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DNA topoisomerase I (Topo1) contributes to vital biological functions, but its regulation is not clearly understood. The BTBD1 protein was recently cloned on the basis of its interaction with the core domain of Topo1 and is expressed particularly in skeletal muscle. To determine BTBD1 functions in this tissue, the in vitro model used was the C2C12 mouse muscle cell line which expresses BTBD1 mainly after myotube differentiation. We studied the effects of a stably overexpressed BTBD1 protein truncated of the 108 N-terminal amino acid residues and harbouring a C-terminal FLAG tag (∆-BTBD1). The proliferation speed of ∆-BTBD1 C2C12 cells was significantly decreased and no myogenic differentiation was observed, although these cells kept their capacity to enter adipocyte differentiation. These alterations could be related to Topo1 deregulation. This hypothesis is further supported by the decrease in nuclear Topo1 content in ∆-BTBTD1 proliferative C2C12 cells and the switch from the main peripheral nuclear localization of Topo1 to a mainly nuclear diffuse localization in ∆-BTBTD1 C2C12 cells.

Finally, this study demonstrated that BTBD1 is essential for myogenic differentiation.

INTRODUCTION

DNA topoisomerase 1 (Topo1) belongs to the DNA topoisomerase multi-member family which is essential for DNA-topology modulation. Topo1 relaxes supercoiled duplex DNA by introducing a transient break in the phosphodiester bond of one DNA strand and passing the complementary strand through the cleaved one. Religation involves reformation of the phosphodiester bond and release of the enzyme. Topo1 belongs to the IB subfamily which acts by DNA rotation i.e. and the segments resulting from transient nick in one DNA strand can rotate relatively to each other [START_REF] Champoux | DNA topoisomerases: structure, function, and mechanism[END_REF]. Several recent papers review the cellular roles of Topo1 [START_REF] Champoux | DNA topoisomerases: structure, function, and mechanism[END_REF][START_REF] Nitiss | Investigating the biological functions of DNA topoisomerases in eukaryotic cells[END_REF][START_REF] Wang | Cellular roles of DNA topoisomerases: a molecular perspective[END_REF][START_REF] Wang | DNA topoisomerases[END_REF]. A role in chromosome condensation has been proposed for Topo1 [START_REF] Castano | Mitotic chromosome condensation in the rDNA requires TRF4 and DNA topoisomerase I in Saccharomyces cerevisiae[END_REF], and this enzyme also supports the elongation step of DNA replication, like other type IB enzymes. Concerning gene expression mechanisms, Topo1 is involved in solving topological problems associated with transcription, and it has been shown to be present in actively transcribed regions [START_REF] Nitiss | Investigating the biological functions of DNA topoisomerases in eukaryotic cells[END_REF][START_REF] Wang | DNA topoisomerases[END_REF]. In addition, Topo1 interacts with transcription factors and participates in the construction of an active TFIID-TFIIA protein complex in a DNA strand breakage-independent manner [START_REF] Shykind | Topoisomerase I enhances TFIID-TFIIA complex assembly during activation of transcription[END_REF][START_REF] Merino | DNA topoisomerase I is involved in both repression and activation of transcription[END_REF]. Topo1 seems to enhance the response to transcription activators in the case of TATA boxes present in promoters and represses basal transcription in the absence of activators [START_REF] Wang | DNA topoisomerases[END_REF]. Finally, Topo1 contributes to RNA splicing [START_REF] Rossi | Specific phosphorylation of SR proteins by mammalian DNA topoisomerase I[END_REF][START_REF] Straub | The RNA-splicing factor PSF/p54 controls DNA-topoisomerase I activity by a direct interaction[END_REF]. Regarding the Topo1 sub-cellular localization, a nuclear localization signal is present in its N-terminal region [START_REF] Alsner | Identification of an N-terminal domain of eukaryotic DNA topoisomerase I dispensable for catalytic activity but essential for in vivo function[END_REF] and a direct interaction with nucleolin, a major nucleolar protein, has been shown by Bharti et al. [START_REF] Bharti | Identification of a nucleolin binding site in human topoisomerase I[END_REF], thus indicating a probable nuclear localization. It is therefore not surprising that repression or overexpression of the Topo1 gene can lead to cell death [12][START_REF] Lee | DNA topoisomerase I is essential in Drosophila melanogaster[END_REF][START_REF] Onishi | Topoisomerase inhibitors induce apoptosis in thymocytes[END_REF], indicating that preservation of a normal level of Topo1 is crucial for cell survival.

