (trans-activating response region) DNA-binding protein 43 (TDP-43). Here we demonstrate that VCP and TDP-43 interact genetically and that disease-causing mutations in VCP lead to redistribution of TDP-43 to the cytoplasm in vitro and in vivo, replicating the major pathology observed in IBMPFD and other TDP-43 proteinopathies. We also demonstrate that TDP-43 redistribution from the nucleus to the cytoplasm is sufficient to induce cytotoxicity. Furthermore, we determined that a pathogenic mutation in TDP-43 promotes redistribution to the cytoplasm and enhances the genetic interaction with VCP. Together, our results show that degeneration associated with VCP mutations is mediated in part by toxic gain of function of TDP-43 in the cytoplasm. We suggest that these findings are likely relevant to the pathogenic mechanism of a broad array of TDP-43 proteinopathies, including frontotemporal lobar degeneration and amyotrophic lateral sclerosis.

Sephton, C. F., C. Cenik, et al. (2011). "Identification of neuronal RNA targets of TDP-43-containing ribonucleoprotein complexes." The Journal of biological chemistry 286(2): 1204-1215.
	TAR DNA-binding protein 43 (TDP-43) is associated with a spectrum of neurodegenerative diseases. Although TDP-43 resembles heterogeneous nuclear ribonucleoproteins, its RNA targets and physiological protein partners remain unknown. Here we identify RNA targets of TDP-43 from cortical neurons by RNA immunoprecipitation followed by deep sequencing (RIP-seq). The canonical TDP-43 binding site (TG)(n) is 55.1-fold enriched, and moreover, a variant with adenine in the middle, (TG)(n)TA(TG)(m), is highly abundant among reads in our TDP-43 RIP-seq library. TDP-43 RNA targets can be divided into three different groups: those primarily binding in introns, in exons, and across both introns and exons. TDP-43 RNA targets are particularly enriched for Gene Ontology terms related to synaptic function, RNA metabolism, and neuronal development. Furthermore, TDP-43 binds to a number of RNAs encoding for proteins implicated in neurodegeneration, including TDP-43 itself, FUS/TLS, progranulin, Tau, and ataxin 1 and -2. We also identify 25 proteins that co-purify with TDP-43 from rodent brain nuclear extracts. Prominent among them are nuclear proteins involved in pre-mRNA splicing and RNA stability and transport. Also notable are two neuron-enriched proteins, methyl CpG-binding protein 2 and polypyrimidine tract-binding protein 2 (PTBP2). A PTBP2 consensus RNA binding motif is enriched in the TDP-43 RIP-seq library, suggesting that PTBP2 may co-regulate TDP-43 RNA targets. This work thus reveals the protein and RNA components of the TDP-43-containing ribonucleoprotein complexes and provides a framework for understanding how dysregulation of TDP-43 in RNA metabolism contributes to neurodegeneration.

Sofola, O. A., P. Jin, et al. (2007). "RNA-binding proteins hnRNP A2/B1 and CUGBP1 suppress fragile X CGG premutation repeat-induced neurodegeneration in a Drosophila model of FXTAS." Neuron 55(4): 565-571.
	Fragile X-associated tremor/ataxia syndrome (FXTAS) is a recently described neurodegenerative disorder of older adult carriers of premutation alleles (60-200 CGG repeats) in the fragile X mental retardation gene (FMR1). It has been proposed that FXTAS is an RNA-mediated neurodegenerative disease caused by the titration of RNA-binding proteins by the CGG repeats. To test this hypothesis, we utilize a transgenic Drosophila model of FXTAS that expresses a premutation-length repeat (90 CGG repeats) from the 5' UTR of the human FMR1 gene and displays neuronal degeneration. Here, we show that overexpression of RNA-binding proteins hnRNP A2/B1 and CUGBP1 suppresses the phenotype of the CGG transgenic fly. Furthermore, we show that hnRNP A2/B1 directly interacts with riboCGG repeats and that the CUGBP1 protein interacts with the riboCGG repeats via hnRNP A2/B1.

Stanewsky, R., T. A. Fry, et al. (1996). "Bioassaying putative RNA-binding motifs in a protein encoded by a gene that influences courtship and visually mediated behavior in Drosophila: in vitro mutagenesis of nonA." Genetics 143(1): 259-275.
	The no-on-transient-A (nonA) gene of Drosophila melanogaster influences vision, courtship song, and viability. The nonA-encoded polypeptide is inferred to bind single-stranded nucleic acids. Although sequence-analysis of NONA implies that it belongs to a special interspecific family of this protein type, it does contain two classical RNA recognition motifs (RRM). Their behavioral significance was assayed by generating transgenic strains that were singly or multiply mutated within the relatively N-terminal motif (RRM1) or within RRM2. Neither class of mutation affected NONA binding to polytene chromosomes. The former mutations led to extremely low viability, accompanied by diminished adult longevities that were much worse than for a nonA-null mutant, implying that faulty interpolypeptide interactions might accompany the effects of the amino-acid substitutions within RRM1. All in vitro-mutated types caused optomotor blindness and an absence of transient spikes in the electroretinogram. Courtship analysis discriminated between the effects of the mutations: the RRM2-mutated type generated song pulses and trains that tended to be mildly mutant. These phenotypic abnormalities reinforce the notion that nonA's ubiquitous expression has its most important consequences in the optic lobes, the thoracic ganglia, or both, depending in part on the nonA allele.

Stanewsky, R., K. G. Rendahl, et al. (1993). "Genetic and molecular analysis of the X chromosomal region 14B17-14C4 in Drosophila melanogaster: loss of function in NONA, a nuclear protein common to many cell types, results in specific physiological and behavioral defects." Genetics 135(2): 419-442.
	We have performed a genetic analysis of the 14C region of the X chromosome of Drosophila melanogaster to isolate loss of function alleles of no-on-transient A (nonA; 14C1-2; 1-52.3). NONA is a nuclear protein common to many cell types, which is present in many puffs on polytene chromosomes. Sequence data suggest that the protein contains a pair of RNA binding motifs (RRM) found in many single-strand nucleic acid binding proteins. Hypomorphic alleles of this gene, which lead to aberrant visual and courtship song behavior, still contain normally distributed nonA RNA and NONA protein in embryos, and in all available alleles NONA protein is present in puffs of third instar larval polytene chromosomes. We find that complete loss of this general nuclear protein is semilethal in hemizygous males and homozygous cell lethal in the female germline. Surviving males show more extreme defects in nervous system function than have been described for the hypomorphic alleles. Five other essential genes that reside within this region have been partially characterized.

Strong, M. J. (2010). "The evidence for altered RNA metabolism in amyotrophic lateral sclerosis (ALS)." Journal of the neurological sciences 288(1-2): 1-12.
	In this review, the role of aberrant RNA metabolism in ALS is examined, including the evidence that a majority of the genetic mutations observed in familial ALS (including mutations in TDP-43, FUS/TLS, SOD1, angiogenin (ANG) and senataxin (SETX)) can impact directly on either gene transcription, pre-mRNA splicing, ribonucleoprotein complex formation, transport, RNA translation or degradation. The evidence that perturbed expression or function of RNA binding proteins is causally related to the selective suppression of the low molecular weight subunit protein (NFL) steady state mRNA levels in degenerating motor neurons in ALS is examined. The discovery that mtSOD1, TDP-43 and 14-3-3 proteins, all of which form cytosolic aggregates in ALS, can each modulate the stability of NFL mRNA, suggests that a fundamental alteration in the interaction of mRNA species with key trans-acting binding factors has occurred in ALS. These observations lead directly to the hypothesis that ALS can be viewed as a disorder of RNA metabolism, thus providing a novel pathway for the development of molecular pharmacotherapies.

Tan, H., A. Qurashi, et al. (2012). "Retrotransposon activation contributes to fragile X premutation rCGG-mediated neurodegeneration." Human molecular genetics 21(1): 57-65.
	Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurodegenerative disorder associated with fragile X premutation carriers. Previous studies have shown that fragile X rCGG repeats are sufficient to cause neurodegeneration and that the rCGG-repeat-binding proteins Pur alpha and heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 could modulate rCGG-mediated neuronal toxicity. Mobile genetic elements or their remnants populate the genomes, and the activities of these elements are tightly controlled for the fitness of host genomes in different organisms. Here we provide both biochemical and genetic evidence to show that the activation of a specific retrotransposon, gypsy, can modulate rCGG-mediated neurodegeneration in an FXTAS Drosophila model. We find that one of the rCGG-repeat-binding proteins, hnRNP A2/B1, is involved in this process via interaction with heterochromatin protein 1. Knockdown of gypsy RNA by RNAi could suppress the neuronal toxicity caused by rCGG repeats. These data together point to a surprisingly active role for retrotransposition in neurodegeneration.

[bookmark: _ENREF_1]Al-Saif, A., F. Al-Mohanna, et al. (2011). "A mutation in sigma-1 receptor causes juvenile amyotrophic lateral sclerosis." Annals of neurology 70(6): 913-919.
	OBJECTIVE: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by loss of motor neurons in the brain and spinal cord, leading to muscle weakness and eventually death from respiratory failure. ALS is familial in about 10% of cases, with SOD1 mutations accounting for 20% of familial cases. Here we describe a consanguineous family segregating juvenile ALS in an autosomal recessive pattern and describe the genetic variant responsible for the disorder. METHODS: We performed homozygosity mapping and direct sequencing to detect the genetic variant and tested the effect of this variant on a motor neuron-like cell line model (NSC34) expressing the wild-type or mutant gene. RESULTS: We identified a shared homozygosity region in affected individuals that spans ~120 kbp on chromosome 9p13.3 containing 9 RefSeq genes. Sequencing the SIGMAR1 gene revealed a mutation affecting a highly conserved amino acid located in the transmembrane domain of the encoded protein, sigma-1 receptor. The mutated protein showed an aberrant subcellular distribution in NSC34 cells. Furthermore, cells expressing the mutant protein were less resistant to apoptosis induced by endoplasmic reticulum stress. INTERPRETATION: Sigma-1 receptors are known to have neuroprotective properties, and recently Sigmar1 knockout mice have been described to have motor deficiency. Our findings emphasize the role of sigma-1 receptors in motor neuron function and disease.

[bookmark: _ENREF_2]Allikian, M. J., G. Bhabha, et al. (2007). "Reduced life span with heart and muscle dysfunction in Drosophila sarcoglycan mutants." Human molecular genetics 16(23): 2933-2943.
	In humans, genetically diverse forms of muscular dystrophy are associated with a disrupted sarcoglycan complex. The sarcoglycan complex resides at the muscle plasma membrane where it associates with dystrophin. There are six known sarcoglycan proteins in mammals whereas there are only three in Drosophila melanogaster. Using imprecise P element excision, we generated three different alleles at the Drosophila delta-sarcoglycan locus. Each of these deletions encompassed progressively larger regions of the delta-sarcoglycan gene. Line 840 contained a large deletion of the delta-sarcoglycan gene, and this line displayed progressive impairment in locomotive ability, reduced heart tube function and a shortened life span. In line 840, deletion of the Drosophila delta-sarcoglycan gene produced disrupted flight muscles with shortened sarcomeres and disorganized M lines. Unlike mammalian muscle where degeneration is coupled with ongoing regeneration, no evidence for regeneration was seen in this Drosophila sarcoglycan mutant. In contrast, line 28 was characterized with a much smaller deletion that affected only a portion of the cytoplasmic region of the delta-sarcoglycan protein and left intact the transmembrane and extracellular domains. Line 28 had a very mild phenotype with near normal life span, intact cardiac function and normal locomotive activity. Together, these data demonstrate the essential nature of the transmembrane and extracellular domains of Drosophila delta-sarcoglycan for normal muscle structure and function.

[bookmark: _ENREF_3]Andrews, S., D. R. Snowflack, et al. (2011). "Multiple mechanisms collaborate to repress nanos translation in the Drosophila ovary and embryo." RNA 17(5): 967-977.
	Translational control of gene expression is essential for development in organisms that rely on maternal mRNAs. In Drosophila, translation of maternal nanos (nos) mRNA must be restricted to the posterior of the early embryo for proper patterning of the anterior-posterior axis. Spatial control of nos translation is coordinated through the localization of a small subset of nos mRNA to the posterior pole late in oogenesis, activation of this localized mRNA, and repression of the remaining unlocalized nos mRNA throughout the bulk cytoplasm. Translational repression is mediated by the interaction of a cis-acting element in the nos 3' untranslated region with two proteins, Glorund (Glo) and Smaug (Smg), that function in the oocyte and embryo, respectively. The mechanism of Glo-dependent repression is unknown. Previous work suggests that Smg represses translation initiation but this model is not easily reconciled with evidence for polysome association of repressed nos mRNA. Using an in vitro translation system, we have decoupled translational repression of nos imposed during oogenesis from repression during embryogenesis. Our results suggest that both Glo and Smg regulate translation initiation, but by different mechanisms. Furthermore, we show that, during late oogenesis, nos translation is also repressed post-initiation and provide evidence that Glo mediates this event. This post-initiation block is maintained into embryogenesis during the transition to Smg-dependent regulation. We propose that the use of multiple modes of repression ensures inactivation of nos RNA that is translated at earlier stages of oogenesis and maintenance of this inactivate state throughout late oogenesis into embryogenesis.

[bookmark: _ENREF_4]Arai, T., M. Hasegawa, et al. (2006). "TDP-43 is a component of ubiquitin-positive tau-negative inclusions in frontotemporal lobar degeneration and amyotrophic lateral sclerosis." Biochemical and biophysical research communications 351(3): 602-611.
	Ubiquitin-positive tau-negative neuronal cytoplasmic inclusions and dystrophic neurites are common pathological features in frontotemporal lobar degeneration (FTLD) with or without symptoms of motor neuron disease and in amyotrophic lateral sclerosis (ALS). Using biochemical and immunohistochemical analyses, we have identified a TAR DNA-binding protein of 43 kDa (TDP-43), a nuclear factor that functions in regulating transcription and alternative splicing, as a component of these structures in FTLD. Furthermore, skein-like inclusions, neuronal intranuclear inclusions, and glial inclusions in the spinal cord of ALS patients are also positive for TDP-43. Dephosphorylation treatment of the sarkosyl insoluble fraction has shown that abnormal phosphorylation takes place in accumulated TDP-43. The common occurrence of intracellular accumulations of TDP-43 supports the hypothesis that these disorders represent a clinicopathological entity of a single disease, and suggests that they can be newly classified as a proteinopathy of TDP-43.

[bookmark: _ENREF_5]Aumiller, V., A. Graebsch, et al. (2012). "Drosophila Pur-alpha binds to trinucleotide-repeat containing cellular RNAs and translocates to the early oocyte." RNA biology 9(5): 633-643.
	Pur-alpha was identified as a DNA-binding protein with high affinity for the single-stranded PUR-motif (GGN)n. Bound to DNA, Pur-alpha can both activate and repress transcription. In addition, Pur-alpha binds to RNA and may participate in nuclear RNA export as well as transport of cytoplasmic neuronal mRNP granules. The heritable trinucleotide-repeat expansion disease Fragile X associated Tremor and Ataxia Syndrome (FXTAS) leads to interaction of Pur-alpha with mutant, abnormally long r(CGG)n stretches, which appears to titrate the protein away from its physiologic mRNA targets into nuclear RNA-protein aggregates. We examined the function of Drosophila Pur-alpha and demonstrate that the protein accumulates in the growing oocyte early in oogenesis. Co-purifying proteins reveal that Pur-alpha is part of transported mRNP complexes, analogous to its reported role in nerve cells. We analyzed the subcellular localization of mutant GFP-Pur-alpha fusion proteins where either nucleic acid binding or dimerization, or both, were prevented. We propose that association with mRNAs occurs in the nucleus and is required for nuclear export of the complex. Furthermore, efficient translocation into the oocyte also requires RNA binding as well as dimerization. RNA binding assays demonstrate that recombinant Drosophila Pur-alpha can bind r(CGG) 4 with higher affinity than previously thought. Related sequences, such as r(CAG) 4 and the consensus sequence of the opa-repeat r(CAG) 3CAA, can also associate with Pur-alpha in vitro and in vivo. The mRNA target spectrum of Pur-alpha may therefore be larger than previously anticipated.

