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Analysis of Exonic Regions Involved in Nuclear Localization, Splicing Activity, and Dimerization of Muscleblind-like-1 Isoforms

   

Muscleblind-like-1 (MBNL1) is a splicing regulatory factor controlling the fetal-to-adult alternative splicing transitions during vertebrate muscle development. Its capture by nuclear CUG expansions is one major cause for type 1 myotonic dystrophy (DM1). Alternative splicing produces MBNL1 isoforms that differ by the presence or absence of the exonic regions 3, 5, and 7. To understand better their respective roles and the consequences of the deregulation of their expression in DM1, here we studied the respective roles of MBNL1 alternative and constitutive exons. By combining genetics, molecular and cellular approaches, we found that (i) the exon 5 and 6 regions are both needed to control the nuclear localization of MBNL1; (ii) the exon 3 region strongly enhances the affinity of MBNL1 for its pre-mRNA target sites; (iii) the exon 3 and 6 regions are both required for the splicing regulatory activity, and this function is not enhanced by an exclusive nuclear localization of MBNL1; and finally (iv) the exon 7 region enhances MBNL1-MBNL1 dimerization properties. Consequently, the abnormally high inclusion of the exon 5 and 7 regions in DM1 is expected to enhance the potential of MBNL1 of being sequestered with nuclear CUG expansions, which provides new insight into DM1 pathophysiology.

Splicing of pre-mRNA is a key post-transcriptional step in eukaryotic gene expression. A vast majority of vertebrate pre-mRNAs is alternatively spliced, allowing the production of several protein isoforms from transcripts of a given gene (1). The regulation of alternative splicing plays a major role in cell differentiation and in development and depends on the expression and activity of numerous splicing regulatory factors that are expressed differentially during development, according to the type of tissue. Defects in these alternative-splicing processes can contribute to pathogenesis, as demonstrated for a growing number of diseases, including neuromuscular diseases such as myotonic dystrophy type 1 (DM1) 9 (2, 3).

DM1 is an autosomal disorder caused by an unstable CTG repeat expansion in the 3Ј-untranslated region (UTR) of the DMPK gene (4 -6). One of the main etiological hypotheses of DM1 is based on a toxic RNA gain of function, leading to the dysregulation of alternative splicing. Mutant transcripts bearing long-CUG repeats acquire unusual A-form doublestranded RNA structures (7), accumulate in the nucleus, and lead to small ribonucleoprotein inclusions, named foci (8) that sequester RNA-binding proteins such as Muscleblind-like 1 (MBNL1). The alternative splicing of several MBNL1 targets is thus abnormally modified in DM1 patients and in a mouse model in which MBNL1 expression is inactivated (9 -11). In consequence, a loss-of-function mechanism has been proposed to contribute to DM1 pathogenesis, which is further supported by an in vivo model showing that MBNL1 inactivation leads to many of the symptoms and molecular defects observed in DM1 (10,11). MBNL1 is the best example of splicing regulatory factors known to be involved in development and splicing deregulation in disease. Originally identified in Drosophila melanogaster, MBNL1 is described as being essential for the terminal differentiation of photoreceptors and muscles (12,13). In humans and in mice, the splicing factor MBNL1 has been shown to participate in the postnatal remodeling of skeletal muscle and of the developing heart by controlling the developmentally reg-ulated switch of a key set of pre-mRNAs (9,[START_REF] Kalsotra | Proc. Natl. Acad. Sci. U.S.A[END_REF][START_REF] Terenzi | [END_REF]. MBNL1 binds to pre-mRNAs containing YGCY sequence elements (16,17) and promotes either the inclusion or the exclusion of alternative exons depending on the 5Ј or 3Ј localization of cis-regulatory elements (17). For instance, the inclusion of exon 5 in human cardiac troponin T (hcTNT/TNNT2) mRNA is inhibited by MBNL1, whereas the inclusion of exon 11 in insulin receptor (IR/INSR) mRNA is promoted by MBNL1 (16). MBNL1 binds to the polypyrimidine tract of hcTNT intron 4 and competes with the splicing factor U2AF for its binding site, explaining the MBNL1 inhibition of exon 5 inclusion (18). Conversely, by binding to elements located 3Ј to the alternative exon 11 in IR pre-mRNA (IR/INSR), MBNL1 enhances the inclusion of this exon (17,19,20).