Moreover, Topo1 is more abundant in acute lymphocytic leukaemia and several human tumours than in normal tissue [15][16][17][18][19][START_REF] Van Der Zee | Quantitative and qualitative aspects of topoisomerase I and II alpha and beta in untreated and platinum/cyclophosphamide treated malignant ovarian tumors[END_REF], possibly because of a defect in its degradation [START_REF] Chen | Degradation of DNA topoisomerase I by a novel trypsin-like serine protease in proliferating human T lymphocytes[END_REF], and Topo1 inhibitors are used as anti-tumour agents. Although many proteins have been described as interacting with Topo1 to regulate its activity [START_REF] Merino | DNA topoisomerase I is involved in both repression and activation of transcription[END_REF][START_REF] Straub | The RNA-splicing factor PSF/p54 controls DNA-topoisomerase I activity by a direct interaction[END_REF][22][START_REF] Karayan | Human ARF protein interacts with topoisomerase I and stimulates its activity[END_REF][START_REF] Wang | DNA topoisomerase I and PC4 can interact with human TFIIIC to promote both accurate termination and transcription reinitiation by RNA polymerase III[END_REF], in particular through its ubiquitination [START_REF] Chen | Degradation of DNA topoisomerase I by a novel trypsin-like serine protease in proliferating human T lymphocytes[END_REF][START_REF] Desai | Ubiquitin/26S proteasome-mediated degradation of topoisomerase I as a resistance mechanism to camptothecin in tumor cells[END_REF][START_REF] Desai | Ubiquitin-dependent destruction of topoisomerase I is stimulated by the antitumor drug camptothecin[END_REF][START_REF] Hwong | Increased synthesis and degradation of DNA topoisomerase I during the initial phase of human T lymphocyte proliferation[END_REF], little is known on Topo1 regulators and it is of major interest to determine the factors involved in Topo1 inhibition.

In the present work, we investigated the role of BTBD1, a protein with an unknown function which binds to Topo1 [START_REF] Xu | Characterization of BTBD1 and BTBD2, two similar BTB-domain-containing Kelch-like proteins that interact with Topoisomerase I[END_REF]. This protein was detected in humans in 2001 by Carrim-Todd et al.

along with its homologue BTBD2, which shares 82% identity with the BTBD1 amino acid residue sequence [29]. Both proteins contain a BTB domain for "Broad-Complex, Tramtrack and Bric à brac" [START_REF] Zollman | The BTB domain, found primarily in zinc finger proteins, defines an evolutionarily conserved family that includes several developmentally regulated genes in Drosophila[END_REF], which is a conserved protein-protein interaction motif; this domain is also named the POZ domain for "Pox virus and Zinc finger" [START_REF] Bardwell | The POZ domain: a conserved protein-protein interaction motif[END_REF]. In 2002, Xu et al. [START_REF] Xu | Characterization of BTBD1 and BTBD2, two similar BTB-domain-containing Kelch-like proteins that interact with Topoisomerase I[END_REF] demonstrated that BTBD1 and BTBD2 interact with Topo1 and that BTBD2 harbours slight Topo1 inhibition activity in vitro. The BTBD1 gene is localized on human chromosome 15q24 and is transcribed as a 3.2 kb mRNA [29]. It encodes a 482 amino acid protein with a N-terminal end containing a proline-rich region and a BTB domain, which are both involved in proteinprotein interactions. The C-terminal region (317-482 positions) was described to be essential for binding Topo1 [START_REF] Xu | Characterization of BTBD1 and BTBD2, two similar BTB-domain-containing Kelch-like proteins that interact with Topoisomerase I[END_REF]. BTBD1 is likely expressed in the whole animal kingdom from C. elegans to humans, but not in plants. BTBD1 is expressed in many human tissues and this expression is enhanced in heart, testis and skeletal muscle [START_REF] Xu | Characterization of BTBD1 and BTBD2, two similar BTB-domain-containing Kelch-like proteins that interact with Topoisomerase I[END_REF]29]. These observations confirmed previous results obtained by Pietu et al. in 1999 [32]. These authors found a number of novel human skeletal muscle genes, including a partial cDNA named GENX-702 (GENBANK accession numbers: F00425 and Z19393), preferentially expressed in heart, testis and skeletal muscle. This cDNA actually corresponds to BTBD1.

In this study, we assessed the function of BTBD1 in skeletal muscle using the in vitro C2C12 mouse muscle cell line model. The analysis of stable overexpression in C2C12 cells of a BTBD1 protein lacking the 108 N-terminal residues led us to propose that BTBD1 activity is important for muscle growth and essential for muscle differentiation. Moreover, several characteristics of these modified cells may be related to Topo1 deregulation, and BTBD1 may function via a contribution to Topo1 activity regulation.

RESULTS

BTBD1 is expressed in skeletal muscle fiber. BTBD1 expression was first assessed in mouse to validate the relevance of this species as a further experimental model. A wide tissue distribution of mRNA was found as in humans (not shown). Northern blot analysis in heart and skeletal muscle (Fig. 1A), which strongly express BTBD1, revealed a 3.2 kb BTBD1 mRNA size in mouse.

