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Delocalization of the multifunctional RNA splicing factor TLS/FUS in hippocampal neurones: exclusion from the nucleus and accumulation in dendritic granules and spine heads.

Introduction

The development and plasticity of synapses depend in part on protein synthesis taking place in the dendrites [START_REF] Steward | Compartmentalized synthesis and degradation of proteins in neurons[END_REF]. Polyribosomes are often docked at the basis of dendritic spines, and transferred into spine heads following long-term potentiation. It is largely unknown how such a synapse-specific regulation of mRNAs is achieved.

In cultured neurones, dendritic mRNAs such as CaMKIIα and Arc are packaged in clusters, termed "RNA granules", that move along the dendrites and sometimes locate close to synapses [START_REF] Rook | CaMKIIalpha 3' Untranslated Region-Directed mRNA Translocation in Living Neurons: Visualization by GFP Linkage[END_REF]. A growing number of RNA-binding proteins have been found to colocalize with RNA granules in situ, or to copurify with biochemically isolated granule preparations. A few of these proteins, including ZBP1 and FMRP, were shown to enter (and exit) spine heads [START_REF] Antar | Metabotropic Glutamate Receptor Activation Regulates Fragile X Mental Retardation Protein and Fmr1 mRNA Localization Differentially in Dendrites and at Synapses[END_REF]. A range of RNA-associated proteins, including translation factors and some RNA granule proteins, have also been identified in highly purified postsynaptic density preparations, consistent with synaptic localization of ribonucleoproteic complexes [START_REF] Peng | Semiquantitative proteomic analysis of rat forebrain postsynaptic density fractions by mass spectrometry[END_REF]. The molecular interactions responsible for retaining such complexes in the spine are undefined; they may involve anchoring of RNA-associated proteins to postsynaptic density proteins.

A few years ago, in a large-scale analysis of proteins that copurified with NMDA receptor from mouse brain extracts, the RNA-binding protein TLS (also called FUS) was found to exist in the receptor complex [9]. TLS (Translocated in Liposarcoma) has so far been known for its manifold functions in nuclear processes, including DNA transcription, pre-mRNA processing, homologous recombination, and DNA repair. The biological importance of the protein is underscored by the rapid postnatal death of TLS-deficient mice [START_REF] Hicks | Fus deficiency in mice results in defective B-lymphocyte development and activation, high levels of chromosomal instability and perinatal death[END_REF] and by the primary role of TLS or TLS-derived gene fusions in the evolution of specific tumours [START_REF] Perrotti | TLS/FUS, a pro-oncogene involved in multiple chromosomal translocations, is a novel regulator of BCR/ABL-mediated leukemogenesis[END_REF].

TLS interacts with general and promoter-specific transcription factors and with elements of the splicing machinery [6 , 10]. Consistent with its known function, in proliferating cells, TLS is concentrated in specific regions of the cell nucleus; however, TLS is capable of shuttling inserm-00451275, version 1 -28 Jan 2010 between nucleus and cytoplasm, a minor fraction of TLS molecules being associated with cytoplasmic mRNAs [START_REF] Zinszner | TLS (FUS) binds RNA in vivo and engages in nucleo-cytoplasmic shuttling[END_REF].

The identification of TLS as a (direct or indirect) partner of the NMDA receptor raises the possibility that this protein might participate in the docking and/or regulation of mRNAs at excitatory synaptic sites. However, it has not yet been established whether the ordinarily nuclear TLS can be detectably localized at synaptic or dendritic sites, and whether the protein colocalizes with NMDA receptor clusters in defined regions of the brain. This question is addressed here.
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Materials and Methods