The MBNL1 gene encompasses 12 exons and the coding sequence is distributed over 10 exons numbered 1-10 (Fig. 1A) The amino acid length is noted for each construct used. When carrying a deletion of the C terminus, the constructs are annotated ⌬CT followed where appropriate by the number of the exon. N-terminal truncated MBNL1 constructs are named CT followed by the number of the exon present in the sequence. (21)(22)(23), some of which (exons 3, 5, 7, and 9) are alternatively spliced. Thus, Ͼ10 isoforms of MBNL1 have been reported (21). The expression of these isoforms is developmentally regulated and altered in DM1. These observations suggest a modulation of MBNL1 protein function through alternative splicing. Indeed, the cassette exons 5 and 7 are included mainly in fetal brain and muscle rather than in adult tissues and are preferentially included in DM1 patients compared with controls (9,24). Exons 1, 2, and 4 are always included and encode the four CCCH zinc finger domains involved in RNA binding (25). Exon 3 is often included and may act as a linker joining the second and third zinc finger domains (22,25). Although the segment encoded by exon 3 is often included in MBNL1 protein, MBNL1 isoforms without this linker have already been found to have a lower affinity for CUG expansions compared with isoforms that include the exon 3-encoded sequence (22). The presence or absence of the sequence encoded by exon 5 has been suggested to modulate the nuclear localization of MBNL1 (9,[START_REF] Terenzi | [END_REF]24). However, the possible involvement of the bordering amino acid sequences encoded by constitutive exons such as exon 6 in the cellular localization of MBNL1 has not been investigated yet, and up to now, no functional role has been attributed to the highly conserved amino acid sequence encoded by exon 7 cassette, which is also mainly included in fetal brain and muscles and in MBNL1 protein from DM1 patients. It is therefore important to determine the relationship, if any, between the exon composition and function of MBNL1 isoforms.

In the present study, in an effort to define precisely the respective roles of the amino acid sequences encoded by the alternative cassette exons 3, 5, and 7 and constitutive exon 6 of human MBNL1 protein isoforms, we applied a large variety of in vitro and in cellulo approaches. This allowed us to determine the cellular localization, splicing activity, and RNA binding properties of the eight main normal MBNL1 isoforms as well as of a large number of MBNL1 variant proteins. Experiments were performed using both HeLa cells and human myoblasts that did or did not express CUG expansions. Our results provide a better definition of (i) the respective roles of the amino acid sequences encoded by exons 3 and 5 in the RNA binding property, nuclear localization and splicing regulatory property of MBNL1; (ii) the involvement of the exon 6-encoded sequence in MBNL1 nuclear retention and in cellulo splicing regulatory activity; (iii) the identification of a possible role of the exon 7-encoded sequence in MBNL1 self-dimerization.

EXPERIMENTAL PROCEDURES

Plasmids and Cloning-Full-length MBNL1 variant constructs (MBNL1 35 , MBNL1 36 , MBNL1 37 , MBNL1 38 , MBNL1 40 , MBNL1 41 , MBNL1 42 , and MBNL1 43 ) used in this study have been described previously (24). All truncated forms of MBNL1 were derived from the appropriate full-length MBNL1 cDNAs and cloned using standard techniques. Briefly, MBNL1 cDNA was amplified with DYNAzyme EXT TM Taq polymerase (Finnzymes, Espoo, Finland). The same forward primer sequence was used for all constructs with a truncated C-terminal tail: 5Ј-atggctgttagtgtcacacca-3Ј; the reverse primer sequences used were 5Ј-catggcagctgcggt-3Ј for the MBNL1 ⌬CT and MBNL1 ⌬CT3 constructs; 5Ј-caggtcaaaggttgcctc-3Ј for MBNL1 ⌬CT5 , and 5Ј-ctggtgggagaaatgctgt-3Ј for MBNL1 ⌬CT6 , MBNL1 ⌬CT3.6 and MBNL1 ⌬CT3.5.6 , respectively. The cDNA of constructs with a truncated N-terminal tail were amplified using 5Ј-atgtaccaggtccctaagaagaa-3Ј as the forward primer and 5Ј-ctacatctgggtaacatacttgtg-3Ј as the reverse primer. PCR products were cloned into the PCR8/GW/TOPO TA cloning vector (Invitrogen) and recombined with LR Clonase in the expression plasmid pDEST53/GW, pcDNA3.1/nV5 plasmid for C-terminal truncated mutants, or in pACTII and pASII⌬⌬ previously converted using the Gateway system according to the manufacturer's instructions. All plasmid DNA was doublestranded sequenced and purified using the Nucleobond AX endotoxin free kit (Macherey Nagel, Du ¨ren, Germany). MBNL1 splicing activity was assessed using two minigenes described previously: the RTB300 minigene containing exon 5 hcTNT (26) and the INSR minigene containing exon 11 of the human IR (27).