Skeletal muscle is mainly composed of muscle fibers, fibroblastic structures (epimysium, endomysium, perimysium and tendon), nerves and endothelium. To more accurately assess BTBD1 expression within muscle fibers, we used muscle cells in culture which are therefore not contaminated by any other components. First, BTBD1 expression was investigated in C2C12 cells, i.e. a murine skeletal muscle cell line that is able to differentiate in vitro. In growth medium (GM), C2C12 cells are mononucleated and undifferentiated (myoblasts) (Fig. 1B). At confluence, if these cells are switched to differentiation medium (DM), they differentiate into myocytes and after 2-3 days, these mononucleated cells fuse to form syncitial structures (myotubes). BTBD1 transcripts were quantified by semi-quantitative RT-PCR using RNAs from proliferative and 4day-old differentiated C2C12 cells. BTBD1 mRNA was found to be abundant in myotubes, whereas it was barely detectable in myoblasts, which may suggest a link between BTBD1 expression and C2C12 cell myogenic differentiation. Secondly, we amplified BTBD1 ORF by RT-PCR from mRNAs prepared with myocytes and myotubes obtained from a human clone derived from a single muscle satellite cell [START_REF] Baroffio | Purification of human muscle satellite cells by flow cytometry[END_REF] (Fig. 1C). Skeletal muscle cell differentiation was assessed by myogenin cDNA amplification and BTBD1 expression was clearly detected in myocytes and myotubes. Together, these in vitro analysis strongly suggests that BTBD1 is expressed within skeletal muscle fibers.

Expression and subcellular localization of N-terminal truncated BTBD1 in C2C12

myoblasts. C2C12 cells were used to further investigate BTBD1 function, and we established stable C2C12 cell lines overexpressing a truncated BTBD1 lacking the first 108 amino acid residues of the N-terminal region. This mutated protein will be designated as ∆-BTBD1. This truncated protein should be able to link Topo1 via its intact C-terminal domain [START_REF] Xu | Characterization of BTBD1 and BTBD2, two similar BTB-domain-containing Kelch-like proteins that interact with Topoisomerase I[END_REF]. The missing N-terminal region includes the proline-rich domain and part of the N-terminal BTB domain, i.e.

two key domains for potential interactions with undetermined proteins. The ∆-BTBD1 protein was tagged with a FLAG peptide to allow detection of the fusion protein with a specific anti-FLAG antibody.

Western blot screening of stable lines using a monoclonal anti-FLAG antibody revealed a single 40 kDa-band signal, while no signal was detected in control cells (Fig. 2A). This is comparable to the theoretical 42 kDa size of the ∆-BTBD1-FLAG protein. Anti-FLAG immunofluorescence experiments on ∆-BTBD1 C2C12 cells showed specific cytoplasmic and possibly nuclear ∆-BTBD1 protein localization (Fig. 2B-C). In addition, ∆-BTBD1 C2C12 cells were characterized by slower proliferation than the control C2C12 cells, as confirmed by a cell count over a 96 h period. In this experiment, we measured a ∆-BTBD1 C2C12 cell doubling time of 27 h versus 19 h for control C2C12 cells (Fig. 3). The values are means of three independent ∆-BTBD1 C2C12 clones and three independent empty-vector C2C12 clones. Three independent myodulin-FLAG C2C12 clones, which express a non-related FLAG-fusion protein, were used as negative control and had no significant difference in the doubling time with respect to the empty-vector C2C12 clones [START_REF] Yeow | Inhibition of myogenesis enables adipogenic trans-differentiation in the C2C12 myogenic cell line[END_REF].

∆-BTBD1 expression in C2C12 cells blocks myogenic differentiation. Since the BTBD1 gene was found to be much more expressed in C2C12 myotubes than in C2C12 myoblasts, we decided to study the effect of ∆-BTBD1 overexpression in C2C12 myoblasts under myogenic differentiation conditions. At subconfluence, control and ∆-BTBD1 C2C12 cells were placed in DM. Four days later, interestingly, no myotubes were detected in ∆-BTBD1 cell culture dishes (Fig. 4A), whereas control C2C12 cells were largely fused into myotubes. ∆-BTBD1 C2C12 cells were blocked at a mononucleate state without the cell alignments characteristic of an engagement in cellular fusion. Even after 7 days in DM, ∆-BTBD1 C2C12 cells were unable to fuse and form myotubes. In order to understand this alteration, we studied the expression of two skeletal muscle differentiation markers, i.e. MyoD (an early marker) and myogenin (a late marker). Western blot analyses were performed during differentiation. MyoD expression was decreased and myogenin expression was dramatically inhibited in cells overexpressing ∆-BTBD1 (Fig. 4B). The strongest effect observed on the late differentiation marker versus the early one suggested that ∆-BTBD1 myoblasts may differentiate in myocytes, but are unable to fuse in myotubes. The inability of ∆-BTBD1 C2C12 cells to differentiate is thus associated with profound modifications in myogenic marker expressions.