Antibodies and plasmid

The anti-TLS rabbit antiserum has been described [START_REF] Hallier | The Transcription Factor Spi-1/PU.1 Interacts with the Potential Splicing Factor TLS[END_REF]; this antibody does not cross-react with the TLS-related protein EWS (unpublished data). Affinity-purified anti-TLS IgG (used in all experiments) was purified from the antiserum as described [START_REF] Harlow | Using Antibodies: A laboratory Manual[END_REF], using beads that had been coupled to a GST-TLS fusion protein [START_REF] Hallier | The Transcription Factor Spi-1/PU.1 Interacts with the Potential Splicing Factor TLS[END_REF]; the antibody was further depleted of any anti-GST components by adsorption to unfused GST. The anti-Sam68 monoclonal antibody was derived from either clone 7-1 (Santa Cruz, Inc), or clone P20120 (BD Transduction). The monoclonal antibody raised against the myc epitope (clone 9E10) was obtained from Santa Cruz, Inc. Horseradish peroxidase (HRP)-conjugated protein A was obtained from BD Transduction. HRP-conjugated goat anti-mouse antibody was purchased from Jackson Laboratories. Fluorescent conjugates were purchased from Molecular Probes. The myc-TLS plasmid (pcs3-mt-TLS) [START_REF] Hallier | The Transcription Factor Spi-1/PU.1 Interacts with the Potential Splicing Factor TLS[END_REF]allows expression of full-length TLS fused in-frame with a hexamer of the myc epitope at the N terminus.

Fractionation of hippocampal tissue

All procedures using animals conformed to institutional guidelines, in compliance with European Community Council Directive 86/609. Hippocampi were dissected from adult (200-210 g) male OFA rats (Charles Rivers, Lyon, France), and subjected to subcellular fractionation essentially as described by Feng et al. [START_REF] Feng | Fragile X Mental Retardation Protein: Nucleocytoplasmic Shuttling and Association with Somatodendritic Ribosomes[END_REF]. The hippocampi were manually ground in a Potter homogenizer with a Teflon pestle (0.15 mm clearance, 15 strokes), in 1 ml ice-cold H buffer (4mM Hepes-NaOH, pH 7.4, 0.32 M sucrose, 1 mM MgCl 2 , 1 mM sodium orthovanadate, 1 mM dithiothreitol, 100 nM microcystine-LR (Sigma), protease inhibitors (EDTA-free "Complete", Roche Molecular). The homogenate was filtered through a 100 µmmesh nylon filter (Millipore) and centrifuged at 800 x g for 10 min. at 4°C. The resulting S1 supernatant was centrifuged at 9500 x g for 20 min. at 4°C. The S2 supernatant was inserm-00451275, version 1 -28 Jan 2010 centrifuged at 130,000 x g for 1 hr at 4°C. For all fractions, total protein concentration was measured and samples were boiled for 5 min. in Laemmli gel buffer. Equal protein amounts of the samples were resolved on a 8% polyacrylamide-SDS gel and transferred onto a PVDF membrane (Millipore). The membrane was probed with anti-TLS antibody (200 ng/ml) or anti-Sam68 antibody (200 ng/ml), and after incubation with HRP-conjugated secondary reagents, bands were revealed by chemiluminescence (Super-Signal Pico, Pierce).

Photographs of the blots were digitized with a flatbed scanner. Care was taken to ensure signal linearity.

Immunostaining of brain tissue

Vibratome sections (30 µm thick) of PFA-fixed adult rat hippocampus were prepared as previously described [START_REF] Grange | Somatodendritic localization and mRNA association of the splicing regulatory protein Sam68 in the hippocampus and cortex[END_REF]. For staining, the sections were incubated at 4°C for 20 min in cold (-20°C) ethanol; rinsed with TBS (20 mM Tris-HCl, pH 7.4, 150 mM NaCl); preincubated for 30 min at room temperature in blocking buffer (TBS containing 3% goat serum and 0.1% Triton X-100); and incubated with primary antibodies (2 µg/ml) in blocking buffer for 48 hr at 4°C. Sections were then washed (3x10 min in TBS containing 0.1% Triton X-100); incubated for 1 hr at R.T. with blocking buffer containing Alexa 488-conjugated goat antirabbit IgG and Alexa 594-conjugated goat anti-mouse IgG; washed as above; rinsed in water, and mounted on slides in Mowiol medium.