Cell Culture and Transfection-HeLa cells (ECACC 93021013) were grown in monolayer cultures in 6-well plates in Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) supplemented with 10% fetal calf serum, 50 units/ml penicillin, 50 g/ml streptomycin, and 4 mmol/liter glutamine, at 37 °C in a humidified (5% CO 2 ) incubator. Cells were plated in 6-wells plates, grown to ϳ70% confluence, and transiently co-transfected with 1 g of minigene plasmid DNA and 3 g of MBNL1 plasmid DNA, in triplicate, using the FuGENE HD transfection reagent (Roche Diagnostics) according to the manufacturer's instructions. Human muscle cells were isolated from skeletal muscle biopsies or autopsies as described (28), in accordance with French legislation on ethics. Wild-type (WT) and DM1 myoblasts were grown in Ham's F10 medium supplemented with 20% fetal calf serum and 5 g/ml gentamycin (Invitrogen), at 37 °C and under 5% CO 2 .

Immunofluorescence Microscopy-HeLa cells and myoblasts were transiently transfected with 2 g of the different MBNL1 constructs, using the transfection reagent FuGENE HD according to the manufacturer's instructions. After 48 h, cells were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (PBS) for 15 min at room temperature. Cells were washed three times with PBS. The coverslips were mounted onto slides using the mounting medium Vectashield (Vector Laboratories) with DAPI. Images were acquired with a Zeiss apotome microscope or a Leica confocal microscope. All data were analyzed using Photoshop Element 6 software (Adobe).

Fluorescent in Situ Hybridization (FISH)-FISH was performed as described (29) using a Cy3-labeled peptide nucleic acid (CAG) 7 probe. Images were captured using a Leica confocal microscope and software (Leica microsystems) and processed with Adobe Photoshop software.

Protein Extraction, Nuclear Fractionation, and Western Blot Analysis-HeLa cells were lysed 48 h after transfection in radioimmune precipitation assay buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 0.5% deoxycholate) supplemented with protease inhibitors (Complete mini; Roche Applied Science). Lysates were sonicated, homogenized at 4 °C, and centrifuged at 12,000 ϫ g at 4 °C for 20 min. Myoblasts were washed in 20 mM HEPES at pH 7.9 with 5 mM NaF, 1 mM Na 2 MoO 4 , and 0.1 mM EDTA and lysed with the Structure-Function Analysis of MBNL1 MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 16437 addition of 0.5% Nonidet P-40. Nuclear and cytoplasmic fractions were separated by centrifugation (30 s at 16,000 ϫ g). Each fraction was lysed in radioimmune precipitation assay buffer supplemented with protease inhibitors (Complete mini) and sonicated. Protein concentration was determined with the BCA protein assay kit (Pierce). HeLa samples were prepared under reducing conditions (NuPage sample buffer with sample reducing agent; Invitrogen) and heated to 100 °C for 10 min. 10 g of proteins were loaded and separated on a 4 -12% BisTris polyacrylamide NuPage gel (Invitrogen) and transferred onto Hybond nitrocellulose membranes (GE Healthcare) using the XCell TM II blot module (Invitrogen). Membranes were blocked with 5% skimmed milk in TBS-T (Tris-buffered saline Tween 20: 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween 20) or with 2% fetal calf serum (FCS) in PBS-T (PBS ϩ 0.1% Tween 20) and incubated overnight at 4 °C with a primary antibody raised against the GFP tag (anti-GFP B-2; Santa Cruz Biotechnology) or with a primary antibody raised against MBNL1 (MB1a) (30,31), ␤-tubulin (Sigma T4026), or H3 histone (Cell Signaling 9715). Horseradish peroxidase-conjugated antibodies (Vector) were used as secondary antibodies, and horseradish peroxidase activity was detected with the ECL TM detection kit on Hyperfilms (GE Healthcare) according to the manufacturer's instructions. Western blots were reproduced at least three times.

RNA Extraction and Semiquantitative Analysis-Total RNA was isolated from cells 48 h after transfection using a total RNA extraction kit (Nucleospin RNA II kit; Macherey Nagel, Du ¨ren, Germany). RNA concentration was determined by measuring the absorbance at 260 nm using Nanodrop ND1000 technology (Labtech). RT-PCR was performed in triplicate with 1 g of total RNA using random hexamers (5 M/liter) and the M-MLV reverse transcriptase (Invitrogen) according to standard protocols. No DNA amplification was observed in RT controls. PCR was carried out in a final volume of 25 l, with a 10 or 15 pM concentration of each primer as described previously (26,27), 1.5 mM MgCl 2 , and 1 unit of Taq polymerase (Invitrogen), under the following conditions: 5 min at 94 °C, 22-30 cycles of a 1-min denaturation step at 94 °C, annealing for 2 min at 65 °C, 2 min of extension, and 7 min of final extension at 72 °C. 18 S rRNA was used as an internal control. Reaction products were resolved by electrophoresis using a 5% or 8% polyacrylamide gel, and bands were stained with SYBR Gold (Invitrogen). The intensity of SYBR Gold luminescence was measured using a FluoroImager scanner (Claravision). PCR experiments were repeated at least three times. For more details of MBNL1 RT-PCR and two-dimensional gel electrophoresis, see supplemental Experimental Procedures.