∆-BTBD1 C2C12 cells are able to differentiate in adipocytes. Control and ∆-BTBD1 C2C12

confluent cells were treated either with 5 µM rosiglitazone in GM for adipogenesis induction or switched to DM for myogenesis. This experiment was performed to determine the capacity of ∆-BTBD1 C2C12 cells to enter adipocytic differentiation since wild-type C2C12 cells have been shown to positively respond to adipogenic induction [34,[START_REF] Yeow | Inhibition of myogenesis enables adipogenic trans-differentiation in the C2C12 myogenic cell line[END_REF]. After 2 days, in accordance with the above results, ∆-BTBD1 C2C12 cells in DM did not differentiate into myotubes (Fig. 5A) and, as expected, myotubes were only detected in control C2C12 cells in DM or with rosiglitazone (Fig. 5C-D). In ∆-BTBD1 C2C12 cells treated with rosiglitazone, few rounded cells containing lipid droplets specific to adipocyte structures were detected (Fig. 5B). After 7 days, large myotubes were detected in control C2C12 cells (Fig. 5G-H), while none were found in ∆-BTBD1 C2C12 cells (Fig. 5E-F). ∆-BTBD1 C2C12 cells in DM and control cells treated with rosiglitazone displayed a high number of rounded cells containing oil droplets (Fig. 5E-H). The most spectacular result was obtained with ∆-BTBD1 C2C12 cells treated with rosiglitazone: large areas (50% of the culture dish) of adipocytes with the biggest lipid droplets were detected (Fig. 5F). These observations were confirmed by Oil red O staining at 7 days of treatment, revealing the presence of neutral triglycerides in all conditions except control C2C12 cells in DM (Fig. 5I-P). The findings were further confirmed by a study on the expression of aP2, an adipocytespecific marker. As expected, aP2 was detected by Western blot in ∆-BTBD1 C2C12 cells after a 7 day treatment with rosiglitazone (data not shown). The presence of neutral lipids in droplets and aP2 expression are characteristic of mature adipocytes. Thus, ∆-BTBD1 overexpression did not alter adipogenesis and BTBD1 did not appear to be essential for this differentiation.

∆-BTBD1 C2C12 cells display Topo1 modifications. The reported ∆-BTBD1 C2C12 cell alterations in proliferation rate and myogenic differentiation may result from Topo1 deregulation.

In order to evaluate this, we studied Topo1 expression levels at proliferation and differentiation stages by Western blotting and cellular sub-localization by immunocytochemistry. We found an almost twofold lower nuclear Topo1 content in proliferative ∆-BTBD1 C2C12 cells than in control C2C12 cells (Fig. 6). When cells were transferred to DM, there was a drastic reduction in nuclear Topo1 content in control C2C12 cells, while no significant reduction was noted in ∆-BTBD1 C2C12 cells during 3 days of differentiation. Furthermore, Topo1 sub-cellular localization was altered. Besides weak cytoplasmic labelling, Topo1 was mostly observed in a diffuse form in nuclei of ∆-BTBD1 C2C12 cells (Fig. 7A-B) as compared to the main nuclear peripheral localization noted in control C2C12 myoblasts (Fig. 7D-E) and myotubes (Fig. 7F). then showed that BTBD1 and BTBD2 were able to bind [START_REF] Xu | Characterization of BTBD1 and BTBD2, two similar BTB-domain-containing Kelch-like proteins that interact with Topoisomerase I[END_REF]. Further studies on BTBD1 and BTBD2 are thus required to fill in the gaps concerning molecular events that regulate Topo1 activity, its involvement in vital biological functions such as mitosis and transcription [START_REF] Wang | Cellular roles of DNA topoisomerases: a molecular perspective[END_REF][START_REF] Desai | Transcription-dependent degradation of topoisomerase I-DNA covalent complexes[END_REF][START_REF] Kimura | ATP-dependent positive supercoiling of DNA by 13S condensin: a biochemical implication for chromosome condensation[END_REF][START_REF] Wang | Action at a distance along a DNA[END_REF],

The results of quantitative

and in severe pathologies such as cancer and leukaemia [15][16][17][18][19][START_REF] Van Der Zee | Quantitative and qualitative aspects of topoisomerase I and II alpha and beta in untreated and platinum/cyclophosphamide treated malignant ovarian tumors[END_REF]. Here we attempted to elucidate BTBD1 function in skeletal muscle, where this protein is mostly expressed.

This study was performed in mouse, a model which seemed very appropriate since BTBD1, initially identified in humans, was found to be expressed in this species with the same characteristics as in humans in terms of sequence, messenger size, wide tissue distribution, and preferential expression in skeletal muscle and heart. This wide tissue distribution could be due to the expression in fibroblastic structures present in most tissues. This was ruled out in the case of skeletal muscle since BTBD1 expression was observed in muscle cells grown in vitro. The preferential expression in skeletal muscle and heart suggests that BTBD1 has a more specific function in striated muscles.