[bookmark: _ENREF_6]Bannai, H., K. Fukatsu, et al. (2004). "An RNA-interacting protein, SYNCRIP (heterogeneous nuclear ribonuclear protein Q1/NSAP1) is a component of mRNA granule transported with inositol 1,4,5-trisphosphate receptor type 1 mRNA in neuronal dendrites." The Journal of biological chemistry 279(51): 53427-53434.
	mRNA transport and local translation in the neuronal dendrite is implicated in the induction of synaptic plasticity. Recently, we cloned an RNA-interacting protein, SYNCRIP (heterogeneous nuclear ribonuclear protein Q1/NSAP1), that is suggested to be important for the stabilization of mRNA. We report here that SYNCRIP is a component of mRNA granules in rat hippocampal neurons. SYNCRIP was mainly found at cell bodies, but punctate expression patterns in the proximal dendrite were also seen. Time-lapse analysis in living neurons revealed that the granules labeled with fluorescent protein-tagged SYNCRIP were transported bi-directionally within the dendrite at approximately 0.05 microm/s. Treatment of neurons with nocodazole significantly inhibited the movement of green fluorescent protein-SYNCRIP-positive granules, indicating that the transport of SYNCRIP-containing granules is dependent on microtubules. The distribution of SYNCRIP-containing granules overlapped with that of dendritic RNAs and elongation factor 1alpha. SYNCRIP was also found to be co-transported with green fluorescent protein-tagged human staufen1 and the 3'-untranslated region of inositol 1,4,5-trisphosphate receptor type 1 mRNA. These results suggest that SYNCRIP is transported within the dendrite as a component of mRNA granules and raise the possibility that mRNA turnover in mRNA granules and the regulation of local protein synthesis in neuronal dendrites may involve SYNCRIP.
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	Alternative pre-mRNA splicing is a central mode of genetic regulation in higher eukaryotes. Variability in splicing patterns is a major source of protein diversity from the genome. In this review, I describe what is currently known of the molecular mechanisms that control changes in splice site choice. I start with the best-characterized systems from the Drosophila sex determination pathway, and then describe the regulators of other systems about whose mechanisms there is some data. How these regulators are combined into complex systems of tissue-specific splicing is discussed. In conclusion, very recent studies are presented that point to new directions for understanding alternative splicing and its mechanisms.
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	Arginine methylation is a post-translational modification that regulates protein function. RNA-binding proteins are an important class of cell-function mediators, some of which are methylated on arginine. Early studies of RNA-binding proteins and arginine methylation are briefly introduced, and the enzymes that mediate this post-translational modification are described. We review the most common RNA-binding domains and briefly discuss how they associate with RNAs. We address the following groups of RNA-binding proteins: hnRNP, Sm, Piwi, Vasa, FMRP, and HuD. hnRNPs were the first RNA-binding proteins found to be methylated on arginine. The Sm proteins function in RNA processing and germ cell specification. The Piwi proteins are largely germ cell specific and are also required for germ cell production, as is Vasa. FMRP participates in germ cell formation in Drosophila, but is more widely known for its neuronal function. Similarly, HuD plays a role in nervous system development and function. We review the effects of arginine methylation on the function of each protein, then conclude by addressing remaining questions and future directions of arginine methylation as an important and emerging area of regulation.
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	As the influence of mRNA translation upon cell cycle regulation becomes clearer, we searched for genes that might specify such control in Drosophila. A maternal-effect lethal screen identified mutants in the Drosophila gene for Larp (La-related protein) which displayed maternal-effect lethality and male sterility. A role for La protein has already been implicated in mRNA translation whereas Larp has been proposed to regulate mRNA stability. Here we demonstrate that Larp exists in a physical complex with, and also interacts genetically with, the translation regulator poly(A)-binding protein (PABP). Most mutant alleles of pAbp are embryonic lethal. However hypomorphic pAbp alleles show similar meiotic defects to larp mutants. We find that larp mutant-derived syncytial embryos show a range of mitotic phenotypes, including failure of centrosomes to migrate around the nuclear envelope, detachment of centrosomes from spindle poles, the formation of multipolar spindle arrays and cytokinetic defects. We discuss why the syncytial mitotic cycles and male meiosis should have a particularly sensitive requirement for Larp proteins in regulating not only transcript stability but also potentially the translation of mRNAs.
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	During Drosophila embryogenesis, the transcription factor Prospero is critical for neuronal differentiation and axonal outgrowth. The prospero pre-mRNA undergoes alternative splicing, but is unique in that it harbors a rare twintron whereby one intron lies embedded within another. The innermost intron is excised by the major U2-type spliceosome and the outermost is excised by the minor U12-type spliceosome. Previously, an intronic purine-rich element (PRE) was identified as an enhancer of both U2- and U12-type splicing, with a greater effect on the U2-type pathway. We find that the PRE binds Drosophila homologs of heterogeneous nuclear ribonucleoprotein (hnRNP) A1, Hrp38 and Hrp36. RNAi-mediated knockdown of these proteins in S2 cells specifically decreases U2-type splicing of the twintron, which is surprising because hnRNPs usually are repressive. Conversely, tethering Hrp38 to the twintron increases U2-type splicing. Thus, developmentally regulated alternative splicing of the prospero twintron can be explained by documented changes in the abundance of these hnRNP A1-like proteins during embryogenesis.
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	The role of arginine methylation in Drosophila melanogaster is unknown. We identified a family of nine PRMTs (protein arginine methyltransferases) by sequence homology with mammalian arginine methyltransferases, which we have named DART1 to DART9 ( Drosophila arginine methyltransferases 1-9). In keeping with the mammalian PRMT nomenclature, DART1, DART4, DART5 and DART7 are the putative homologues of PRMT1, PRMT4, PRMT5 and PRMT7. Other DART family members have a closer resemblance to PRMT1, but do not have identifiable homologues. All nine genes are expressed in Drosophila at various developmental stages. DART1 and DART4 have arginine methyltransferase activity towards substrates, including histones and RNA-binding proteins. Amino acid analysis of the methylated arginine residues confirmed that both DART1 and DART4 catalyse the formation of asymmetrical dimethylated arginine residues and they are type I arginine methyltransferases. The presence of PRMTs in D. melanogaster suggest that flies are a suitable genetic system to study arginine methylation.
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	Arginine residues in RG-rich proteins are frequently dimethylated posttranslationally by protein arginine methyltransferases (PRMTs). The most common methylation pattern is asymmetrical dimethylation, a modification important for protein shuttling and signal transduction. Symmetrically dimethylated arginines (sDMA) have until now been confined to the myelin basic protein MBP and the Sm proteins D1 and D3. We show here by mass spectrometry and protein sequencing that also the human Sm protein B/B' and, for the first time, one of the Sm-like proteins, LSm4, contain sDMA in vivo. The symmetrical dimethylation of B/B', LSm4, D1, and D3 decisively influences their binding to the Tudor domain of the "survival of motor neurons" protein (SMN): inhibition of dimethylation by S-adenosylhomocysteine (SAH) abolished the binding of D1, D3, B/B', and LSm4 to this domain. A synthetic peptide containing nine sDMA-glycine dipeptides, but not asymmetrically modified or nonmodified peptides, specifically inhibited the interaction of D1, D3, B/B', LSm4, and UsnRNPs with SMN-Tudor. Recombinant D1 and a synthetic peptide could be methylated in vitro by both HeLa cytosolic S100 extract and nuclear extract; however, only the cytosolic extract produced symmetrical dimethylarginines. Thus, the Sm-modifying PRMT is cytoplasmic, and symmetrical dimethylation of B/B', D1, and D3 is a prerequisite for the SMN-dependent cytoplasmic core-UsnRNP assembly. Our demonstration of sDMAs in LSm4 suggests additional functions of sDMAs in tri-UsnRNP biogenesis and mRNA decay. Our findings also have interesting implications for the understanding of the aetiology of spinal muscular atrophy (SMA).