Immunostaining of cultured neurones

Hippocampal neuronal cultures were prepared from E19 rat embryos (Charles Rivers) essentially as described by Banker and Goslin [START_REF] Banker | Rat Hippocampal Neurons in Low-Density Culture[END_REF] with a few modifications. After dissecting, trypsinizing and triturating the hippocampi, hippocampal neurones were resuspended in Dulbecco's minimal essential medium containing glutamine, penicilline, streptomycine, and 10% heat-inactivated horse serum (Invitrogen), and plated at a density of 0.5 -1 x 10 4 per cm 2 on 13 mm glass coverslips (Marienfeld, Germany) coated with poly-L-lysine (Sigma).
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Supporting high-density cultures were prepared by seeding in the same medium 1.5 x 10 5 hippocampal cells per well in 24-well plates (Becton-Dickinson) in which small pegs had been formed at the bottom of the wells, by brief contact with a soldering iron. After 3-4 hours, the medium of the wells was changed to Neurobasal (Invitrogen) containing antibiotics, glutamine, sodium pyruvate and B27 supplement (Invitrogen). The coverslips were transferred into the wells, with attached neurones facing downward. The cultures were fed once a week with 1:3 volume of fresh medium. After 4 weeks, neurones were fixed for 20 min. at R.T. in PBS containing 4% paraformaldehyde and 4% sucrose; washed with PBS; permeabilized for 10 min. at 4°C with 0.1% Triton X-100 in PBS; preincubated for 1 hr in PBS containing 3% bovine serum albumin (BSA); and stained for 1 hr in PBS containing 3% BSA and 2 µg/ml primary antibodies. After rinsing in PBS, fluorescent conjugates were applied for 1 hr (Alexa 488-conjugated anti-rabbit IgG, rhodamine-conjugated phalloidin, and (for triple labelling) Alexa 350-conjugated anti-mouse IgG in PBS/ 3% BSA). Coverslips were rinsed 3 times in PBS, 3 times in water, and mounted on slides in Mowiol medium.

Microscopy

Images of the brain sections and of doubly stained neurones were acquired as z-stacks of 512

x 512 pixel frames with a Zeiss LSM 510 laser scanning confocal microscope, using a 63X (1.4 NA) objective. For dual colour imaging, care was taken to exclude contamination between channels, and to maximize the dynamic range at both wavelengths. Images of triply stained neurones were acquired as 1300 x 1030 pixel frames with a Zeiss Axiovert 200 microscope, using a 100x (1.4 NA) objective, appropriate bandpass filters (Chroma Technologies) and a cooled CCD camera (Micromax, Roper Scientific). Again, care was to taken to maximize the dynamic range of all channels. Image files were processed with Metamorph (Universal Imaging) and Photoshop (Adobe). Non-specific background fluorescence, estimated as at most (mean+2SD) of pixels in an empty region, was subtracted inserm-00451275, version 1 -28 Jan 2010 from the raw images; the resulting images were contrasted to highlight the somatodendritic granules. To establish the specificity of TLS labelling, images of specifically stained and control sections were acquired under identical illumination and scanning conditions, and the average fluorescence of the control section was used as background value for both images.

Culture, transfection and staining of HEK-293 cells

HEK-293 cells were maintained in DMEM supplemented with 10% fetal calf serum (Invitrogen). The cells were seeded on glass coverslips kept in a 6-cm dish, and transfected the next day with 5 µg myc-TLS plasmid using Fugene reagent (Roche Molecular). 48 hr later cells were fixed in PBS containing 4% paraformaldehyde for 20 min. at R.T., and subjected to immunofluorescent staining essentially as described for neurones, using 2 µg/ml anti-TLS antibody and 200 ng/ml anti-myc monoclonal antibody.
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Results

Adult hippocampal tissue was fractionated into nuclear, membrane and cytosolic fractions, and the relative abundance of the TLS protein was determined by Western immunoblotting of the various fractions. Unlike the case in proliferating cell types, TLS was nearly absent from the nuclei (Fig. 1A, upper panel, lane 2). The 75 kD band expected for TLS (arrow) was enriched in the soluble fraction (lane 6). Some of the 75 kD protein could also be recovered together with microsomal membranes and polysomes in the P3 pellet (lane 5).

As a control for the integrity of the various fractions, the blot was reprobed with an antibody raised against Sam68, an RNA-binding protein of a different type. Consistent with known results [START_REF] Grange | Somatodendritic localization and mRNA association of the splicing regulatory protein Sam68 in the hippocampus and cortex[END_REF], Sam68 was most abundant in the nuclear fraction (lower panel). Thus, the absence of nuclear TLS did not arise from mere breakdown of the nuclei. This result suggests that in hippocampal tissue, most of the TLS protein resides in the cytoplasmic compartment, with a minor but definite fraction associated with the polysomal fraction.