BTBD1 function was investigated in modified murine C2C12 muscle cells that overexpress a truncated form of BTBD1. Such molecules may act in a dominant negative fashion. The expression of truncated BTBD1 decreased the proliferation rate of C2C12 cells, showing that a fully functional BTBD1 is important for cellular proliferation.

N-terminal truncated BTBD1 blocks myogenic differentiation

The most spectacular findings of the present study was the significance of BTBD1 in myogenic differentiation. In vitro myogenic C2C12 differentiation is considered to mimic most in vivo steps. Under low serum culture conditions, confluent myoblasts complete a last cell cycle, then differentiate into myocytes, which align contiguously to each other and finally fuse into myotubes. This is the last structure before in vivo terminal myofiber formation. In cell culture conditions, BTBD1 was found to be more expressed in differentiated myotubes than at the myoblast and myocyte stages (Fig. 1). BTBD1 may therefore be essentially a terminal differentiation marker or, alternatively, it may contribute to the differentiation process. This latter hypothesis is strongly corroborated by the finding that ∆-BTBD1 C2C12 cells were blocked at the myocyte stage under differentiation culture conditions and lost the capacity to fuse and become myotubes. This indicates that BTBD1 is somehow involved in C2C12 cell myogenic differentiation and therefore possibly in in vivo myogenesis. More specifically, BTBD1 seems to be crucial for the late step of differentiation, i.e. progression from myocytes to fused myotubes, since myogenin, which is a late differentiation marker triggering myocyte fusion, is strongly inhibited in ∆-BTBD1 C2C12 cells, while the expression of MyoD, which is an early differentiation marker, is only decreased.

Does BTBD1 function as a general Topo1 degradation regulator?

Regarding the possible mechanisms underlying BTBD1 activities, the first point that we assessed was a potential action on Topo1 since BTBD1 is known to specifically bind to Topo1. In addition, alterations in proliferation as well as protein synthesis (data not shown), together with a complete defect in differentiation can be typical of Topo1 deregulation. A substantial decrease in Topo1 amount was detected in C2C12 cells between the exponential growth phase and proliferation arrest, and then Topo1 amounts remained constant during differentiation. These variations are similar to Topo1 regulation patterns documented during differentiation of human intestinal epithelial cells in a study in which a constant decrease in cytoplasmic Topo1 level was also noted during differentiation [START_REF] Ulukan | Downregulation of topoisomerase I in differentiating human intestinal epithelial cells[END_REF]. Marked alterations were detected in nuclear Topo1 in ∆-BTBD1 C2C12 cells, which express a N-terminus truncated BTBD1. Firstly, proliferating ∆-BTBD1 C2C12 cells contained less Topo1 than control cells. Secondly, no decrease in Topo1 level was detected between proliferating and differentiating modified cells. Finally, the Topo1 sub-cellular localization differed between control and ∆-BTBD1 C2C12 cells; the nuclear peripheral localization shifted to a diffuse nuclear localization in ∆-BTBD1 C2C12 cells.

Together, these results strongly suggest that BTBD1 is essential for normal Topo1 activity, which in turn is essential for cellular proliferation and differentiation. Furthermore, we speculate that BTBD1 may participate in the negative regulation machinery of Topo1. First, the BTBD1 sequence is highly similar to the BTBD2 sequence, which has been shown in vitro to slightly inhibit Topo1 activity on DNA. Moreover, Xu et al. [40] recently described the cellular colocalization of BTBD1 and BTBD2 to cytoplasmic bodies with TRIM5δ, which is a member of the TRIM protein family. Interestingly, these proteins have ubiquitin ligase and multimerization activities. One possible function of BTBD1 could therefore be to address Topo1 to the ubiquitinproteasome pathway. Indeed, ubiquitin-dependent degradation was reported to be one Topo1 degradation pathway, in addition to trypsin-like serine protease-dependent degradation [START_REF] Chen | Degradation of DNA topoisomerase I by a novel trypsin-like serine protease in proliferating human T lymphocytes[END_REF][START_REF] Desai | Ubiquitin-dependent destruction of topoisomerase I is stimulated by the antitumor drug camptothecin[END_REF].

At this point, it is not clear whether the Topo1-BTBD1 interactions take place in the nucleus or in the cytoplasm. Since BTBD1 has been localized in cytoplasmic bodies [40], the simpliest hypothesis to explain BTBD1 function is that BTBD1 binds to Topo1 through its C-terminal BTB domain after Topo1 transportation in the cytoplasm. The N-terminal BTB domain would interact with the appropriate proteins to address Topo1 to proteasome. The BTBD1 contribution to Topo1 activity inhibition would thus be mainly to elicit Topo1 degradation. Another nonexclusive hypothesis is that a small pool of BTBD1 molecules could first interact with Topo1 in the nucleus and thereby contribute to Topo1 activity inhibition, and would then participate in Topo1 transport to cytoplasmic proteasome through the N-terminal BTB domain. A full Nterminal BTB domain is missing in the ∆-BTBD1 mutant protein, thus preventing it from achieving these latter functions. According to both hypotheses, the consequence would be alteration of the Topo1 degradation/synthesis balance, which in turn would impair normal functioning of Topo1. Because of the wide spectrum of activities of Topo1, it is at this point impossible to understand exactly how Topo1 can mediate the effects of BTBD1 on cellular proliferation and differentiation. In addition, we cannot rule out that BTBD1 function involves other mechanisms not related to Topo1 activity.