[bookmark: _ENREF_13]Bullock, S. L., A. Nicol, et al. (2006). "Guidance of bidirectional motor complexes by mRNA cargoes through control of dynein number and activity." Current biology : CB 16(14): 1447-1452.
	During asymmetric cytoplasmic mRNA transport, cis-acting localization signals are widely assumed to tether a specific subset of transcripts to motor complexes that have intrinsic directionality. Here we provide evidence that mRNA transcripts control their sorting by regulating the relative activities of opposing motors on microtubules. We show in Drosophila embryos that all mRNAs undergo bidirectional transport on microtubules and that cis-acting elements produce a range of polarized transcript distributions by regulating the frequency, velocity, and duration of minus-end-directed runs. Increased minus-end motility is dependent on the dosage of RNA elements and the proteins Egalitarian (Egl) and Bicaudal-D (BicD). We show that these proteins, together with the dynein motor, are recruited differentially to different RNA signals. Cytoplasmic transfer experiments reveal that, once assembled, cargo/motor complexes are insensitive to reduced cytoplasmic levels of transport proteins. Thus, the concentration of these proteins is only critical at the onset of transport. This work suggests that the architecture of RNA elements, through Egl and BicD, regulates directional transport by controlling the relative numbers of opposite polarity motors assembled. Our data raise the possibility that recruitment of different numbers of motors and regulatory proteins is a general strategy by which microtubule-based cargoes control their sorting.
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	TDP-43 nuclear protein is involved in several major neurodegenerative diseases that include frontotemporal lobar degeneration with ubiquitin (FTLD-U) bodies and amyotrophic lateral sclerosis (ALS). As a consequence, the role played by this protein in both normal and diseased cellular metabolism has come under very close scrutiny. In the neuronal tissues of affected individuals TDP-43 undergoes aberrant localization to the cytoplasm to form insoluble aggregates. Furthermore, it is subject to degradation, ubiquitination, and phosphorylation. Understanding the pathways that lead to these changes will be crucial to define the functional role played by this protein in disease. Several recent biochemical and molecular studies have provided new information regarding the potential physiological consequences of these modifications. Moreover, the discovery of TDP-43 mutations associated with disease in a limited number of cases and the data from existing animal models have strengthened the proposed links between this protein and disease. In this review we will discuss the available data regarding the biochemical and functional changes that transform the wild-type endogenous TDP-43 in its pathological form. Furthermore, we will concentrate on examining the potential pathological mechanisms mediated by TDP-43 in different gain- versus loss-of-function scenarios. In the near future, this knowledge will hopefully increase our knowledge on disease progression and development. Moreover, it will allow the design of innovative therapeutic strategies for these pathologies based on the specific molecular defects causing the disease.
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	TDP-43 is a highly conserved nuclear factor of yet unknown function that binds to ug-repeated sequences and is responsible for cystic fibrosis transmembrane conductance regulator exon 9 splicing inhibition. We have analyzed TDP-43 interactions with other splicing factors and identified the critical regions for the protein/protein recognition events that determine this biological function. We show here that the C-terminal region of TDP-43 is capable of binding directly to several proteins of the heterogeneous nuclear ribonucleoprotein (hnRNP) family with well known splicing inhibitory activity, in particular, hnRNP A2/B1 and hnRNP A1. Mutational analysis showed that TDP-43 proteins lacking the C-terminal region could not inhibit splicing probably because they were unable to form the hnRNP-rich complex involved in splicing inhibition. Finally, through splicing complex analysis, we show that splicing inhibition mediated by TDP-43 occurs at the earliest stages of spliceosomal assembly.
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	Establishment of the Drosophila dorsal-ventral axis depends upon the correct localization of gurken mRNA and protein within the oocyte. gurken mRNA becomes localized to the presumptive dorsal anterior region of the oocyte, but is synthesized in the adjoining nurse cells. Normal gurken localization requires the heterogeneous nuclear ribonucleoprotein Squid, which binds to the gurken 3' untranslated region. However, whether Squid functions in the nurse cells or the oocyte is unknown. To address this question, we generated genetic mosaics in which half of the nurse cells attached to a given oocyte are unable to produce Squid. In these mosaics, gurken mRNA is localized normally but ectopically translated during the dorsal anterior localization process, even though the oocyte contains abundant Squid produced by the wild type nurse cells. These data indicate that translational repression of gurken mRNA requires Squid function in the nurse cells. We propose that Squid interacts with gurken mRNA in the nurse cell nuclei and, together with other factors, maintains gurken in a translationally silent state during its transport to the dorsal anterior region of the oocyte. This translational repression is not required for gurken mRNA localization, indicating that the information repressing translation is separable from that regulating localization.
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	Short peptides that contain the basic region of the HIV-1 Tat protein bind specifically to a bulged region in TAR RNA. A peptide that contained nine arginines (R9) also bound specifically to TAR, and a mutant Tat protein that contained R9 was fully active for transactivation. In contrast, a peptide that contained nine lysines (K9) bound TAR poorly and the corresponding protein gave only marginal activity. By starting with the K9 mutant and replacing lysine residues with arginines, a single arginine was identified that is required for specific binding and transactivation. Ethylation interference experiments suggest that this arginine contacts two adjacent phosphates at the RNA bulge. Model building suggests that the arginine eta nitrogens and the epsilon nitrogen can form specific networks of hydrogen bonds with adjacent pairs of phosphates and that these arrangements are likely to occur near RNA loops and bulges and not within double-stranded A-form RNA. Thus, arginine side chains may be commonly used to recognize specific RNA structures.
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	The heterogeneous nuclear ribonucleoproteins (hnRNP) are a family of proteins which share common structural domains, and extensive research has shown that they have central roles in DNA repair, telomere biogenesis, cell signaling and in regulating gene expression at both transcriptional and translational levels. Through these key cellular functions, individual hnRNPs have a variety of potential roles in tumour development and progression including the inhibition of apoptosis, angiogenesis and cell invasion. The aims of this review are to provide an overview of the multi functional roles of the hnRNPs, and how such roles implicate this family as regulators of tumour development. The different stages of tumour development that are potentially regulated by the hnRNPs along with their aberrant expression profiles in tumour tissues will also be discussed.
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	Mutations in the Fused in sarcoma/Translated in liposarcoma gene (FUS/TLS, FUS) have been identified among patients with amyotrophic lateral sclerosis (ALS). FUS protein aggregation is a major pathological hallmark of FUS proteinopathy, a group of neurodegenerative diseases characterized by FUS-immunoreactive inclusion bodies. We prepared transgenic Drosophila expressing either the wild type (Wt) or ALS-mutant human FUS protein (hFUS) using the UAS-Gal4 system. When expressing Wt, R524S or P525L mutant FUS in photoreceptors, mushroom bodies (MBs) or motor neurons (MNs), transgenic flies show age-dependent progressive neural damages, including axonal loss in MB neurons, morphological changes and functional impairment in MNs. The transgenic flies expressing the hFUS gene recapitulate key features of FUS proteinopathy, representing the first stable animal model for this group of devastating diseases.
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	Juvenile amyotrophic lateral sclerosis (ALS4) is a rare autosomal dominant form of juvenile amyotrophic lateral sclerosis (ALS) characterized by distal muscle weakness and atrophy, normal sensation, and pyramidal signs. Individuals affected with ALS4 usually have an onset of symptoms at age <25 years, a slow rate of progression, and a normal life span. The ALS4 locus maps to a 1.7-Mb interval on chromosome 9q34 flanked by D9S64 and D9S1198. To identify the molecular basis of ALS4, we tested 19 genes within the ALS4 interval and detected missense mutations (T3I, L389S, and R2136H) in the Senataxin gene (SETX). The SETX gene encodes a novel 302.8-kD protein. Although its function remains unknown, SETX contains a DNA/RNA helicase domain with strong homology to human RENT1 and IGHMBP2, two genes encoding proteins known to have roles in RNA processing. These observations of ALS4 suggest that mutations in SETX may cause neuronal degeneration through dysfunction of the helicase activity or other steps in RNA processing.
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	In 2006, TAR DNA-binding protein 43 (TDP-43), a highly conserved nuclear protein, was identified as the major disease protein in amyotrophic lateral sclerosis (ALS) and in the most common variant of frontotemporal lobar degeneration (FTLD), FTLD-U, which is characterized by cytoplasmic inclusions that stain positive for ubiquitin but negative for tau and alpha-synuclein. Since then, rapid advances have been made in our understanding of the physiological function of TDP-43 and the role of this protein in neurodegeneration. These advances link ALS and FTLD-U (now designated FTLD-TDP) to a shared mechanism of disease. In this Review, we summarize the current evidence regarding the normal function of TDP-43 and the TDP-43 pathology observed in FTLD-TDP, ALS, and other neurodegenerative diseases wherein TDP-43 pathology co-occurs with other disease-specific lesions (for example, with amyloid plaques and neurofibrillary tangles in Alzheimer disease). Moreover, we discuss the accumulating data that support our view that FTLD-TDP and ALS represent two ends of a spectrum of primary TDP-43 proteinopathies. Finally, we comment on the importance of recent advances in TDP-43-related research to neurological practice, including the new opportunities to develop better diagnostics and disease-modifying therapies for ALS, FTLD-TDP, and related disorders exhibiting TDP-43 pathology.
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	The Drosophila central nervous system (CNS) develops from a population of stem cells called neuroblasts; each neuroblast goes through an invariant cell lineage to produce a characteristic family of neurons or glia. We are interested in the molecular mechanisms controlling neuroblast cell lineage. Recently we identified the prospero (pros) gene, which is expressed in embryonic neuroblasts. Loss of pros function results in aberrant expression of the homeobox genes fushi tarazu, even-skipped and engrailed in a subset of neuroblast progeny, suggesting that pros plays an early and fundamental role in the specification of neuronal fate (Doe et al. 1991). Here we show that the pros gene encodes a highly divergent homeodomain. The homeodomain contains several of the most conserved amino acids characteristic of known homeodomains, yet it is considerably less basic than previously identified homeodomains. These data are consistent with a model in which pros controls neuroblast cell lineages by regulating gene expression.
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	The primary axes of Drosophila are set up by the localization of transcripts within the oocyte. These mRNAs originate in the nurse cells, but how they move into the oocyte remains poorly understood. Here, we study the path and mechanism of movement of gurken RNA within the nurse cells and towards and through ring canals connecting them to the oocyte. gurken transcripts, but not control transcripts, recruit the cytoplasmic Dynein-associated co-factors Bicaudal D (BicD) and Egalitarian in the nurse cells. gurken RNA requires BicD and Dynein for its transport towards the ring canals, where it accumulates before moving into the oocyte. Our results suggest that bicoid and oskar transcripts are also delivered to the oocyte by the same mechanism, which is distinct from cytoplasmic flow. We propose that Dynein-mediated transport of specific RNAs along specialized networks of microtubules increases the efficiency of their delivery, over the flow of general cytoplasmic components, into the oocyte.
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	Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease affecting motor neurons. Mutations in related RNA-binding proteins TDP-43, FUS/TLS and TAF15 have been connected to ALS. These three proteins share several features, including the presence of a bioinformatics-predicted prion domain, aggregation-prone nature in vitro and in vivo and toxic effects when expressed in multiple model systems. Given these commonalities, we hypothesized that a related protein, EWSR1 (Ewing sarcoma breakpoint region 1), might also exhibit similar properties and therefore could contribute to disease. Here, we report an analysis of EWSR1 in multiple functional assays, including mutational screening in ALS patients and controls. We identified three missense variants in EWSR1 in ALS patients, which were absent in a large number of healthy control individuals. We show that disease-specific variants affect EWSR1 localization in motor neurons. We also provide multiple independent lines of in vitro and in vivo evidence that EWSR1 has similar properties as TDP-43, FUS and TAF15, including aggregation-prone behavior in vitro and ability to confer neurodegeneration in Drosophila. Postmortem analysis of sporadic ALS cases also revealed cytoplasmic mislocalization of EWSR1. Together, our studies highlight a potential role for EWSR1 in ALS, provide a collection of functional assays to be used to assess roles of additional RNA-binding proteins in disease and support an emerging concept that a class of aggregation-prone RNA-binding proteins might contribute broadly to ALS and related neurodegenerative diseases.
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	Carcinoembryonic antigen-related cell adhesion molecule-1 (CEACAM1) is expressed in a variety of cell types and is implicated in carcinogenesis. Alternative splicing of CEACAM1 pre-mRNA generates two cytoplasmic domain splice variants characterized by the inclusion (L-isoform) or exclusion (S-isoform) of exon 7. Here we show that the alternative splicing of CEACAM1 pre-mRNA is regulated by novel cis elements residing in exon 7. We report the presence of three exon regulatory elements that lead to the inclusion or exclusion of exon 7 CEACAM1 mRNA in ZR75 breast cancer cells. Heterologous splicing reporter assays demonstrated that the maintenance of authentic alternative splicing mechanisms were independent of the CEACAM1 intron sequence context. We show that forced expression of these exon regulatory elements could alter CEACAM1 splicing in HEK-293 cells. Using RNA affinity chromatography, three members of the heterogeneous nuclear ribonucleoprotein family (hnRNP L, hnRNP A1, and hnRNP M) were identified. RNA immunoprecipitation of hnRNP L and hnRNP A1 revealed a binding motif located central and 3' to exon 7, respectively. Depletion of hnRNP A1 or L by RNAi in HEK-293 cells promoted exon 7 inclusion, whereas overexpression led to exclusion of the variable exon. By contrast, overexpression of hnRNP M showed exon 7 inclusion and production of CEACAM1-L mRNA. Finally, stress-induced cytoplasmic accumulation of hnRNP A1 in MDA-MB-468 cells dynamically alters the CEACAM1-S:CEACAM1:L ratio in favor of the l-isoform. Thus, we have elucidated the molecular factors that control the mechanism of splice-site recognition in the alternative splicing regulation of CEACAM1.