In addition, an immunoreactive band of 100 kD was reproducibly detected, and enriched in the P2 and P3 fractions (arrowhead). Whether this band arises from antibody cross-reactivity or represents some modified form of the TLS protein is not known at present.

To define the subcellular localization of the TLS protein in more detail, immunofluorescent detection was performed. The specificity of our anti-TLS antibody in immunofluorescence assays was first verified in cultured HEK293 cells that had been transfected with a myc-TLS construct. The myc-tagged protein was detected by dual staining with anti-myc monoclonal antibody and anti-TLS antibody. In cells expressing the construct, the anti-TLS antibody generated intense nuclear staining that exactly overlapped with the distribution of the myctagged protein (Fig. 2A). In addition, in cells that had failed to take up the myc-TLS plasmid, the anti-TLS antibody revealed an identical but much fainter pattern of nuclear staining, corresponding to the usual distribution of the endogenous TLS protein in proliferating cells inserm-00451275, version 1 -28 Jan 2010 (Fig. 2B, arrow). Thus, the anti-TLS antibody used in this study is capable of specifically staining the bona fide TLS protein. No staining was obtained with preimmune IgG (not shown).

The distribution of TLS staining in sections of adult hippocampus was then examined by confocal microscopy and compared to that of two reference proteins, i.e. the predominantly nuclear RNA-binding protein Sam68, and the NR1 subunit of the NMDA receptor. TLS staining was detected in the cell bodies and throughout the dendritic layers (stratum moleculare, stratum radiatum), but was largely excluded from the neuronal nuclei (Fig. 2C).

In contrast, the pattern of Sam68 staining was predominantly nuclear and perinuclear, with a low level of dendritic fluorescence, in agreement with our previous results (Fig. 2D). Higher magnification views indicated that the TLS immunofluorescence displayed both a granular component and a diffuse component. This pattern agrees well with the distribution found by biochemical analysis. Individual TLS clusters could be visualized in the perinuclear region of dentate granule neurones (Fig. 2F) and in the perikaryon and dendritic trunk of CA1 pyramidal neurones (Fig. 2I). Despite the overall clearly distinct distribution of the two proteins, some of the TLS clusters overlapped with somatodendritic Sam68 granules (arrows in Figs. 2F-H, I-K). Because Sam68 granules have been shown to associate with RNA [START_REF] Ben Fredj | Depolarization-induced translocation of the RNA-binding protein Sam68 to the dendrites of hippocampal neurons[END_REF], this suggests that these TLS/Sam68 clusters correspond to RNA granules (see Discussion).

Dual immunolabelling also indicated that some of the TLS clusters colocalized with NR1 clusters (Fig. 2L-N, arrows), suggesting that TLS may locate close to glutamatergic synapses.

To examine more closely the intra-dendritic localization of TLS, we used mature (4 week-old) cultures of hippocampal neurones. The dendritic accumulation of TLS was confirmed in triply stained neurones such as that of of Fig. 3A-D, in which TLS was labelled together with MAP2 (as a marker for dendritic trunks) and phalloidin (to highlight the F-actin-rich dendritic spines). Higher magnification view of the dendrites again showed that TLS condensed in inserm-00451275, version 1 -28 Jan 2010 granules in the midst of diffuse staining (Fig. 3E). Of note, TLS granules were repeatedly found at the tip of dendritic spines (arrows in Fig. 3E andF), clearly outside of the dendritic trunk. These results were again confirmed by confocal microscopy. TLS was largely absent from the nucleus (Fig. 3, I-K). Instead, TLS clusters were found in the cell body and along the entire length of the dendrites (Fig. 3, L-N).
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Discussion

The recent finding that TLS copurifies with the NMDA receptor complex [9] raises the intriguing possibility that both proteins may interact at the synapse. To our surprise, TLS was largely excluded from the nuclei of hippocampal neurones, in adult hippocampus in situ as well as in mature neuronal cultures. This suggests massive nuclear export of the protein.

Alternatively, it is possible that TLS undergoes localized degradation in the nucleus. Indeed, compared to its abundance in other tissues, TLS is relatively scarce in the brain [START_REF] Melot | Characterization of a new brain-specific isoform of the EWS oncoprotein[END_REF].