Specific role of BTBD1 in myogenic differentiation

C2C12 cells have been described as having pluripotent mesenchymal precursor cell characteristics. Indeed, these cells treated with rosiglitazone or "bone morphogenetic protein 2", are able to differentiate in adipocytes [34,[START_REF] Yeow | Inhibition of myogenesis enables adipogenic trans-differentiation in the C2C12 myogenic cell line[END_REF] or osteoblasts [41], respectively. ∆-BTBD1 C2C12 cells were treated with rosiglitazone, a member of the glitazone family known to induce adipogenesis in various cell types, and no effect of BTBD1 was detectable on adipogenic differentiation of C2C12 cells. It would therefore be worthwhile investigating why BTBD1 effects on differentiation are specific to myogenesis although BTBD1 and Topo1 expression have a wide tissue distribution and Topo1 is likely involved in non-tissue specific cellular differentiation. In the present work, we showed that N-terminal truncated BTBD1 alters the expression of MyoD and especially myogenin, which are key myogenic regulatory factors. It is clear that they may mediate a specific role of BTBD1 in myogenic differentiation. However, further investigation will be necessary to elucidate the molecular mechanisms linking BTBD1, MyoD and myogenin. Such mechanisms imply that there are particular links between myogenic regulatory factors and BTBD1 and/or Topo1. Indeed, BTBD1 may interact either directly or through its Topo1 interactions with these factors, but no such interactions have been documented to date. Interestingly, many lines of evidence have shown that the myogenic regulation cascade functions via chromatin-modifying enzymes. More precisely, myogenic regulatory factors, such as MyoD, are known to recruit chromatin-remodelling proteins, as recently reviewed by McKinsey et al. [START_REF] Mckinsey | Signaling chromatin to make muscle[END_REF]. This is the case particularly with respect to ATP-dependent SWI/SNF enzymes, which were shown to be essential for the induction of muscle-specific genes by some myogenic regulatory factors [START_REF] Roy | The myogenic basic helix-loop-helix family of transcription factors shows similar requirements for SWI/SNF chromatin remodeling enzymes during muscle differentiation in culture[END_REF] and the class II histone deacetylases HDAC4 and HDAC5 [START_REF] Mckinsey | Signal-dependent nuclear export of a histone deacetylase regulates muscle differentiation[END_REF].

In fact, these latter compounds inhibit members of the myocyte enhancer factor-2 (MEF2) transcription factor family that associate with myogenic regulatory factors to activate skeletal myogenesis. The importance of enzymes that remodel chromatin for myogenesis is highlighted by the role of HDACs as targets for signaling pathways controlled by insulin-like growth factor and CaM kinase during myogenic differentiation [START_REF] Lu | Regulation of skeletal myogenesis by association of the MEF2 transcription factor with class II histone deacetylases[END_REF]. Structural domains that participate in chromatin reorganization and independent of the transcription activation domain have even been described in MyoD molecules [START_REF] Gerber | Two domains of MyoD mediate transcriptional activation of genes in repressive chromatin: a mechanism for lineage determination in myogenesis[END_REF]. To our knowledge, no role of Topo1 has been discovered in modifications of chromatin associated with molecular muscle differentiation mechanisms, but it would be reasonable to assume that this role exists. By this hypothesis, the impact of BTBD1 on myogenesis would be due to its interactions with Topo1 and therefore to the possible effects on the regulation of chromatin structure. This is the working hypothesis we favoured for further investigations.

This study suggests that N-terminal truncated BTBD1 acts in a dominant negative manner to prevent muscle cell differentiation and therefore that the BTBD1 function may be required for normal muscle cell differentiation, which could be related to its high expression in skeletal muscle. Several lines of evidence suggest that the already known interactions of BTBD1 with Topo1 could be part of the myogenic role of BTBD1. This raises many questions on the molecular events and interactions involved in Topo1 activity regulation and their impact on myogenic mechanisms.

T Easy vector (Promega, Charbonnieres, France). Inserts were excised with BamHI and NotI endonucleases and subcloned into BamHI and NotI sites of the pcDNA3 vector (Invitrogen).

Plasmid constructions were checked by automatic sequencing, performed by Genome Express SA (Grenoble, France).