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	Cytoplasmic accumulation and nuclear clearance of TDP-43 characterize familial and sporadic forms of amyotrophic lateral sclerosis and frontotemporal lobar degeneration, suggesting that either loss or gain of TDP-43 function, or both, cause disease formation. Here we have systematically compared loss- and gain-of-function of Drosophila TDP-43, TAR DNA Binding Protein Homolog (TBPH), in synaptic function and morphology, motor control, and age-related neuronal survival. Both loss and gain of TBPH severely affect development and result in premature lethality. TBPH dysfunction caused impaired synaptic transmission at the larval neuromuscular junction (NMJ) and in the adult. Tissue-specific knockdown together with electrophysiological recordings at the larval NMJ also revealed that alterations of TBPH function predominantly affect pre-synaptic efficacy, suggesting that impaired pre-synaptic transmission is one of the earliest events in TDP-43-related pathogenesis. Prolonged loss and gain of TBPH in adults resulted in synaptic defects and age-related, progressive degeneration of neurons involved in motor control. Toxic gain of TBPH did not downregulate or mislocalize its own expression, indicating that a dominant-negative effect leads to progressive neurodegeneration also seen with mutational inactivation of TBPH. Together these data suggest that dysfunction of Drosophila TDP-43 triggers a cascade of events leading to loss-of-function phenotypes whereby impaired synaptic transmission results in defective motor behavior and progressive deconstruction of neuronal connections, ultimately causing age-related neurodegeneration.
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	The molecular mechanisms used to generate neuronal diversity are largely unknown. To identify genes controlling cell fate in the Drosophila central nervous system, we screened for mutations that alter expression of homeobox genes in the developing central nervous system (indicating changes in cell fates). We also screened "enhancer trap" lines to identify genes expressed in neuronal stem cells (neuroblasts). The prospero gene was discovered in both screens. prospero is expressed in a subset of neuroblasts, sensory neuron precursors, and identified glial precursors. It is not expressed in neurons. Neuroblasts lacking prospero function generate abnormal cell lineages, producing incorrectly specified progeny that differentiate into neurons showing axon pathfinding defects. prospero is therefore a novel type of gene expressed in neuroblasts and known to specify neuronal fate.
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	The Drosophila smooth gene encodes an RNA binding protein that has been well conserved through evolution. To investigate the pleiotropic functions mediated by the smooth gene, we have selected and characterized two sm mutants, which are viable as adults yet display robust phenotypes (including a significant decrease in lifespan). Utilizing these mutants, we have made the novel observation that disruption of the smooth/CG9218 locus leads to age-dependent muscle degeneration, and motor dysfunction. Histological characterization of adult sm mutants revealed marked abnormalities in the major thoracic tubular muscle: the tergal depressor of the trochanter (TDT). Corresponding defects include extensive loss/disruption of striations and nuclei. These pathological changes are recapitulated in flies that express a smooth RNA interference construct (sm RNAi) in the mesoderm. In contrast, targeting sm RNAi constructs to motor neurons does not alter muscle morphology. In addition to examining the TDT phenotype, we explored whether other muscular abnormalities were evident. Utilizing physiological assays developed in the laboratory, we have found that the thoracic muscle defect is preceded by dysmotility of the gastrointestinal tract. SMOOTH thus joins a growing list of hnRNPs that have previously been linked to muscle physiology/pathophysiology. Our findings in Drosophila set the stage for investigating the role of the corresponding mammalian homolog, hnRNP L, in muscle function.
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	Over the past decade, it has become clear that there is a significant overlap in the clinical spectrum of frontotemporal lobar degeneration and amyotrophic lateral sclerosis (ALS). The identification of TDP-43 as the major disease protein in the pathology of both frontotemporal lobar degeneration with ubiquitin inclusions and ALS provides the first molecular link for these diseases. Pathological TDP-43 is abnormally phosphorylated, ubiquitinated, and cleaved to generate carboxy-terminal fragments in affected brain regions. The normal nuclear expression of TDP-43 is also reduced leading to the hypothesis that sequestration of TDP-43 in pathological inclusions contributes to disease pathogenesis. Thus, TDP-43 is the newest member of the growing list of neurodegenerative proteinopathies, but unique in that it lacks features of brain amyloidosis.
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	Translational control of gene expression plays a fundamental role in the early development of many organisms. In Drosophila, selective translation of nanos mRNA localized to the germ plasm at the posterior of the embryo, together with translational repression of nanos in the bulk cytoplasm, is essential for development of the anteroposterior body pattern. We show that both components to spatial control of nanos translation initiate during oogenesis and that translational repression is initially independent of Smaug, an embryonic repressor of nanos. Repression during oogenesis and embryogenesis are mediated by distinct stem loops within the nanos 3' untranslated region; the Smaug-binding stem-loop acts strictly in the embryo, whereas a second stem-loop functions in the oocyte. Thus, independent regulatory modules with temporally distinct activities contribute to spatial regulation of nanos translation. We propose that nanos evolved to exploit two different stage-specific translational regulatory mechanisms.
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	snRNPs, integral components of the pre-mRNA splicing machinery, consist of seven Sm proteins which assemble in the cytoplasm as a ring structure on the snRNAs U1, U2, U4, and U5. The survival motor neuron (SMN) protein, the spinal muscular atrophy disease gene product, is crucial for snRNP core particle assembly in vivo. SMN binds preferentially and directly to the symmetrical dimethylarginine (sDMA)-modified arginine- and glycine-rich (RG-rich) domains of SmD1 and SmD3. We found that the unmodified, but not the sDMA-modified, RG domains of SmD1 and SmD3 associate with a 20S methyltransferase complex, termed the methylosome, that contains the methyltransferase JBP1 and a JBP1-interacting protein, pICln. JBP1 binds SmD1 and SmD3 via their RG domains, while pICln binds the Sm domains. JBP1 produces sDMAs in the RG domain-containing Sm proteins. We further demonstrate the existence of a 6S complex that contains pICln, SmD1, and SmD3 but not JBP1. SmD3 from the methylosome, but not that from the 6S complex, can be transferred to the SMN complex in vitro. Together with previous results, these data indicate that methylation of Sm proteins by the methylosome directs Sm proteins to the SMN complex for assembly into snRNP core particles and suggest that the methylosome can regulate snRNP assembly.
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	A new class of poly(ADP-ribose) (pADPr)-binding proteins, heterogeneous nuclear ribonucleoproteins (hnRNPs), has been identified by a proteomic approach using matrix-assisted laser-desorption-ionization time-of-flight ('MALDI-TOF') MS. Liquid-phase isoelectric focusing with a Rotofor cell (Bio-Rad) allowed pre-fractionation of proteins extracted from HeLa cells. Rotofor protein fractions were further separated by SDS/PAGE and then transferred to a PVDF membrane. pADPr-binding proteins were analysed by autoradiography of the protein blot after incubation with (32)P-labelled automodified pADPr polymerase-1 (PARP-1). Peptide mass fingerprinting of selected bands identified the most abundant pADPr-binding proteins as hnRNPs, a family of proteins that bind pre-mRNA into functional complexes involved in mRNA maturation and transport to the cytoplasm. Sequence homology database searching against a previously reported pADPr-binding sequence motif revealed that the hnRNPs contain a putative pADPr-binding sequence pattern [Pleschke, Kleczkowska, Strohm and Althaus (2000) J. Biol. Chem. 275, 40974-40980]. pADPr-binding assays performed with synthetic peptides by the dot-blot technique and with nitrocellulose-transferred recombinant hnRNPs confirmed the pADPr-binding protein identification and the specificity of the interaction. These results could establish a link between increased levels of pADPr in DNA damaged cells and the modified protein expression pattern resulting from altered mRNA trafficking.
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	Cancer is a leading cause of death and still awaits effective therapies. Rapid industrialization has contributed to increase in incidence of cancer. One of the reasons why most of the cancers fail therapy is due to their metastatic property. Hence identification of factors leading to metastasis is highly important to design effective and novel anti-cancer therapeutics. In our earlier study (Inoue et al 2007, Proc. Natl. Acad. Sci. USA 104: 8983-8988), we had reported that the involvement of heterogeneous nuclear ribonucleoprotein K (hnRNP-K) in metastasis. Here, we established hnRNP-K overexpressing and underexpressing derivative cell lines and examined their proliferation and metastatic properties in vitro and in vivo. Whereas hnRNP-K compromised cells showed delayed tumor growth, its overexpression resulted in enhanced malignancy and metastasis. Molecular basis of the hnRNP-K induced malignant and metastatic phenotypes was dissected by cDNA microarray and pathway analyses. We found that the hnRNP-K regulates extracellular matrix, cell motility and angiogenesis pathways. Involvement of the selected genes (CCK, MMP3, PTGS2 and CTGF) and pathways was validated by gene specific expression analysis. Our results demonstrated that the hnRNP-K is a potential target for metastasis therapy.
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	TDP-43 is an evolutionarily conserved RNA binding protein recently associated with the pathogenesis of different neurological diseases. At the moment, neither its physiological role in vivo nor the mechanisms that may lead to neurodegeneration are well known. Previously, we have shown that TDP-43 mutant flies presented locomotive alterations and structural defects at the neuromuscular junctions. We have now investigated the functional mechanism leading to these phenotypes by screening several factors known to be important for synaptic growth or bouton formation. As a result we found that alterations in the organization of synaptic microtubules correlate with reduced protein levels in the microtubule associated protein futsch/MAP1B. Moreover, we observed that TDP-43 physically interacts with futsch mRNA and that its RNA binding capacity is required to prevent futsch down regulation and synaptic defects.
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	BACKGROUND: The C-terminal tails of spliceosomal Sm proteins contain symmetrical dimethylarginine (sDMA) residues in vivo. The precise function of this posttranslational modification in the biogenesis of small nuclear ribonucleoproteins (snRNPs) and pre-mRNA splicing remains largely uncharacterized. Here, we examine the organismal and cellular consequences of loss of symmetric dimethylation of Sm proteins in Drosophila. RESULTS: Genetic disruption of dart5, the fly ortholog of human PRMT5, results in the complete loss of sDMA residues on spliceosomal Sm proteins. Similarly, valois, a previously characterized grandchildless gene, is also required for sDMA modification of Sm proteins. In the absence of dart5, snRNP biogenesis is surprisingly unaffected, and homozygous mutant animals are completely viable. Instead, Dart5 protein is required for maturation of spermatocytes in males and for germ-cell specification in females. Embryos laid by dart5 mutants fail to form pole cells, and Tudor localization is disrupted in stage 10 oocytes. Transgenic expression of Dart5 exclusively within the female germline rescues pole-cell formation, whereas ubiquitous expression rescues sDMA modification of Sm proteins and male sterility. CONCLUSIONS: We have shown that Dart5-mediated methylation of Sm proteins is not essential for snRNP biogenesis. The results uncover a novel role for dart5 in specification of the germline and in spermatocyte maturation. Because disruption of both dart5 and valois causes the specific loss of sDMA-modified Sm proteins and studies in C. elegans show that Sm proteins are required for germ-granule localization, we propose that Sm protein methylation is a pivotal event in germ-cell development.
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	Heterogeneous nuclear ribonucleoproteins, hnRNPs, are RNA-binding proteins that play crucial roles in controlling gene expression. In Drosophila oogenesis, the hnRNP Squid (Sqd) functions in the localization and translational regulation of gurken (grk) mRNA. We show that Sqd interacts with Hrb27C, an hnRNP previously implicated in splicing. Like sqd, hrb27C mutants lay eggs with dorsoventral defects and Hrb27C can directly bind to grk RNA. Our data demonstrate a novel role for Hrb27C in promoting grk localization. We also observe a direct physical interaction between Hrb27C and Ovarian tumor (Otu), a cytoplasmic protein implicated in RNA localization. We find that some otu alleles produce dorsalized eggs and it appears that Otu cooperates with Hrb27C and Sqd in the oocyte to mediate proper grk localization. All three mutants share another phenotype, persistent polytene nurse cell chromosomes. Our analyses support dual cooperative roles for Sqd, Hrb27C and Otu during Drosophila oogenesis.
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	We recently identified angiogenin (ANG) as a candidate susceptibility gene for amyotrophic lateral sclerosis (ALS), a neurodegenerative disorder characterized by adult-onset loss of motor neurons. We now report the finding of seven missense mutations in 15 individuals, of whom four had familial ALS and 11 apparently 'sporadic' ALS. Our findings provide further evidence that variations in hypoxia-inducible genes have an important role in motor neuron degeneration.
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	The precise restriction of proteins to specific domains within a cell plays an important role in early development and differentiation. An efficient way to localize and concentrate proteins is by localization of mRNA in a translationally repressed state, followed by activation of translation when the mRNA reaches its destination. A central issue is how localized mRNAs are derepressed. In this study we demonstrate that, when oskar mRNA reaches the posterior pole of the Drosophila oocyte, its translation is derepressed by an active process that requires a specific element in the 5' region of the mRNA. We demonstrate that this novel type of element is a translational derepressor element, whose functional interaction with the previously identified repressor region in the oskar 3' UTR is required for activation of oskar mRNA translation at the posterior pole. The derepressor element only functions at the posterior pole, suggesting that a locally restricted interaction between trans-acting factors and the derepressor element may be the link between mRNA localization and translational activation. We also show specific interaction of two proteins with the oskar mRNA 5' region; one of these also recognizes the 3' repressor element. We discuss the possible involvement of these factors as well as known genes in the process of localization-dependent translation.
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	Neurodegenerative diseases are a diverse group of disorders that affect different neuron populations, differ in onset and severity, and can be either inherited or sporadic. One common pathological feature of most of these diseases is the presence of insoluble inclusions in and around neurons, which largely consist of misfolded and aggregated protein. For this reason, neurodegenerative diseases are typically thought to be disorders of aberrant protein processing, in which the cumulative effects of misfolded protein aggregates overwhelm the neuron's proteostatic capacity. However, a growing body of evidence suggests a role for abnormal RNA processing in neurodegenerative disease. The importance of RNA metabolism in disease was highlighted by the discovery of TDP-43 (TAR DNA-binding protein of 43 kDa), an RNA-binding protein (RBP), as a primary component of insoluble aggregates in patients with sporadic amyotrophic lateral sclerosis (ALS). Subsequently, inherited mutations in TDP-43 and the structurally related RBP, FUS/TLS (fused in sarcoma/translated in liposarcoma), were found to cause ALS. These exciting findings have ushered in a new era of ALS research in which the deregulation of RNA metabolism is viewed as a central cause of motor neuron deterioration. In addition, the fact that neuropathologically and anatomically distinct neurodegenerative diseases display altered RNA metabolism suggests that common pathologic mechanisms may underlie many of these disorders.