Whatever its mechanism, the depletion of nuclear TLS may conceivably play a role in neurone-specific transcription or splicing events. In cultured cell lines, increasing the intranuclear concentration of TLS has been shown either to inhibit or to potentiate the activity of specific transcription factors, and to bias exon selection in transcripts encoded by a transfected minigene [START_REF] Hallier | The Transcription Factor Spi-1/PU.1 Interacts with the Potential Splicing Factor TLS[END_REF]. Whether the lack of nuclear TLS may affect the sensitivity of neurones to DNA breaks, e.g. by ionizing radiation [START_REF] Hicks | Fus deficiency in mice results in defective B-lymphocyte development and activation, high levels of chromosomal instability and perinatal death[END_REF], is an open question.

Biochemical analysis indicated that in the cytoplasm, TLS was partitioned into a cytosolic pool and a particulate pool, sedimenting with the polysomal fraction. Diffuse and granular pools of TLS were also observed by immunofluorescence in the somatodendritic domain. The dendritic puncta often contained Sam68, an RNA-binding protein which, outside of the nucleus, becomes incorporated in RNA-containing dendritic granules [START_REF] Ben Fredj | Depolarization-induced translocation of the RNA-binding protein Sam68 to the dendrites of hippocampal neurons[END_REF][START_REF] Grange | Somatodendritic localization and mRNA association of the splicing regulatory protein Sam68 in the hippocampus and cortex[END_REF]. These observations suggest that some of the observed TLS clusters are in fact RNA granules, involved in dendritic mRNA transport or translation. It is possible that part of the punctuate immunofluorescence in fact arose from reaction of the antibody with the 100 kD protein seen in the polysomal fraction. Whether this band represents a modified, granule-specific form of TLS, or an antigenically related protein remains to be determined. However, the presence of bona fide TLS in dendritic granules is supported by several lines of evidence. A small but significant fraction of the 75 kD TLS protein was found in the polysomal pellet. Furthermore, inserm-00451275, version 1 -28 Jan 2010 when transiently expressed in hippocampal neurones, myc-tagged TLS also clustered into dendritic puncta (unpublished data). Finally, a recent proteomic study identified TLS as one of the multiple RNA-binding proteins found in biochemically purified RNA transport granules [START_REF] Kanai | Kinesin Transports RNA: Isolation and Characterization of an RNA-Transporting Granule[END_REF]. Our data provide a morphological correlate to this biochemical result. The microscopically defined granules correspond to very large supramolecular complexes, in which mRNAs, ribosomes, motor proteins, and multiple RNA-binding proteins are associated [START_REF] Kanai | Kinesin Transports RNA: Isolation and Characterization of an RNA-Transporting Granule[END_REF]. TLS might possibly become recruited from the cytosolic TLS pool during the cytoplasmic maturation of these complexes.

In adult hippocampus, a subset of TLS puncta also colocalized with NMDA receptor clusters; furthermore, in cultured neurones, TLS puncta could be seen within spine heads. Thus, the biochemical association of TLS to NMDA receptors likely occurs in the spines. Our data suggest that TLS is in an ideal position to regulate mRNA docking or translation at excitatory post-synaptic sites, as a function of the local activity history. It will be important to determine the extent and functional effect of TLS association with mRNA in the dendrites and in the spines.

Figure legends

Fig. 1: TLS is a predominantly cytoplasmic protein in hippocampal tissue. A. Fractionation scheme (see [START_REF] Feng | Fragile X Mental Retardation Protein: Nucleocytoplasmic Shuttling and Association with Somatodendritic Ribosomes[END_REF]). Total hippocampal homogenate (Hmg) was fractionated by successive centrifugation steps to yield the indicated pellets (P) and supernatants (S). Major components of each subcellular fraction are indicated. Note that the heavy membranes (P2) include intact synaptoneurosomes and mitochondria; the polysomal pellet also contains light (internal) membranes. B. Equal protein amounts (30 µg) of each subcellular fraction were loaded onto an SDS gel and analyzed by immunoblotting with antibody against TLS (top) or Sam68 (bottom). Arrow: TLS protein. Arrowhead: 100 kD protein of unknown identity. 
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 2 Fig. 2: TLS localization in the hippocampus. A, B: specificity of the TLS antibody. HEK-293
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 3 Fig.3: TLS exists in dendritic granules, some of which are localized within spines. A-H: fetal
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