Cell culture. The human myoblast clone was a generous gift from Dr. L. Bernheim and isolated from single satellite cells, as previously described [START_REF] Baroffio | Purification of human muscle satellite cells by flow cytometry[END_REF]. The C2C12 mouse skeletal muscle cell line (CRL 1772) was obtained from the American Type Culture Collection. Wild-type and transfected cell lines were grown at 37°C in a 5% CO 2 atmosphere in a growth medium (GM) composed of Dulbecco's modified Eagle's medium with 4.5 g/L glucose, 10% fetal calf serum and 1% v/v penicillin/streptomycin. Myotube C2C12 differentiation was induced by withdrawing fetal calf serum from confluent cells and adding 10 µg/mL insulin, 5 µg/mL transferrin and 2% horse serum; this medium was named differentiation medium (DM). Adipogenesis was induced by adding rosiglitazone (5 µM final concentration) in GM to confluent cells. Only experiments reproducible on three independent modified cell lines were considered because of the clonal heterogeneity of C2C12 cells. Cell counts were performed with the CASY ® 1 Cell Counter Model TT from Schärfe System Gmbh (Reutligen, Germany).

Stable transfection.

Cell transfection was performed using the calcium phosphate procedure.

C2C12 cells were transfected with 20 µg of pcDNA3-∆-BTBD1-FLAG construct (∆-BTBD1 C2C12 cell line) or pcDNA3 empty vector alone (control C2C12 cell line). C2C12 cells were diluted about 10 3 -fold the day after transfection and grown in 0.8 µg/mL of G418 until selection was complete. Viable colonies were further screened for transgene expression by Western blotting.

RNA analysis. Total RNA was prepared with the RNAInstaPure kit (Eurogentec, Seraing, Belgium). For Northern blot analysis, approximately 50 µg of total RNA was separated and transferred onto nylon membranes according to standard procedures. Hybridizations were performed at 42°C in the presence of 50% formamide as previously described [47]. PCR amplified products of mouse BTBD1 ORF and 18S rRNA were used as probes and labelled with [α-32 P]dCTP using the Prime-a-gene labeling system (Promega). Complete mouse BTBD1 ORF cDNA was amplified with forward 5'-GTTTTGTCCATAAGTGGGC-3' and reverse 5'-TGAAGGTGAAAAAGCTGTG C-3' primers. The 18S rRNA cDNA fragment was amplified with forward 5'-AGTTGGTGGAGCGATTTGTC-3' and reverse 5'-GGCCTCACTAAACCATC CAA-3' primers. The myogenin cDNA fragment was amplified with forward 5'-GCGCAGGCT CAAGAAAGTGAAT-3' and reverse 5'-TTTCGTCTGGGAAGGCAACA-3' primers. For RT-PCR analysis, reverse transcription was carried out with M-MLV reverse transcriptase (Invitrogen) and oligodT on 1 µg of total RNA. PCR was performed with Taq polymerase (Invitrogen). Routine PCR amplifications were analyzed after 30 cycles. Agarose electrophoresis bands were quantified with Pcbas software in the linear amplification range and normalized with 18S rRNA amplification. PCR amplified fragment sequences were controlled with several restriction enzymes.

Western blot analysis. Whole cell, nuclear and cytoplasmic protein extracts were prepared by Triton lysis as previously described [START_REF] Ulukan | Downregulation of topoisomerase I in differentiating human intestinal epithelial cells[END_REF]48]. Equal amounts of proteins (25 µg or 1/20 of preparations for sub-cellular analysis) were separated by SDS-PAGE on 6 or 10% acrylamide gels. Proteins were transferred to Hybond-C extra membranes (Amersham Biosciences, Buckinghamshire, UK) and stained with Ponceau red to monitor transfers. Blots were then incubated for 1 h at room temperature in TBS (0.05 M Tris, 0.15 M NaCl, pH 7.4) with 0.1% Tween-20 and 5% non-fat powdered milk. Membranes were probed overnight at 4°C with a primary antibody. Antibodies were used at the following dilution in TBS: 0.1% Tween-20, 3% BSA: anti-p38 at 1:10000, anti-FLAG and anti-myogenin at 1:5000, anti-MyoD at 1:400 and anti-Topo1 at 1:200. The membranes were then probed for 1 h at room temperature with a HRPconjugated secondary antibody. After each incubation, membranes were washed three times in TBS, 0.1% Tween-20 for 10 min. Proteins were then visualized using the Amersham ECL system.