[bookmark: _ENREF_41]Hartmann, B., R. Castelo, et al. (2011). "Distinct regulatory programs establish widespread sex-specific alternative splicing in Drosophila melanogaster." RNA 17(3): 453-468.
	In Drosophila melanogaster, female-specific expression of Sex-lethal (SXL) and Transformer (TRA) proteins controls sex-specific alternative splicing and/or translation of a handful of regulatory genes responsible for sexual differentiation and behavior. Recent findings in 2009 by Telonis-Scott et al. document widespread sex-biased alternative splicing in fruitflies, including instances of tissue-restricted sex-specific splicing. Here we report results arguing that some of these novel sex-specific splicing events are regulated by mechanisms distinct from those established by female-specific expression of SXL and TRA. Bioinformatic analysis of SXL/TRA binding sites, experimental analysis of sex-specific splicing in S2 and Kc cells lines and of the effects of SXL knockdown in Kc cells indicate that SXL-dependent and SXL-independent regulatory mechanisms coexist within the same cell. Additional determinants of sex-specific splicing can be provided by sex-specific differences in the expression of RNA binding proteins, including Hrp40/Squid. We report that sex-specific alternative splicing of the gene hrp40/squid leads to sex-specific differences in the levels of this hnRNP protein. The significant overlap between sex-regulated alternative splicing changes and those induced by knockdown of hrp40/squid and the presence of related sequence motifs enriched near subsets of Hrp40/Squid-regulated and sex-regulated splice sites indicate that this protein contributes to sex-specific splicing regulation. A significant fraction of sex-specific splicing differences are absent in germline-less tudor mutant flies. Intriguingly, these include alternative splicing events that are differentially spliced in tissues distant from the germline. Collectively, our results reveal that distinct genetic programs control widespread sex-specific splicing in Drosophila melanogaster.
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	The human Tar-DNA binding protein, TDP-43, is associated with amyotrophic lateral sclerosis (ALS) and other neurodegenerative disorders. TDP-43 contains two conserved RNA-binding motifs and has documented roles in RNA metabolism, including pre-mRNA splicing and repression of transcription. Here, using Drosophila melanogaster as a model, we generated loss-of-function and overexpression genotypes of Tar-DNA binding protein homolog (TBPH) to study their effect on the transcriptome of the central nervous system (CNS). By using massively parallel sequencing methods (RNA-seq) to profile the CNS, we find that loss of TBPH results in widespread gene activation and altered splicing, much of which are reversed by rescue of TBPH expression. Conversely, TBPH overexpression results in decreased gene expression. Although previous studies implicated both absence and mis-expression of TDP-43 in ALS, our data exhibit little overlap in the gene expression between them, suggesting that the bulk of genes affected by TBPH loss-of-function and overexpression are different. In combination with computational approaches to identify likely TBPH targets and orthologs of previously identified vertebrate TDP-43 targets, we provide a comprehensive analysis of enriched gene ontologies. Our data suggest that TDP-43 plays a role in synaptic transmission, synaptic release, and endocytosis. We also uncovered a potential novel regulation of the Wnt and BMP pathways, many of whose targets appear to be conserved.
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	Comprehensive proteomics analyses of spliceosomal complexes are currently limited to those in humans, and thus, it is unclear to what extent the spliceosome's highly complex composition and compositional dynamics are conserved among metazoans. Here we affinity purified Drosophila melanogaster spliceosomal B and C complexes formed in Kc cell nuclear extract. Mass spectrometry revealed that their composition is highly similar to that of human B and C complexes. Nonetheless, a number of Drosophila-specific proteins were identified, suggesting that there may be novel factors contributing specifically to splicing in flies. Protein recruitment and release events during the B-to-C transition were also very similar in both organisms. Electron microscopy of Drosophila B complexes revealed a high degree of structural similarity with human B complexes, indicating that higher-order interactions are also largely conserved. A comparison of Drosophila spliceosomes formed on a short versus long intron revealed only small differences in protein composition but, nonetheless, clear structural differences under the electron microscope. Finally, the characterization of affinity-purified Drosophila mRNPs indicated that exon junction complex proteins are recruited in a splicing-dependent manner during C complex formation. These studies provide insights into the evolutionarily conserved composition and structure of the metazoan spliceosome, as well as its compositional dynamics during catalytic activation.
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	Subcellular localization of messenger RNAs (mRNAs) can give precise control over where protein products are synthesized and operate. However, just 10 years ago many in the broader cell biology community would have considered this a specialized mechanism restricted to a very small fraction of transcripts. Since then, it has become clear that subcellular targeting of mRNAs is prevalent, and there is mounting evidence for central roles for this process in many cellular events. Here, we review current knowledge of the mechanisms and functions of mRNA localization in animal cells.
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	The Staufen-dependent localization of oskar mRNA to the posterior of the Drosophila oocyte induces the formation of the pole plasm, which contains the abdominal and germline determinants. In a germline clone screen for mutations that disrupt the posterior localization of GFP-Staufen, we isolated three missense alleles in the hnRNPA/B homolog, Hrp48. These mutants specifically abolish osk mRNA localization, without affecting its translational control or splicing, or the localization of bicoid and gurken mRNAs and the organization of the microtubule cytoskeleton. Hrp48 colocalizes with osk mRNA throughout oogenesis, and interacts with its 5' and 3' regulatory regions, suggesting that it binds directly to oskar mRNA to mediate its posterior transport. The hrp48 alleles cause a different oskar mRNA localization defect from other mutants, and disrupt the formation of GFP-Staufen particles. This suggests a new step in the localization pathway, which may correspond to the assembly of Staufen/oskar mRNA transport particles.
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	The biological functions of poly(ADP-ribosyl)ation of heterogeneous nuclear ribonucleoproteins (hnRNPs) are not well understood. However, it is known that hnRNPs are involved in the regulation of alternative splicing for many genes, including the Ddc gene in Drosophila. Therefore, we first confirmed that poly(ADP-ribose) (pADPr) interacts with two Drosophila hnRNPs, Squid/hrp40 and Hrb98DE/hrp38, and that this function is regulated by Poly(ADP-ribose) Polymerase 1 (PARP1) and Poly(ADP-ribose) Glycohydrolase (PARG) in vivo. These findings then provided a basis for analyzing the role of pADPr binding to these two hnRNPs in terms of alternative splicing regulation. Our results showed that Parg null mutation does cause poly(ADP-ribosyl)ation of Squid and hrp38 protein, as well as their dissociation from active chromatin. Our data also indicated that pADPr binding to hnRNPs inhibits the RNA-binding ability of hnRNPs. Following that, we demonstrated that poly(ADP-ribosyl)ation of Squid and hrp38 proteins inhibits splicing of the intron in the Hsr omega-RC transcript, but enhances splicing of the intron in the Ddc pre-mRNA. Taken together, these findings suggest that poly(ADP-ribosyl)ation regulates the interaction between hnRNPs and RNA and thus modulates the splicing pathways.
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	Fragile X-associated tremor/ataxia syndrome (FXTAS) is a recently recognized neurodegenerative disorder in fragile X premutation carriers with FMR1 alleles containing 55-200 CGG repeats. Previously, we developed a Drosophila model of FXTAS and demonstrated that transcribed premutation repeats alone are sufficient to cause neurodegeneration, suggesting that rCGG-repeat-binding proteins (RBPs) may be sequestered from their normal function by rCGG binding. Here, we identify Pur alpha and hnRNP A2/B1 as RBPs. We show that Pur alpha and rCGG repeats interact in a sequence-specific fashion that is conserved between mammals and Drosophila. Overexpression of Pur alpha in Drosophila could suppress rCGG-mediated neurodegeneration in a dose-dependent manner. Furthermore, Pur alpha is also present in the inclusions of FXTAS patient brains. These findings support the disease mechanism of FXTAS of rCGG repeat sequestration of specific RBPs, leading to neuronal cell death, and implicate that Pur alpha plays an important role in the pathogenesis of FXTAS.
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	Fragile X syndrome carriers have FMR1 alleles, called premutations, with an intermediate number of 5' untranslated CGG repeats between patients (>200 repeats) and normal individuals (<60 repeats). A novel neurodegenerative disease has recently been appreciated in some premutation carriers. As no neurodegeneration is seen in fragile X patients, who do not express FMR1, we hypothesize that lengthened rCGG repeats of the premutation transcript may lead to neurodegeneration. Here, using Drosophila melanogaster, we show that 90 rCGG repeats alone are sufficient to cause neurodegeneration. This phenotype is neuron specific and rCGG repeat dosage sensitive. Although devoid of mutant protein, this neurodegeneration exhibits neuronal inclusion bodies that are Hsp70 and ubiquitin positive. Overexpression of Hsp70 could suppress the neurodegeneration. These results demonstrate that neurodegenerative phenotype associated with fragile X premutation is indeed caused by the lengthened rCGG repeats and provide the first in vivo experimental demonstration of RNA-mediated neurodegeneration.
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	Alternative splicing controls the expression of many genes, including the Drosophila sex determination gene Sex-lethal (Sxl). Sxl expression is controlled via a negative regulatory mechanism where inclusion of the translation-terminating male exon is blocked in females. Previous studies have shown that the mechanism leading to exon skipping is autoregulatory and requires the SXL protein to antagonize exon inclusion by interacting with core spliceosomal proteins, including the U1 snRNP protein Sans-fille (SNF). In studies begun by screening for proteins that interact with SNF, we identified PPS, a previously uncharacterized protein, as a novel component of the machinery required for Sxl male exon skipping. PPS encodes a large protein with four signature motifs, PHD, BRK, TFS2M, and SPOC, typically found in proteins involved in transcription. We demonstrate that PPS has a direct role in Sxl male exon skipping by showing first that loss of function mutations have phenotypes indicative of Sxl misregulation and second that the PPS protein forms a complex with SXL and the unspliced Sxl RNA. In addition, we mapped the recruitment of PPS, SXL, and SNF along the Sxl gene using chromatin immunoprecipitation (ChIP), which revealed that, like many other splicing factors, these proteins bind their RNA targets while in close proximity to the DNA. Interestingly, while SNF and SXL are specifically recruited to their predicted binding sites, PPS has a distinct pattern of accumulation along the Sxl gene, associating with a region that includes, but is not limited to, the SxlPm promoter. Together, these data indicate that PPS is different from other splicing factors involved in male-exon skipping and suggest, for the first time, a functional link between transcription and SXL-mediated alternative splicing. Loss of zygotic PPS function, however, is lethal to both sexes, indicating that its role may be of broad significance.
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	Mutations in valosin-containing protein (VCP) cause inclusion body myopathy (IBM), Paget's disease of the bone, and frontotemporal dementia (IBMPFD). Patient muscle has degenerating fibers, rimmed vacuoles (RVs), and sarcoplasmic inclusions containing ubiquitin and TDP-43 (TARDNA-binding protein 43). In this study, we find that IBMPFD muscle also accumulates autophagosome-associated proteins, Map1-LC3 (LC3), and p62/sequestosome, which localize to RVs. To test whether VCP participates in autophagy, we silenced VCP or expressed adenosine triphosphatase-inactive VCP. Under basal conditions, loss of VCP activity results in autophagosome accumulation. After autophagic induction, these autophagosomes fail to mature into autolysosomes and degrade LC3. Similarly, IBMPFD mutant VCP expression in cells and animals leads to the accumulation of nondegradative autophagosomes that coalesce at RVs and fail to degrade aggregated proteins. Interestingly, TDP-43 accumulates in the cytosol upon autophagic inhibition, similar to that seen after IBMPFD mutant expression. These data implicate VCP in autophagy and suggest that impaired autophagy explains the pathology seen in IBMPFD muscle, including TDP-43 accumulation.
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	Precise temporal and spatial regulation of gene expression during Drosophila oogenesis is essential for patterning the anterior-posterior and dorsal-ventral body axes. Establishment of the anterior-posterior axis requires posterior localization and translational control of both oskar and nanos mRNAs. Establishment of the dorsal-ventral axis depends on the precise restriction of gurken mRNA and protein to the dorsal-anterior corner of the oocyte. We have previously shown that Glorund, the Drosophila hnRNP F/H homolog, contributes to anterior-posterior axis patterning by regulating translation of nanos mRNA, through a direct interaction with its 3' untranslated region. To investigate the pleiotropy of the glorund mutant phenotype, which includes dorsal-ventral and nuclear morphology defects, we searched for proteins that interact with Glorund. Here we show that Glorund is part of a complex containing the hnRNP protein Hrp48 and the splicing factor Half-pint and plays a role both in mRNA localization and nurse cell chromosome organization, probably by regulating alternative splicing of ovarian tumor. We propose that Glorund is a component of multiple protein complexes and functions both as a translational repressor and splicing regulator for anterior-posterior and dorsal-ventral patterning.
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	Patterning of the anterior-posterior body axis of the Drosophila embryo requires production of Nanos protein selectively in the posterior. Spatially restricted Nanos synthesis is accomplished by translational repression of unlocalized nanos mRNA together with translational activation of posteriorly localized nanos. Repression of unlocalized nanos mRNA is mediated by a bipartite translational control element (TCE) in its 3' untranslated region. TCE stem-loop II functions during embryogenesis, through its interaction with the Smaug repressor. Stem-loop III represses unlocalized nanos mRNA during oogenesis, but trans-acting factors that carry out this function have remained elusive. Here we identify a Drosophila hnRNP, Glorund, that interacts specifically with stem-loop III. We establish that the ability of the TCE to repress translation in vivo reflects its ability to bind Glorund in vitro. These data, together with the analysis of a glorund null mutant, reveal a specific role for an hnRNP in repression of nanos translation during oogenesis.
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	RNA transport is an important and fundamental event for local protein synthesis, especially in neurons. RNA is transported as large granules, but little is known about them. Here, we isolated a large RNase-sensitive granule (size: 1000S approximately) as a binding partner of conventional kinesin (KIF5). We identified a total of 42 proteins with mRNAs for CaMKIIalpha and Arc in the granule. Seventeen of the proteins (hnRNP-U, Pur alpha and beta, PSF, DDX1, DDX3, SYNCRIP, TLS, NonO, HSPC117, ALY, CGI-99, staufen, three FMRPs, and EF-1alpha) were extensively investigated, including their classification, binding combinations, and necessity for the "transport" of RNA. These proteins and the mRNAs were colocalized to the kinesin-associated granules in dendrites. The granules moved bidirectionally, and the distally directed movement was enhanced by the overexpression of KIF5 and reduced by its functional blockage. Thus, kinesin transports RNA via this granule in dendrites coordinately with opposite motors, such as dynein.
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	Females mutant for the newly identified squid (sqd) gene are sterile and lay eggs that display only dorsal structures. The resulting embryos are also dorsalized even if fertilized by wild-type sperm. The gene acts midway through oogenesis at about the time dorsoventral (D/V) axis is established within the growing egg chamber. The sqd gene encodes at least three distinct proteins generated by alternative RNA processing that are members of a well-characterized family of RNA-binding proteins. At least one Sqd isoform is essential in somatic tissues. The ventralizing mutations gurken (grk), torpedo (tor), and cornichon are all epistatic to sqd. Strong alleles of grk and top can act as dominant suppressors of sqd dorsalization. A model of D/V axis formation is presented postulating that squid is needed to organize a concentration gradient of a morphogen originating in the germinal vesicle.
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	Here, we study an insect hnRNP M protein, referred to as Hrp59. Hrp59 is relatively abundant, has a modular domain organization containing three RNA-binding domains, is dynamically recruited to transcribed genes, and binds to premRNA cotranscriptionally. Using the Balbiani ring system of Chironomus, we show that Hrp59 accompanies the mRNA from the gene to the nuclear envelope, and is released from the mRNA at the nuclear pore. The association of Hrp59 with transcribed genes is not proportional to the amount of synthesized RNA, and in vivo Hrp59 binds preferentially to a subset of mRNAs, including its own mRNA. By coimmunoprecipitation of Hrp59-RNA complexes and microarray hybridization against Drosophila whole-genome arrays, we identify the preferred mRNA targets of Hrp59 in vivo and show that Hrp59 is required for the expression of these target mRNAs. We also show that Hrp59 binds preferentially to exonic splicing enhancers and our results provide new insights into the role of hnRNP M in splicing regulation.
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	Algorithms designed to identify canonical yeast prions predict that around 250 human proteins, including several RNA-binding proteins associated with neurodegenerative disease, harbour a distinctive prion-like domain (PrLD) enriched in uncharged polar amino acids and glycine. PrLDs in RNA-binding proteins are essential for the assembly of ribonucleoprotein granules. However, the interplay between human PrLD function and disease is not understood. Here we define pathogenic mutations in PrLDs of heterogeneous nuclear ribonucleoproteins (hnRNPs) A2B1 and A1 in families with inherited degeneration affecting muscle, brain, motor neuron and bone, and in one case of familial amyotrophic lateral sclerosis. Wild-type hnRNPA2 (the most abundant isoform of hnRNPA2B1) and hnRNPA1 show an intrinsic tendency to assemble into self-seeding fibrils, which is exacerbated by the disease mutations. Indeed, the pathogenic mutations strengthen a 'steric zipper' motif in the PrLD, which accelerates the formation of self-seeding fibrils that cross-seed polymerization of wild-type hnRNP. Notably, the disease mutations promote excess incorporation of hnRNPA2 and hnRNPA1 into stress granules and drive the formation of cytoplasmic inclusions in animal models that recapitulate the human pathology. Thus, dysregulated polymerization caused by a potent mutant steric zipper motif in a PrLD can initiate degenerative disease. Related proteins with PrLDs should therefore be considered candidates for initiating and perhaps propagating proteinopathies of muscle, brain, motor neuron and bone.
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	Oskar (osk) protein directs the deployment of nanos (nos), the posterior body-patterning morphogen in Drosophila. To avoid inappropriate activation of nos, osk activity must appear only at the posterior pole of the oocyte, where the osk mRNA becomes localized during oogenesis. Here, we show that translation of osk mRNA is, and must be, repressed prior to its localization; absence of repression allows osk protein to accumulate throughout the oocyte, specifying posterior body patterning throughout the embryo. Translational repression is mediated by an ovarian protein, bruno, that binds specifically to bruno response elements (BREs), present in multiple copies in the osk mRNA 3'UTR. Addition of BREs to a heterologous mRNA renders it sensitive to translational repression in the ovary.
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	The NonA protein of Drosophila melanogaster is an abundant nuclear protein that belongs to the DBHS (Drosophila behavior, human splicing) protein family. The DBHS proteins bind both DNA and RNA in vitro and have been involved in different aspects of gene expression, including pre-mRNA splicing, transcription regulation and nuclear retention of mRNA. We have used double-stranded RNA interference in Drosophila S2 cells to silence the expression of NonA and to investigate its role in mRNA biogenesis. We show that knockdown of NonA does not affect transcription nor splicing. We demonstrate that NonA forms a complex with the essential nuclear export factor NXF1 in an RNA-dependent manner. We have constructed stable S2 cell lines that express full-length and truncated NXF1 fused to GFP in order to perform fluorescence recovery after photobleaching experiments. We show that knockdown of NonA reduces the intranuclear mobility of NXF1-GFP associated with poly(A)(+) RNA in vivo, while the mobility of the truncated NXF1-GFP that does not bind RNA is not affected. Our data suggest that NonA facilitates the intranuclear mobility of mRNP particles.
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	Amyotrophic lateral sclerosis (ALS) is a late-onset neurodegenerative disorder characterized by the loss of motor neurons. Fused in sarcoma/translated in liposarcoma (FUS/TLS) and TAR DNA-binding protein (TDP)-43 are DNA/RNA-binding proteins found to be mutated in sporadic and familial forms of ALS. Ectopic expression of human ALS-causing FUS/TLS mutations in Drosophila caused an accumulation of ubiquitinated proteins, neurodegeneration, larval-crawling defect and early lethality. Mutant FUS/TLS localized to both the cytoplasm and nucleus, whereas wild-type FUS/TLS localized only to the nucleus, suggesting that the cytoplasmic localization of FUS/TLS is required for toxicity. Furthermore, we found that deletion of the nuclear export signal strongly suppressed toxicity, suggesting that cytoplasmic localization is necessary for neurodegeneration. Interestingly, we observed that FUS/TLS genetically interacts with TDP-43 in a mutation-dependent fashion to cause neurodegeneration in vivo. In summary, we demonstrate that ALS-associated mutations in FUS/TLS cause adult-onset neurodegeneration via a gain-of-toxicity mechanism that involves redistribution of the protein from the nucleus to the cytoplasm and is likely to involve an interaction with TDP-43.
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	We identified the gene smooth (sm) in a screen for genes that are specifically expressed within the lineage that forms the adult chemosensory bristles. sm is expressed in most or all differentiating neurones during embryogenesis, but is specifically expressed in the neurones of the adult chemosensory organs on the wings and legs during metamorphosis. The inactivation of sm results in axonal defects in the chemosensory neurones, in the inability of mutant flies to feed and in their precocious death. As sm belongs to a family of heterogeneous nuclear ribonucleoprotein (hnRNP), we propose that the control of axonal navigation and connectivity is partly achieved at the level of mRNA splicing or exporting.