Immunocytochemistry. Cells were grown on 22 mm glass coverslips. They were rinsed once in sterile phosphate-buffered saline (PBS), and fixed, as previously described [START_REF] Brunet | Nuclear translocation of p42/p44 mitogen-activated protein kinase is required for growth factorinduced gene expression and cell cycle entry[END_REF], for 15 min at room temperature in 10% formaldehyde, followed by methanol permeabilization for 10 min at -20°C. All of the following steps were performed at room temperature unless otherwise specified. Cells were washed in PBS. Blocking was performed for 30 min in PBS 3% BSA. Cells were incubated for 2 h at 37°C with mouse anti-FLAG or anti-Topo1 antibody, at 1:500 and 1:100 dilution in PBS 3% BSA, respectively. After rinses with PBS, bound antibodies were detected with FITC-conjugated secondary antibody for 1 h at 37°C. Cells were washed with PBS and distilled water, then mounted in Mowiol (Calbiochem, La Jolla, USA) for visualization on an Olympus BH2 epifluorescence microscope. Photographs were made with a Nikon Coolpix 990 digital camera.

Oil red O staining. Staining was performed as previously described [START_REF] Aubert | Leukemia inhibitory factor and its receptor promote adipocyte differentiation via the mitogen-activated protein kinase cascade[END_REF]. Cells were mounted with 70% glycerol for visualization on a Leitz Wetzlar light microscope. Photographs were made with a Nikon Coolpix 990 digital camera. 

  Western blot analysis of Topo1 content in nuclear versus cytoplasmic fractions are shown in Fig. 7G. The same number of cells in 100 mm culture dishes were used for ∆-BTBD1 and control C2C12 cells grown in GM close to confluence. Volumes of 1/20 from nuclear and cytoplasmic protein preparations were separated on SDS-PAGE and analysed with anti-Topo1 antibody. The equality of total-protein loading in nuclear and cytoplasmic fractions from ∆-BTBD1 and control C2C12 cells was confirmed by the equal Coomassie blue intensity of the protein bands (not shown). Under these conditions, Topo1 was essentially found in the nuclear fractions with a small cytoplasmic amount detected in control C2C12 cells. This confirms that the Topo1 localization modifications observed in ∆-BTBD1 C2C12 cells by immunofluorescence were essentially localization alterations within the nucleus. The absence of Topo1 band in the ∆-BTBD1 C2C12 cell cytoplasm could have been related to the lower amount of Topo1 in these cells. Overall, ∆-BTBD1 overexpression was found to be associated with deregulation of the nuclear Topo1 level and localization. DISCUSSION BTBD1 is a new protein that contains several protein-protein interaction motifs. It was discovered at the same time as its homologue BTBD2 by Carrim-Todd et al. in 2001 [29]. Xu et al.
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 4 Figure 4. Analysis of ∆-BTBD1 C2C12 cell myogenic potential. (A) Morphological analysis of ∆-BTBD1 and control C2C12 cells after 4 days in differentiation medium (DM). (B) Effects of ∆-BTBD1 stable expression in C2C12 cells on myogenesis markers. Total proteins were
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 6 Figure 6. Study of Topo1 expression in control and ∆-BTBD1 C2C12 cells. Nuclear proteins were extracted from control and ∆-BTBD1 C2C12 cells cultured in growth medium (GM) or
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 7 Figure 7. Topo1 subcellular localization in ∆-BTBD1 and control C2C12 cells. ∆-BTBD1
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MATERIALS AND METHODS

Materials. Restriction enzymes were purchased from Invitrogen (Cergy Pontoise, France) and cell culture reagents from Sigma (Saint Quentin Fallavier, France). Rosiglitazone (BRL-49653-C) was obtained from GlaxoSmithKline (Worthing, UK). Antibodies were purchased from the following vendors: anti-MyoD monoclonal antibody (M-318) and anti-Topo1 rabbit polyclonal antibody (H-300) from Santa Cruz (Heidelberg, Germany), anti-FLAG monoclonal antibody from Euromedex (Mundolsheim, France), anti-myogenin monoclonal antibody (F5D) from Pharmingen (Le Pont de Claix, France), anti-p38 rabbit polyclonal antibody from Sigma (Saint Quentin Fallavier, France), swine anti-rabbit IgG and rabbit HRP-or FITC-conjugated antimouse IgG from Dako (Trappes, France).

Animals and tissues.

All procedures were approved by the local Centre National de la Recherche Scientifique ethics committee. Ten week-old C57BL/6 animals were used for mouse tissue RNA preparations. All tissues were immediately frozen in liquid nitrogen after excision.

Plasmid.

A cDNA encoding a BTBD1 large fragment truncated from the 108 N-terminal amino acid residues, named ∆-BTBD1, was FLAG tagged at the C-terminus by PCR using Advantage Klen Taq polymerase (Ozyme, Saint Quentin Yvelines, France) and mouse BTBD1 ORF cDNA as template. Forward and reverse primer sequences were respectively 5'-GAGAGGGATCCTTTGACGCCATGTTCAACGGCGGCATGGCCACCACGTCG-3', 5'-CTCTCGCGGCCGTTAGTTAGTTATTTGTCATCATCGTCCTTATAGTCTGTATAAAATA TGATTTCTGGAAT-3'. The ∆-BTBD1 PCR products were gel-purified and cloned into pGEM-