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	RNA-binding proteins, and in particular TAR DNA-binding protein 43 (TDP43), are central to the pathogenesis of motor neuron diseases and related neurodegenerative disorders. Studies on human tissue have implicated several possible mechanisms of disease and experimental studies are now attempting to determine whether TDP43-mediated neurodegeneration results from a gain or a loss of function of the protein. In addition, the distinct possibility of pleotropic or combined effects - in which gains of toxic properties and losses of normal TDP43 functions act together - needs to be considered.
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	Neuropathology involving TAR DNA binding protein-43 (TDP-43) has been identified in a wide spectrum of neurodegenerative diseases collectively named as TDP-43 proteinopathy, including amyotrophic lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD). To test whether increased expression of wide-type human TDP-43 (hTDP-43) may cause neurotoxicity in vivo, we generated transgenic flies expressing hTDP-43 in various neuronal subpopulations. Expression in the fly eyes of the full-length hTDP-43, but not a mutant lacking its amino-terminal domain, led to progressive loss of ommatidia with remarkable signs of neurodegeneration. Expressing hTDP-43 in mushroom bodies (MBs) resulted in dramatic axon losses and neuronal death. Furthermore, hTDP-43 expression in motor neurons led to axon swelling, reduction in axon branches and bouton numbers, and motor neuron loss together with functional deficits. Thus, our transgenic flies expressing hTDP-43 recapitulate important neuropathological and clinical features of human TDP-43 proteinopathy, providing a powerful animal model for this group of devastating diseases. Our study indicates that simply increasing hTDP-43 expression is sufficient to cause neurotoxicity in vivo, suggesting that aberrant regulation of TDP-43 expression or decreased clearance of hTDP-43 may contribute to the pathogenesis of TDP-43 proteinopathy.
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	Myotonic dystrophy type 1 (DM1) is a genetic disease caused by the pathological expansion of a CTG trinucleotide repeat in the 3' UTR of the DMPK gene. In the DMPK transcripts, the CUG expansions sequester RNA-binding proteins into nuclear foci, including transcription factors and alternative splicing regulators such as MBNL1. MBNL1 sequestration has been associated with key features of DM1. However, the basis behind a number of molecular and histological alterations in DM1 remain unclear. To help identify new pathogenic components of the disease, we carried out a genetic screen using a Drosophila model of DM1 that expresses 480 interrupted CTG repeats, i(CTG)480, and a collection of 1215 transgenic RNA interference (RNAi) fly lines. Of the 34 modifiers identified, two RNA-binding proteins, TBPH (homolog of human TAR DNA-binding protein 43 or TDP-43) and BSF (Bicoid stability factor; homolog of human LRPPRC), were of particular interest. These factors modified i(CTG)480 phenotypes in the fly eye and wing, and TBPH silencing also suppressed CTG-induced defects in the flight muscles. In Drosophila flight muscle, TBPH, BSF and the fly ortholog of MBNL1, Muscleblind (Mbl), were detected in sarcomeric bands. Expression of i(CTG)480 resulted in changes in the sarcomeric patterns of these proteins, which could be restored by coexpression with human MBNL1. Epistasis studies showed that Mbl silencing was sufficient to induce a subcellular redistribution of TBPH and BSF proteins in the muscle, which mimicked the effect of i(CTG)480 expression. These results provide the first description of TBPH and BSF as targets of Mbl-mediated CTG toxicity, and they suggest an important role of these proteins in DM1 muscle pathology.
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	We investigated the impact of heterogeneous nuclear ribonucleoprotein F (hnRNP F) overexpression on angiotensinogen (Agt) gene expression, hypertension, and renal proximal tubular cell (RPTC) injury in high-glucose milieu both in vivo and in vitro. Diabetic Akita transgenic (Tg) mice specifically overexpressing hnRNP F in their RPTCs were created, and the effects on systemic hypertension, Agt gene expression, renal hypertrophy, and interstitial fibrosis were studied. We also examined immortalized rat RPTCs stably transfected with control plasmid or plasmid containing hnRNP F cDNA in vitro. The results showed that hnRNP F overexpression attenuated systemic hypertension, suppressed Agt and transforming growth factor-beta1 (TGF-beta1) gene expression, and reduced urinary Agt and angiotensin II levels, renal hypertrophy, and glomerulotubular fibrosis in Akita hnRNP F-Tg mice. In vitro, hnRNP F overexpression prevented the high-glucose stimulation of Agt and TGF-beta1 mRNA expression and cellular hypertrophy in RPTCs. These data suggest that hnRNP F plays a modulatory role and can ameliorate hypertension, renal hypertrophy, and interstitial fibrosis in diabetes. The underlying mechanism is mediated, at least in part, via the suppression of intrarenal Agt gene expression in vivo. hnRNP F may be a potential target in the treatment of hypertension and kidney injury in diabetes.
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	The P family of transposable elements in Drosophila melanogaster transpose with exceptionally high frequency when males from P strains carrying multiple copies of these elements are crossed to females from M strains that lack P elements, but with substantially lower frequency in the reciprocal cross. Transposition is associated with enhanced mutation rates, caused by insertion and deletion of P elements, and chromosome rearrangements. If P element mutagenesis creates additional variation for quantitative traits, accelerated response to artificial selection of progeny of M female female X P male male strain crosses is expected, compared with that from progeny of P female female X M male male strain crosses.--Divergent artificial selection for number of bristles on the last abdominal tergite was carried out for 16 generations among the progeny of P-strain males (Harwich) and M-strain females (Canton-S) and also of M-strain males (Canton-S) and P-strain females (Harwich). Each cross was replicated four times. Average realized heritability of abdominal bristle score for the crosses in which P transposition was expected was 0.244 +/- 0.017, 1.5 times greater than average heritability estimated from crosses in which transposition was expected to be rare (0.163 +/- 0.010). Phenotypic variance of abdominal bristle score increased by a factor of four in lines selected from M female female X P male male crosses when compared with those selected from P female female X M male male hybrids. Not all quantitative genetic variation induced by P elements is additive. A substantial fraction of nonadditive genetic variation is implicated by chromosomal analysis, which demonstrates deleterious fitness effects of the mutations when homozygous.--Several putative "quantitative" mutations were identified from chromosomes extracted from the selected lines; these will form the basis for further investigation at the molecular level of the genes controlling quantitative inheritance.
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	The corticospinal system is the principal motor system for controlling movements that require the greatest skill and flexibility. It is the last motor system to develop. The pattern of termination of corticospinal axons, as they grow into the spinal gray matter, bears little resemblance to the pattern later in development and in maturity. Refinement of corticospinal terminations occurs during a protracted postnatal period and includes both elimination of transient terminations and growth to new targets. This refinement is driven by neural activity in the motor cortical areas and by limb motor experience. Developing corticospinal terminals compete with each other for synaptic space on spinal neurons. More active terminals are more competitive and are able to secure more synaptic space than their less active counterparts. Corticospinal terminals can activate spinal neurons from very early in development. The importance of this early synaptic activity appears to be more for refining corticospinal connections than for transmitting signals to spinal motor circuits for movement control. The motor control functions of the corticospinal system are not expressed until development of connectional specificity with spinal cord neurons, a strong capacity for corticospinal synapses to facilitate spinal motor circuits, and the formation of the cortical motor map.
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	The localization of mRNAs to subcellular compartments provides a mechanism for regulating gene expression with exquisite temporal and spatial control. Recent studies suggest that a large fraction of mRNAs localize to distinct cytoplasmic domains. In this Review, we focus on cis-acting RNA localization elements, RNA-binding proteins, and the assembly of mRNAs into granules that are transported by molecular motors along cytoskeletal elements to their final destination in the cell.
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	Amyotrophic lateral sclerosis (ALS) has its onset in middle age and is a progressive disorder characterized by degeneration of motor neurons of the primary motor cortex, brainstem and spinal cord. Most cases of ALS are sporadic, but about 10% are familial. Genes known to cause classic familial ALS (FALS) are superoxide dismutase 1 (SOD1), ANG encoding angiogenin, TARDP encoding transactive response (TAR) DNA-binding protein TDP-43 (ref. 4) and fused in sarcoma/translated in liposarcoma (FUS, also known as TLS). However, these genetic defects occur in only about 20-30% of cases of FALS, and most genes causing FALS are unknown. Here we show that there are mutations in the gene encoding optineurin (OPTN), earlier reported to be a causative gene of primary open-angle glaucoma (POAG), in patients with ALS. We found three types of mutation of OPTN: a homozygous deletion of exon 5, a homozygous Q398X nonsense mutation and a heterozygous E478G missense mutation within its ubiquitin-binding domain. Analysis of cell transfection showed that the nonsense and missense mutations of OPTN abolished the inhibition of activation of nuclear factor kappa B (NF-kappaB), and the E478G mutation revealed a cytoplasmic distribution different from that of the wild type or a POAG mutation. A case with the E478G mutation showed OPTN-immunoreactive cytoplasmic inclusions. Furthermore, TDP-43- or SOD1-positive inclusions of sporadic and SOD1 cases of ALS were also noticeably immunolabelled by anti-OPTN antibodies. Our findings strongly suggest that OPTN is involved in the pathogenesis of ALS. They also indicate that NF-kappaB inhibitors could be used to treat ALS and that transgenic mice bearing various mutations of OPTN will be relevant in developing new drugs for this disorder.
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	When messenger RNA precursors (pre-mRNAs) containing alternative 5' splice sites are spliced in vitro, the relative concentrations of the heterogeneous ribonucleoprotein (hnRNP) A1 and the essential splicing factor SF2 precisely determine which 5' splice site is selected. In general, an excess of hnRNP A1 favors distal 5' splice sites, whereas an excess of SF2 results in utilization of proximal 5' splice sites. The regulation of these antagonistic activities may play an important role in the tissue-specific and developmental control of gene expression by alternative splicing.
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	In the Drosophila oocyte, mRNA transport and localised translation play a fundamental role in axis determination and germline formation of the future embryo. gurken mRNA encodes a secreted TGF-alpha signal that specifies dorsal structures, and is localised to the dorso-anterior corner of the oocyte via a cis-acting 64 nucleotide gurken localisation signal. Using GRNA chromatography, we characterised the biochemical composition of the ribonucleoprotein complexes that form around the gurken mRNA localisation signal in the oocyte. We identified a number of the factors already known to be involved in gurken localisation and translational regulation, such as Squid and Imp, in addition to a number of factors with known links to mRNA localisation, such as Me31B and Exu. We also identified previously uncharacterised Drosophila proteins, including the fly homologue of mammalian SYNCRIP/hnRNPQ, a component of RNA transport granules in the dendrites of mammalian hippocampal neurons. We show that Drosophila Syncrip binds specifically to gurken and oskar, but not bicoid transcripts. The loss-of-function and overexpression phenotypes of syncrip in Drosophila egg chambers show that the protein is required for correct grk and osk mRNA localisation and translational regulation. We conclude that Drosophila Syncrip is a new factor required for localisation and translational regulation of oskar and gurken mRNA in the oocyte. We propose that Syncrip/SYNCRIP is part of a conserved complex associated with localised transcripts and required for their correct translational regulation in flies and mammals.
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	The intracellular localization of mRNA is an important mechanism for targeting proteins to their sites of function. Localized transcripts play key roles ranging from body axis determination to synapse plasticity, and recent studies highlight how common localized transcripts are in a variety of model organisms. In this review, we consider the full range of known mechanisms for delivering transcripts and anchoring them at their site of function. Finally, we evaluate the progress that has been made in the nervous system in understanding the mechanism and function of mRNA localization and translation regulation.
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	Seven Sm proteins, termed B/B', D1, D2, D3, E, F, and G, assemble in an ordered manner onto U snRNAs to form the Sm core of the spliceosomal snRNPs U1, U2, U4/U6, and U5. The survival of motor neuron (SMN) protein binds to Sm proteins and mediates in the context of a macromolecular (SMN-) complex the assembly of the Sm core. Binding of SMN to Sm proteins is enhanced by modification of specific arginine residues in the Sm proteins D1 and D3 to symmetrical dimethylarginines (sDMAs), suggesting that assembly might be regulated at the posttranslational level. Here we provide evidence that the previously described pICln-complex, consisting of Sm proteins, the methyltransferase PRMT5, pICln, and two novel factors, catalyzes the sDMA modification of Sm proteins. In vitro studies further revealed that the pICln complex inhibits the spontaneous assembly of Sm proteins onto a U snRNA. This effect is mediated by pICln via its binding to the Sm fold of Sm proteins, thereby preventing specific interactions between Sm proteins required for the formation of the Sm core. Our data suggest that the pICln complex regulates an early step in the assembly of U snRNPs, possibly the transfer of Sm proteins to the SMN-complex.
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	Alternative splicing of the Sex-lethal pre-mRNA has long served as a model example of a regulated splicing event, yet the mechanism by which the female-specific SEX-LETHAL RNA-binding protein prevents inclusion of the translation-terminating male exon is not understood. Thus far, the only general splicing factor for which there is in vivo evidence for a regulatory role in the pathway leading to male-exon skipping is sans-fille (snf), a protein component of the spliceosomal U1 and U2 snRNPs. Its role, however, has remained enigmatic because of questions about whether SNF acts as part of an intact snRNP or a free protein. We provide evidence that SEX-LETHAL interacts with SANS-FILLE in the context of the U1 snRNP, through the characterization of a point mutation that interferes with both assembly into the U1 snRNP and complex formation with SEX-LETHAL. Moreover, we find that SEX-LETHAL associates with other integral U1 snRNP components, and we provide genetic evidence to support the biological relevance of these physical interactions. Similar genetic and biochemical approaches also link SEX-LETHAL with the heterodimeric splicing factor, U2AF. These studies point specifically to a mechanism by which SEX-LETHAL represses splicing by interacting with these key splicing factors at both ends of the regulated male exon. Moreover, because U2AF and the U1 snRNP are only associated transiently with the pre-mRNA during the course of spliceosome assembly, our studies are difficult to reconcile with the current model that proposes that the SEX-LETHAL blocks splicing at the second catalytic step, and instead argue that the SEX-LETHAL protein acts after splice site recognition, but before catalysis begins.
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	A suppressor mutation, D53, of the held-up(2) allele of the Drosophila melanogaster Troponin I (wupA) gene is described. D53, a missense mutation, S185F, of the tropomyosin-2, Tm2, gene fully suppresses all the phenotypic effects of held-up(2), including the destructive hypercontraction of the indirect flight muscles (IFMs), a lack of jumping, the progressive myopathy of the walking muscles, and reductions in larval crawling and feeding behavior. The suppressor restores normal function of the IFMs, but flight ability decreases with age and correlates with an unusual, progressive structural collapse of the myofibrillar lattice starting at the center. The S185F substitution in Tm2 is close to a troponin T binding site on tropomyosin. Models to explain suppression by D53, derived from current knowledge of the vertebrate troponin-tropomyosin complex structure and functions, are discussed. The effects of S185F are compared with those of two mutations in residues 175 and 180 of human alpha-tropomyosin 1 which cause familial hypertrophic cardiomyopathy (HCM).
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	Several proteins that interact with RNA, e.g. the heterogenous ribonucleoprotein particle A and B proteins, fibrillarin and nucleolin, contain the modified amino acid NG,NG-dimethylarginine. Here, we report that two synthetic peptides, Ac-GGRGGFGGRGGFGGRGGFG-NH2 (R3) and GGFGGRGGFG-NH2 (R1), which are based on methylated sequences in fibrillarin and nucleolin, inhibit the methylation of a large majority of the methyl-accepting proteins observed in extracts of adenosine dialdehyde-treated PC12 cells. Concomitantly, the peptides themselves become methylated, suggesting that they compete for the same enzyme that carries out the bulk of N-methylation in PC12 cells. R3 potently inhibits formation of NG,NG-dimethylarginine in PC12 substrates, with a lesser effect on NG-monomethylarginine and NG,N'G-dimethylarginine. Bovine brain contains an activity that methylates PC12 methyl acceptors. After partial purification, the bovine methyltransferase efficiently modifies R3 and R1, yielding half-maximal rates of methylation at approximately 0.2 and approximately 2 microM peptide, respectively. A search of the GenPept database for the FGGRGGF motif revealed 13 candidate methyl acceptors containing arginine and at most two similar substitutions or one mismatch. Of these, 10 are known or presumed to interact with RNA. These findings are consistent with the hypothesis that a majority of proteins containing NG,NG-dimethylarginine interact with RNA.
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	Cell-cell interactions in the Drosophila ovary play a crucial role in the establishment of dorsoventral polarity of both the egg shell and the future embryo. Torpedo/DER (top/DER), a homolog of the vertebrate epidermal growth factor receptor, is required for this signaling process in the somatic cells of the ovary. In contrast, gurken (grk), which also functions in this pathway, is required in the germline. We cloned the grk gene and found that it encodes a TGF alpha-like protein. Grk is, therefore, likely to be a ligand of top/DER, activating the receptor during oogenesis. During oogenesis, the grk transcript becomes asymmetrically localized to the dorsal corner of the oocyte. We propose that the dorsal localization of grk RNA results in a spatially restricted ligand that asymmetrically activates the receptor.
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	Ubiquitin-positive, tau- and alpha-synuclein-negative inclusions are hallmarks of frontotemporal lobar degeneration with ubiquitin-positive inclusions and amyotrophic lateral sclerosis. Although the identity of the ubiquitinated protein specific to either disorder was unknown, we showed that TDP-43 is the major disease protein in both disorders. Pathologic TDP-43 was hyper-phosphorylated, ubiquitinated, and cleaved to generate C-terminal fragments and was recovered only from affected central nervous system regions, including hippocampus, neocortex, and spinal cord. TDP-43 represents the common pathologic substrate linking these neurodegenerative disorders.
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	The heterogeneous nuclear ribonucleoproteins (hnRNP) associate with pre-mRNA in the nucleus and play an important role in RNA processing and splice site selection. In addition, hnRNP A proteins function in the export of mRNA to the cytoplasm. Although the hnRNP A proteins are predominantly nuclear, hnRNP A1 shuttles rapidly between the nucleus and the cytoplasm. HnRNP A2, whose cytoplasmic overexpression has been identified as an early biomarker of lung cancer, has been less well studied. Cytosolic hnRNP A2 overexpression has also been noted in brain tumors, in which it has been correlated with translational repression of Glucose Transporter-1 expression. We now examine the role of arginine methylation on the nucleocytoplasmic localization of hnRNP A2 in the HEK-293 and NIH-3T3 mammalian cell lines. Treatment of either cell line with the methyltransferase inhibitor adenosine dialdehyde dramatically shifts hnRNP A2 localization from the nuclear to the cytoplasmic compartment, as shown both by immunoblotting and by immunocytochemistry. In vitro radiolabeling with [(3)H]AdoMet of GST-tagged hnRNP A2 RGG mutants, using recombinant protein arginine methyltransferase (PRMT1), shows (i) that hnRNP A2 is a substrate for PRMT1 and (ii) that methylated residues are found only in the RGG domain. Deletion of the RGG domain (R191-G253) of hnRNP A2 results in a cytoplasmic localization phenotype, detected both by immunoblotting and by immunocytochemistry. These studies indicate that the RGG domain of hnRNP A2 contains sequences critical for cellular localization of the protein. The data suggest that hnRNP A2 may contain a novel nuclear localization sequence, regulated by arginine methylation, that lies in the R191-G253 region and may function independently of the M9 transportin-1-binding region in hnRNP A2.
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	The spatial regulation of Egfr activity in the follicular epithelium of the ovary is achieved by the localization of its ligand, Gurken, within the germline. The final distribution of Gurken within the oocyte appears to be specified both by the localization of the gurken RNA and by regulation of Gurken protein accumulation, possibly at the level of translation. Localized activation of the Egfr distinguishes certain subpopulations of follicle cells, thereby generating asymmetry within the follicular epithelium. In early oogenesis, Egfr activation in posterior follicle cells defines the AP polarity of the egg chamber, and in midoogenesis restriction of Egfr activity to dorsal follicle cells determines DV polarity. A number of factors required downstream of the Egfr have been identified, but the mechanism by which the observed patterning of the follicular epithelium is achieved remains unclear. The dynamic expression patterns of some of these targets suggest that the initial Gurken-Egfr signal at the dorsal side of the follicular epithelium mediates an initial distinction between dorsal and ventral follicle cells and also initiates subsequent refinement processes that determine the final pattern of cell fates. In the dorsal follicle cells, this refinement appears to involve interactions between Egfr targets and may also involve feedback regulation of Egfr activity such that the profile of Egfr activity is modulated over time. In addition, the initial Gurken-Egfr signal negatively regulates the functional domain of another patterning process that governs the establishment of the DV axis of the developing embryo.

[bookmark: _ENREF_81]Nishimura, A. L., M. Mitne-Neto, et al. (2004). "A mutation in the vesicle-trafficking protein VAPB causes late-onset spinal muscular atrophy and amyotrophic lateral sclerosis." American journal of human genetics 75(5): 822-831.
	Motor neuron diseases (MNDs) are a group of neurodegenerative disorders with involvement of upper and/or lower motor neurons, such as amyotrophic lateral sclerosis (ALS), spinal muscular atrophy (SMA), progressive bulbar palsy, and primary lateral sclerosis. Recently, we have mapped a new locus for an atypical form of ALS/MND (atypical amyotrophic lateral sclerosis [ALS8]) at 20q13.3 in a large white Brazilian family. Here, we report the finding of a novel missense mutation in the vesicle-associated membrane protein/synaptobrevin-associated membrane protein B (VAPB) gene in patients from this family. Subsequently, the same mutation was identified in patients from six additional kindreds but with different clinical courses, such as ALS8, late-onset SMA, and typical severe ALS with rapid progression. Although it was not possible to link all these families, haplotype analysis suggests a founder effect. Members of the vesicle-associated proteins are intracellular membrane proteins that can associate with microtubules and that have been shown to have a function in membrane transport. These data suggest that clinically variable MNDs may be caused by a dysfunction in intracellular membrane trafficking.
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	The nuclear-cytoplasmic shuttling heterogeneous nuclear RNA-binding protein (hnRNP) Squid (Sqd) is required during Drosophila melanogaster oogenesis, where it plays a critical role in the regulation of the TGFalpha-like molecule Gurken (Grk). Three Sqd isoforms have been described, SqdA, S and B, and two of these, SqdA and SqdS, differentially function in grk mRNA nuclear export, cytoplasmic transport and translational control during oogenesis. Here, we report that Sqd is also required for the regulation of oskar (osk) mRNA, functioning in the cytoplasmic localization of the osk transcript. In oocytes from sqd females, osk mRNA is not efficiently localized to the posterior pole, but rather accumulates at the anterior cortex. Furthermore, anterior patterning defects observed in embryos from sqd females expressing only the SqdS protein isoform suggest that Sqd may also play a role in the translational regulation of the mislocalized osk mRNA. These findings provide additional support for models of mRNA regulation in which cytoplasmic events, such as localization and translational regulation, are coupled. These results also place Sqd among an emerging class of proteins, including such other members as Bruno (Bru) and Hrb27C/Hrp48, which function in multiple aspects of both grk and osk mRNA regulation during Drosophila oogenesis.
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	Heterogeneous nuclear RNA-binding proteins, hnRNPs, have been implicated in nuclear export of mRNAs in organisms from yeast to humans. A germ-line mutation in a Drosophila hnRNP, Squid (Sqd)/hrp40, causes female sterility as a result of mislocalization of gurken (grk) mRNA during oogenesis. Alternative splicing produces three isoforms, SqdA, SqdB, and SqdS. Here we show that these isoforms are not equivalent; SqdA and SqdS perform overlapping but nonidentical functions in grk mRNA localization and protein accumulation, whereas SqdB cannot perform these functions. Furthermore, although all three Sqd isoforms are expressed in the germline cells of the ovary, they display distinct intracellular distributions. Both SqdB and SqdS are detected in germ-line nuclei, whereas SqdA is predominantly cytoplasmic. We show that this differential nuclear accumulation is correlated with a differential association with the nuclear import protein Transportin. Finally, we provide evidence that grk mRNA localization and translation are coupled by an interaction between Sqd and the translational repressor protein Bruno. These results demonstrate the isoform-specific contributions of individual hnRNP proteins in the regulation of a specific mRNA. Moreover, these data suggest a novel role for hnRNPs in localization and translational regulation of mRNAs.
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	The discovery of the therapeutic potential of stem cells offers new opportunities for the treatment of incurable neurological diseases. Based on their biological properties, stem cells act as manufacturers, maintaining the cellular tissue/organ homeostasis in physiological and pathological conditions. Thus, stem cell replacement therapy for central and peripheral nervous system disorders aims at repopulating the affected neural tissue with new neurons, as well as with other neural cells. In this review, we will report on investigations that are raising the promise and the understanding of the challenges behind translating stem cell biology into a novel clinical therapeutic potential for central and peripheral nervous system diseases.
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	In an initial preliminary screen we identified factors associated with controlling Drosophila aging by examining longevity in adults where EP elements induced over-expression or antisense-RNA at genes adjacent to each insertion. Here, we study 45 EP lines that initially showed at least 10% longer mean lifespan than controls. These 45 lines and a daughterless (da)-Gal4 stock were isogenized into a CS10 wild-type background. Sixteen EP lines corresponding to 15 genes significantly extended lifespan when their target genes were driven by da-Gal4. In each case, the target genes were seen to be over-expressed. Independently derived UAS-gene transgenic stocks were available or made for two candidates: ImpL2 which is ecdysone-inducible gene L2, and CG33138, 1,4-alpha-glucan branching enzyme. With both, adult lifespan was increased upon over-expression via the GeneSwitch inducible Gal4 driver system. Several genes in this set of 15 correspond to previously discovered longevity assurance systems such as insulin/IGF-1 signaling, gene silencing, and autophagy; others suggest new potential mechanisms for the control of aging including mRNA synthesis and maturation, intracellular vesicle trafficking, and neuroendocrine regulation.
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	The common fruit fly, Drosophila melanogaster, is a well studied and highly tractable genetic model organism for understanding molecular mechanisms of human diseases. Many basic biological, physiological, and neurological properties are conserved between mammals and D. melanogaster, and nearly 75% of human disease-causing genes are believed to have a functional homolog in the fly. In the discovery process for therapeutics, traditional approaches employ high-throughput screening for small molecules that is based primarily on in vitro cell culture, enzymatic assays, or receptor binding assays. The majority of positive hits identified through these types of in vitro screens, unfortunately, are found to be ineffective and/or toxic in subsequent validation experiments in whole-animal models. New tools and platforms are needed in the discovery arena to overcome these limitations. The incorporation of D. melanogaster into the therapeutic discovery process holds tremendous promise for an enhanced rate of discovery of higher quality leads. D. melanogaster models of human diseases provide several unique features such as powerful genetics, highly conserved disease pathways, and very low comparative costs. The fly can effectively be used for low- to high-throughput drug screens as well as in target discovery. Here, we review the basic biology of the fly and discuss models of human diseases and opportunities for therapeutic discovery for central nervous system disorders, inflammatory disorders, cardiovascular disease, cancer, and diabetes. We also provide information and resources for those interested in pursuing fly models of human disease, as well as those interested in using D. melanogaster in the drug discovery process.
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	The Survival of Motor Neurons (SMN) protein, the product of the spinal muscular atrophy-determining gene, is part of a large macromolecular complex (SMN complex) that functions in the assembly of spliceosomal small nuclear ribonucleoproteins (snRNPs). Using cell extracts and purified components, we demonstrated that the SMN complex is necessary and sufficient to mediate the ATP-dependent assembly of the core of seven Sm proteins on uridine-rich, small nuclear ribonucleic acids (U snRNAs). In vitro experiments revealed strict requirements for ordered binding of the Sm proteins and the U snRNAs to the SMN complex. Importantly, the SMN complex is necessary to ensure that Sm cores assemble only on correct RNA targets and prevent their otherwise promiscuous association with other RNAs. Thus, the SMN complex functions as a specificity factor essential for the efficient assembly of Sm proteins on U snRNAs and likely protects cells from illicit, and potentially deleterious, nonspecific binding of Sm proteins to RNAs.
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	Heterochromatin protein 1 (HP1) is a conserved nonhistone chromosomal protein, which is involved in heterochromatin formation and gene silencing in many organisms. In addition, it has been shown that HP1 is also involved in telomere capping in Drosophila. Here, we show a novel striking feature of this protein demonstrating its involvement in the activation of several euchromatic genes in Drosophila. By immunostaining experiments using an HP1 antibody, we found that HP1 is associated with developmental and heat shock-induced puffs on polytene chromosomes. Because the puffs are the cytological phenotype of intense gene activity, we did a detailed analysis of the heat shock-induced expression of the HSP70 encoding gene in larvae with different doses of HP1 and found that HP1 is positively involved in Hsp70 gene activity. These data significantly broaden the current views of the roles of HP1 in vivo by demonstrating that this protein has multifunctional roles.
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	The cell body has classically been considered the exclusive source of axonal proteins. However, significant evidence has accumulated recently to support the view that protein synthesis can occur in axons themselves, remote from the cell body. Indeed, local translation in axons may be integral to aspects of synaptogenesis, long-term facilitation, and memory storage in invertebrate axons, and for growth cone navigation in response to environmental stimuli in developing vertebrate axons. Here we review the evidence supporting mRNA translation in axons and discuss the potential roles that local protein synthesis may play during development and subsequent neuronal function. We advance the view that local translation provides a rapid supply of nascent proteins in restricted axonal compartments that can potentially underlie long-term responses to transient stimuli.
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	Inclusion body myopathy associated with Paget's disease of bone and frontotemporal dementia (IBMPFD) is a dominantly inherited degenerative disorder caused by mutations in the valosin-containing protein (VCP7) gene. VCP (p97 in mouse, TER94 in Drosophila melanogaster, and CDC48 in Saccharomyces cerevisiae) is a highly conserved AAA(+) (ATPases associated with multiple cellular activities) ATPase that regulates a wide array of cellular processes. The mechanism of IBMPFD pathogenesis is unknown. To elucidate the pathogenic mechanism, we developed and characterized a Drosophila model of IBMPFD (mutant-VCP-related degeneration). Based on genetic screening of this model, we identified three RNA-binding proteins that dominantly suppressed degeneration; one of these was TBPH, the Drosophila homolog of TAR (trans-activating response region) DNA-binding protein 43 (TDP-43). Here we demonstrate that VCP and TDP-43 interact genetically and that disease-causing mutations in VCP lead to redistribution of TDP-43 to the cytoplasm in vitro and in vivo, replicating the major pathology observed in IBMPFD and other TDP-43 proteinopathies. We also demonstrate that TDP-43 redistribution from the nucleus to the cytoplasm is sufficient to induce cytotoxicity. Furthermore, we determined that a pathogenic mutation in TDP-43 promotes redistribution to the cytoplasm and enhances the genetic interaction with VCP. Together, our results show that degeneration associated with VCP mutations is mediated in part by toxic gain of function of TDP-43 in the cytoplasm. We suggest that these findings are likely relevant to the pathogenic mechanism of a broad array of TDP-43 proteinopathies, including frontotemporal lobar degeneration and amyotrophic lateral sclerosis.
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	Amyotrophic lateral sclerosis (ALS) is a degenerative disorder of motor neurons in the cortex, brainstem and spinal cord. Its cause is unknown and it is uniformly fatal, typically within five years. About 10% of cases are inherited as an autosomal dominant trait, with high penetrance after the sixth decade. In most instances, sporadic and autosomal dominant familial ALS (FALS) are clinically similar. We have previously shown that in some but not all FALS pedigrees the disease is linked to a genetic defect on chromosome 21q (refs 8, 9). Here we report tight genetic linkage between FALS and a gene that encodes a cytosolic, Cu/Zn-binding superoxide dismutase (SOD1), a homodimeric metalloenzyme that catalyzes the dismutation of the toxic superoxide anion O2.- to O2 and H2O2 (ref. 10). Given this linkage and the potential role of free radical toxicity in other neurodenegerative disorders, we investigated SOD1 as a candidate gene in FALS. We identified 11 different SOD1 missense mutations in 13 different FALS families.
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	Nuclear RNA-binding protein p54(nrb) and its murine homolog NonO are known to be involved in a variety of nuclear processes including transcription and RNA processing. Melanoma inhibitory activity (MIA) has been shown to play an essential role in the progression of malignant melanoma and to influence melanoma-associated molecules and pathways in the early tumor formation steps. Interestingly, recent studies suggest that MIA is a regulator of p54(nrb). Here, we show that p54(nrb) is strongly expressed and localized in the nucleus of both melanoma cell lines and melanoma tissue samples compared with normal human melanocytes or normal skin, respectively. Furthermore, all tested melanoma cell lines revealed strong p54(nrb) promoter activity. Treatment with MIA-specific small interfering RNAs showed an influence of MIA on p54(nrb) expression on both messenger RNA (mRNA) and protein level. Knockdown of p54(nrb) protein in melanoma cell lines led to reduced proliferation rates and to a strong decrease in their migratory potential. In addition, attachment to laminin and poly-l-lysine was significantly increased. We could identify Connexin-43 (Cx-43) as a downstream target molecule of p54(nrb) as knockdown of p54(nrb) resulted in enhanced Cx-43 mRNA and protein levels. As a confirmation of these findings, melanoma cell lines showed very low Cx-43 expression levels compared with melanocytes. Our results demonstrate that p54(nrb) is highly expressed in malignant melanoma and, as a MIA target molecule, it seems to be involved in the development and progression of malignant melanoma.
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	TAR DNA-binding protein 43 (TDP-43) is associated with a spectrum of neurodegenerative diseases. Although TDP-43 resembles heterogeneous nuclear ribonucleoproteins, its RNA targets and physiological protein partners remain unknown. Here we identify RNA targets of TDP-43 from cortical neurons by RNA immunoprecipitation followed by deep sequencing (RIP-seq). The canonical TDP-43 binding site (TG)(n) is 55.1-fold enriched, and moreover, a variant with adenine in the middle, (TG)(n)TA(TG)(m), is highly abundant among reads in our TDP-43 RIP-seq library. TDP-43 RNA targets can be divided into three different groups: those primarily binding in introns, in exons, and across both introns and exons. TDP-43 RNA targets are particularly enriched for Gene Ontology terms related to synaptic function, RNA metabolism, and neuronal development. Furthermore, TDP-43 binds to a number of RNAs encoding for proteins implicated in neurodegeneration, including TDP-43 itself, FUS/TLS, progranulin, Tau, and ataxin 1 and -2. We also identify 25 proteins that co-purify with TDP-43 from rodent brain nuclear extracts. Prominent among them are nuclear proteins involved in pre-mRNA splicing and RNA stability and transport. Also notable are two neuron-enriched proteins, methyl CpG-binding protein 2 and polypyrimidine tract-binding protein 2 (PTBP2). A PTBP2 consensus RNA binding motif is enriched in the TDP-43 RIP-seq library, suggesting that PTBP2 may co-regulate TDP-43 RNA targets. This work thus reveals the protein and RNA components of the TDP-43-containing ribonucleoprotein complexes and provides a framework for understanding how dysregulation of TDP-43 in RNA metabolism contributes to neurodegeneration.
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	Asymmetric mRNA localization is an effective mechanism for establishing cellular and developmental polarity. Posterior localization of oskar in the Drosophila oocyte targets the synthesis of Oskar to the posterior, where Oskar initiates the assembly of the germ plasm. In addition to harboring germline determinants, the germ plasm is required for localization and translation of the abdominal determinant nanos. Consequently, failure of oskar localization during oogenesis results in embryos lacking germ cells and abdominal segments. oskar accumulates at the oocyte posterior during mid-oogenesis through a well-studied process involving kinesin-mediated transport. Through live imaging of oskar mRNA, we have uncovered a second, mechanistically distinct phase of oskar localization that occurs during late oogenesis and results in amplification of the germ plasm. Analysis of two newly identified oskar localization factors, Rumpelstiltskin and Lost, that are required specifically for this late phase of oskar localization shows that germ plasm amplification ensures robust abdomen and germ cell formation during embryogenesis. In addition, our results indicate the importance of mechanisms for adapting mRNAs to utilize multiple localization pathways as necessitated by the dramatic changes in ovarian physiology that occur during oogenesis.
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	Proper deployment of Nanos protein at the posterior of the Drosophila embryo, where it directs posterior development, requires a combination of RNA localization and translational controls. These controls ensure that only the posteriorly-localized nanos mRNA is translated, whereas unlocalized nanos mRNA is translationally repressed. Here we describe cloning of the gene encoding Smaug, an RNA-binding protein that interacts with the sequences, SREs, in the nanos mRNA that mediate translational repression. Using an in vitro translation assay, we demonstrate that SRE-dependent repression occurs in extracts from early stage embryos. Immunodepletion of Smaug from the extracts eliminates repression, consistent with the notion that Smaug is involved. Smaug is a novel gene and the existence of potential mammalian Smaug homologs raises the possibility that Smaug represents a new class of conserved translational repressor.
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	Fragile X-associated tremor/ataxia syndrome (FXTAS) is a recently described neurodegenerative disorder of older adult carriers of premutation alleles (60-200 CGG repeats) in the fragile X mental retardation gene (FMR1). It has been proposed that FXTAS is an RNA-mediated neurodegenerative disease caused by the titration of RNA-binding proteins by the CGG repeats. To test this hypothesis, we utilize a transgenic Drosophila model of FXTAS that expresses a premutation-length repeat (90 CGG repeats) from the 5' UTR of the human FMR1 gene and displays neuronal degeneration. Here, we show that overexpression of RNA-binding proteins hnRNP A2/B1 and CUGBP1 suppresses the phenotype of the CGG transgenic fly. Furthermore, we show that hnRNP A2/B1 directly interacts with riboCGG repeats and that the CUGBP1 protein interacts with the riboCGG repeats via hnRNP A2/B1.
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	Amyotrophic lateral sclerosis (ALS) is a fatal motor neuron disorder characterized pathologically by ubiquitinated TAR DNA binding protein (TDP-43) inclusions. The function of TDP-43 in the nervous system is uncertain, and a mechanistic role in neurodegeneration remains speculative. We identified neighboring mutations in a highly conserved region of TARDBP in sporadic and familial ALS cases. TARDBPM337V segregated with disease within one kindred and a genome-wide scan confirmed that linkage was restricted to chromosome 1p36, which contains the TARDBP locus. Mutant forms of TDP-43 fragmented in vitro more readily than wild type and, in vivo, caused neural apoptosis and developmental delay in the chick embryo. Our evidence suggests a pathophysiological link between TDP-43 and ALS.
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	The no-on-transient-A (nonA) gene of Drosophila melanogaster influences vision, courtship song, and viability. The nonA-encoded polypeptide is inferred to bind single-stranded nucleic acids. Although sequence-analysis of NONA implies that it belongs to a special interspecific family of this protein type, it does contain two classical RNA recognition motifs (RRM). Their behavioral significance was assayed by generating transgenic strains that were singly or multiply mutated within the relatively N-terminal motif (RRM1) or within RRM2. Neither class of mutation affected NONA binding to polytene chromosomes. The former mutations led to extremely low viability, accompanied by diminished adult longevities that were much worse than for a nonA-null mutant, implying that faulty interpolypeptide interactions might accompany the effects of the amino-acid substitutions within RRM1. All in vitro-mutated types caused optomotor blindness and an absence of transient spikes in the electroretinogram. Courtship analysis discriminated between the effects of the mutations: the RRM2-mutated type generated song pulses and trains that tended to be mildly mutant. These phenotypic abnormalities reinforce the notion that nonA's ubiquitous expression has its most important consequences in the optic lobes, the thoracic ganglia, or both, depending in part on the nonA allele.
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	We have performed a genetic analysis of the 14C region of the X chromosome of Drosophila melanogaster to isolate loss of function alleles of no-on-transient A (nonA; 14C1-2; 1-52.3). NONA is a nuclear protein common to many cell types, which is present in many puffs on polytene chromosomes. Sequence data suggest that the protein contains a pair of RNA binding motifs (RRM) found in many single-strand nucleic acid binding proteins. Hypomorphic alleles of this gene, which lead to aberrant visual and courtship song behavior, still contain normally distributed nonA RNA and NONA protein in embryos, and in all available alleles NONA protein is present in puffs of third instar larval polytene chromosomes. We find that complete loss of this general nuclear protein is semilethal in hemizygous males and homozygous cell lethal in the female germline. Surviving males show more extreme defects in nervous system function than have been described for the hypomorphic alleles. Five other essential genes that reside within this region have been partially characterized.
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	We have previously described a partial Drosophila cDNA, clone P19, which bears homology to members of the RNA recognition motif (RRM) family of proteins [Haynes et al. (1987) Proc. Natl. Acad. Sci. USA, 84, 1819-1823]. RNA binding as well as involvement in RNA processing has been demonstrated for some RRM proteins. We report here the further characterization of P19, which we renamed cabeza (caz). caz is located on the X chromosome at position 14B. Using Northern analysis, at least four transcripts from the caz gene were observed at varying levels during development. caz mRNA and protein are enriched in the brain and central nervous system during embryogenesis. In addition, the protein is enriched in the adult head. UV crosslinking was used to demonstrate in vitro RNA binding activity for full-length recombinant caz protein and for the caz RRM domain. Sequence analysis revealed caz is related to two human genes, EWS and TLS, which are involved in chromosomal translocations. The fusion of EWS and TLS to other cellular genes results in sarcoma formation. In addition to their overall structural organization and sequence similarity, these three genes share an RRM which is divergent from typical RRMs. Therefore, it appears that these genes constitute a new sub-family of RNA binding proteins.

[bookmark: _ENREF_101]Strong, M. J. (2010). "The evidence for altered RNA metabolism in amyotrophic lateral sclerosis (ALS)." Journal of the neurological sciences 288(1-2): 1-12.
	In this review, the role of aberrant RNA metabolism in ALS is examined, including the evidence that a majority of the genetic mutations observed in familial ALS (including mutations in TDP-43, FUS/TLS, SOD1, angiogenin (ANG) and senataxin (SETX)) can impact directly on either gene transcription, pre-mRNA splicing, ribonucleoprotein complex formation, transport, RNA translation or degradation. The evidence that perturbed expression or function of RNA binding proteins is causally related to the selective suppression of the low molecular weight subunit protein (NFL) steady state mRNA levels in degenerating motor neurons in ALS is examined. The discovery that mtSOD1, TDP-43 and 14-3-3 proteins, all of which form cytosolic aggregates in ALS, can each modulate the stability of NFL mRNA, suggests that a fundamental alteration in the interaction of mRNA species with key trans-acting binding factors has occurred in ALS. These observations lead directly to the hypothesis that ALS can be viewed as a disorder of RNA metabolism, thus providing a novel pathway for the development of molecular pharmacotherapies.

[bookmark: _ENREF_102]Tan, H., A. Qurashi, et al. (2012). "Retrotransposon activation contributes to fragile X premutation rCGG-mediated neurodegeneration." Human molecular genetics 21(1): 57-65.
	Fragile X-associated tremor/ataxia syndrome (FXTAS) is a neurodegenerative disorder associated with fragile X premutation carriers. Previous studies have shown that fragile X rCGG repeats are sufficient to cause neurodegeneration and that the rCGG-repeat-binding proteins Pur alpha and heterogeneous nuclear ribonucleoprotein (hnRNP) A2/B1 could modulate rCGG-mediated neuronal toxicity. Mobile genetic elements or their remnants populate the genomes, and the activities of these elements are tightly controlled for the fitness of host genomes in different organisms. Here we provide both biochemical and genetic evidence to show that the activation of a specific retrotransposon, gypsy, can modulate rCGG-mediated neurodegeneration in an FXTAS Drosophila model. We find that one of the rCGG-repeat-binding proteins, hnRNP A2/B1, is involved in this process via interaction with heterochromatin protein 1. Knockdown of gypsy RNA by RNAi could suppress the neuronal toxicity caused by rCGG repeats. These data together point to a surprisingly active role for retrotransposition in neurodegeneration.
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	Many genes in eukaryotic genomes produce multiple transcripts through a variety of molecular mechanisms including alternative splicing. Alternatively spliced transcripts often encode functionally distinct proteins, indicating that gene regulation at this level makes an important contribution to organismal complexity. The multilevel splicing cascade that regulates sex determination and sex-specific development in Drosophila is a classical example of the role of alternative splicing in cell differentiation. Recent evidence suggests that a large proportion of genes in the Drosophila genome may be spliced in a sex-biased fashion, raising the possibility that alternative splicing may play a more general role in sexually dimorphic development and physiology. However, the prevalence of sex-specific splicing and the extent to which it is shared among genotypes are not fully understood. Genetic variation in the splicing of key components of the sex determination pathway is known to influence the expression of downstream target genes, suggesting that alternative splicing at other loci may also vary in functionally important ways. In this study, we used exon-specific microarrays to examine 417 multitranscript genes for evidence of sex-specific and genotype-specific splicing in 80 different genotypes of Drosophila melanogaster. Most of these loci showed sex-biased splicing, whereas genotype-specific splicing was rare. One hundred thirty-five genes showed different alternative transcript use in males vs. females. Real-time PCR analysis of 6 genes chosen to represent a broad range of biological functions showed that most sex-biased splicing occurs in the gonads. However, somatic tissues, particularly adult heads, also show evidence of sex-specific splicing. Comparison of splicing patterns at orthologous loci in seven Drosophila species shows that sexual biases in alternative exon representation are highly conserved, indicating that sex-specific splicing is an ancient feature of Drosophila biology. To investigate potential mechanisms of sex-biased splicing, we used real-time PCR to examine the expression of six known regulators of alternative splicing in males vs. females. We found that all six loci are themselves spliced sex specifically in gonads and heads, suggesting that regulatory hierarchies based on alternative splicing may be an important feature of sexual differentiation.
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	Drosophila gurken mRNA is localized by dynein-mediated transport to a crescent near the oocyte nucleus, thus targeting the TGFalpha signal and forming the primary embryonic axes. Here, we show that gurken and the I factor, a non-LTR retrotransposon, share a small consensus RNA stem loop of defined secondary structure, which forms a conserved signal for dynein-mediated RNA transport to the oocyte nucleus. Furthermore, gurken and the I factor compete in vivo for the same localization machinery. I factor transposition leads to its mRNA accumulating near and within the oocyte nucleus, thus causing perturbations in gurken and bicoid mRNA localization and axis specification. These observations further our understanding of the close association of transposable elements with their host and provide an explanation for how I factor transposition causes female sterility. We propose that the transposition of other elements may exploit the host's RNA transport signals and machinery.
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	The fatal adult motor neuron disease amyotrophic lateral sclerosis (ALS) shares some clinical and pathological overlap with frontotemporal dementia (FTD), an early-onset neurodegenerative disorder. The RNA/DNA-binding proteins fused in sarcoma (FUS; also known as TLS) and TAR DNA binding protein-43 (TDP-43) have recently been shown to be genetically and pathologically associated with familial forms of ALS and FTD. It is currently unknown whether perturbation of these proteins results in disease through mechanisms that are independent of normal protein function or via the pathophysiological disruption of molecular processes in which they are both critical. Here, we report that Drosophila mutants in which the homolog of FUS is disrupted exhibit decreased adult viability, diminished locomotor speed, and reduced life span compared with controls. These phenotypes were fully rescued by wild-type human FUS, but not ALS-associated mutant FUS proteins. A mutant of the Drosophila homolog of TDP-43 had similar, but more severe, deficits. Through cross-rescue analysis, we demonstrated that FUS acted together with and downstream of TDP-43 in a common genetic pathway in neurons. Furthermore, we found that these proteins associated with each other in an RNA-dependent complex. Our results establish that FUS and TDP-43 function together in vivo and suggest that molecular pathways requiring the combined activities of both of these proteins may be disrupted in ALS and FTD.
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	Significant advances have been made in elucidating the biogenesis pathway and three-dimensional structure of the UsnRNPs, the building blocks of the spliceosome. U2 and U4/U6*U5 tri-snRNPs functionally associate with the pre-mRNA at an earlier stage of spliceosome assembly than previously thought, and additional evidence supporting UsnRNA-mediated catalysis of pre-mRNA splicing has been presented.
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	Localization of maternally provided RNAs during oogenesis is required for formation of the antero-posterior axis of the Drosophila embryo. Here we describe a subcellular structure in nurse cells and oocytes which may function as an intracellular compartment for assembly and transport of maternal products involved in RNA localization. This structure, which we have termed "sponge body," consists of ER-like cisternae, embedded in an amorphous electron-dense mass. It lacks a surrounding membrane and is frequently associated with mitochondria. The sponge bodies are not identical to the Golgi complexes. We suggest that the sponge bodies are homologous to the mitochondrial cloud in Xenopus oocytes, a granulo-fibrillar structure that contains RNAs involved in patterning of the embryo. Exuperantia protein, the earliest factor known to be required for the localization of bicoid mRNA to the anterior pole of the Drosophila oocyte, is highly enriched in the sponge bodies but not an essential structural component of these. RNA staining indicates that sponge bodies contain RNA. However, neither the intensity of this staining nor the accumulation of Exuperantia in the sponge bodies is dependent on the amount of bicoid mRNA present in the ovaries. Sponge bodies surround nuage, a possible polar granule precursor. Microtubules and microfilaments are not present in sponge bodies, although transport of the sponge bodies through the cells is implied by their presence in cytoplasmic bridges. We propose that the sponge bodies are structures that, by assembly and transport of included molecules or associated structures, are involved in localization of mRNAs in Drosophila oocytes.
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	Establishment of the Drosophila embryonic axes provides a striking example of RNA localization as an efficient mechanism for protein targeting within a cell. oskar mRNA encodes the posterior determinant and is essential for germline and abdominal development in the embryo. Tight restriction of Oskar activity to the posterior is achieved by mRNA localization-dependent translational control, whereby unlocalized mRNA is translationally repressed and repression is overcome upon mRNA localization. Here we identify the previously reported oskar RNA binding protein p50 as Hrp48, an abundant Drosophila hnRNP. Analysis of three hrp48 mutant alleles reveals that Hrp48 levels are crucial for polarization of the oocyte during mid-oogenesis. Our data also show that Hrp48, which binds to the 5' and 3' regions of oskar mRNA, plays an important role in restricting Oskar activity to the posterior of the oocyte, by repressing oskar mRNA translation during transport.
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