Yeast Double-and Triple-hybrid Assays-For yeast doublehybrid assays, the appropriate pACT-II and pAS2⌬⌬ plasmids were introduced into haploid Saccharomyces cerevisiae test strains (CG929 or Y190 and Y187), which were then crossed. Diploid cells were plated on double-or triple-selection media (-Leu, -Trp, or -Leu, -Trp, and -His), and growth was assessed 3 days later. For yeast triple-hybrid assays, S. cerevisiae L40-coat strains carrying various pACTII::MBNL1 plasmids were mated with R40-coat strains carrying the plasmid pIIIMS2-2::5ЈhcTNT or pIIIMS2-2::CUG 21 as a control. Diploids were selected on -Trp, -Leu, and -Ura media and were tested using -Leu -Ura -His media. For both yeast double-hybrid and yeast triple-hybrid assays, the strength of the interactions tested was evaluated by the addition of different concentrations of 3-amino-1,2,4-triazole (3AT), which competes with the HIS3 gene product.

Recombinant Protein Preparation-The plasmids pGEX-6P1-MBNL1 40 , pGEX-6P1-MBNL1 ⌬CT3 , and pGEX-6P1-MBNL1 ⌬CT were constructed for the overexpression of recombinant GST-MBNL1 40 , GST-MBNL1 ⌬CT3 , and GST-MBNL1 ⌬CT proteins in E. coli. To this end, MBNL1 ORFs were PCR-amplified from pET28-MBNL1 plasmids using oligonucleotides that generated a BamHI and an XhoI restriction site, respectively. The amplified DNA fragments were digested and inserted into the pGEX-6P1 plasmid (Novagen) cut by the same two nucleases. The resulting constructs were used to transform E. coli BL21 CodonPlus (DE3) RIL cells (Stratagene). Recombinant GST-MBNL1 40 , GST-MBNL1 ⌬CT3 , and GST-MBNL1 ⌬CT proteins were purified from E. coli BL21 cells under native conditions, using glutathione-Sepharose 4B as recommended by the manufacturer (Pharmacia). The GST-MBNL1 proteins bound to glutathione-Sepharose 4B beads were cleaved on the beads using 80 units of PreScission protease (GE Healthcare)/ml of glutathione-Sepharose bead suspension. Cleavage was carried out overnight at 4 °C. The purified proteins were dialyzed against buffer D (150 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 20 mM HEPES, pH 7.9, 10% glycerol), and aliquots were stored at Ϫ80 °C.

Electrophoresis Mobility Shift Assays-Cold hcTNT RNA was synthesized by in vitro transcription of a PCR fragment corresponding to the 50 nucleotides upstream of exon 5 in hcTNT pre-mRNA, using T7 RNA polymerase. The hcTNT RNA substrate used for complex formation was 5Ј end-labeled using [␥-32 P]ATP and T4 polynucleotide kinase and was gelpurified. For complex formation, 1.2 fmol of 5Ј end-labeled hcTNT RNA was preincubated in 7 l of buffer D (150 mM KCl, 4.5 mM MgCl 2 , 20 mM HEPES, pH 7.9, 10% glycerol) for 10 min at 65 °C, in the presence of 2 g of tRNA, followed by slow cooling. Then, 4 l of MBNL1 recombinant protein was added to the renaturated RNA for a final protein concentration of between 0 and 2,150 nM. The binding reactions were incubated for 30 min at room temperature and loaded onto an 8% (38/2) nondenaturing polyacrylamide gel containing 44.5 mM borate, 1 mM EDTA, 44.5 mM Tris borate, pH 8.3, and 5% glycerol. Gels were run for 45 min at 15 mA. The amount of radioactivity in the bands, corresponding to free and bound complexed RNA, was estimated using a Phosphor-Imager and ImageQuant software. Using these values, apparent K d values were determined with SigmaPlot software (SPSS Science Software). The overall K d and the number of binding sites were determined by Hill plotting; log [PR/R] versus log[P] (where P ϭ protein concentration; PR ϭ bound RNA, and R ϭ free RNA).

Statistical Analyses-Statistical analyses were performed using unpaired t tests with two tails, with the help of Prism software (GraphPad Software, San Diego, CA). 
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RESULTS

Nuclear Retention of MBNL1 Protein Depends on Segments

Encoded by Both Exons 5 and 6-To analyze the subcellular distribution of the various MBNL1 isoforms, nucleocytoplasmic fractionation was performed using human primary muscle cells (Fig. 2A). The fractionation protocol was assessed using histone H3 as a nuclear protein marker and ␤-tubulin as a marker for the cytosolic fraction. MBNL1 isoforms were detected with a monoclonal antibody that specifically recognizes the protein segment encoded by exon 3 (31). After gel electrophoresis, six bands containing proteins ranging from 30 kDa to 45 kDa were observed in the whole cell lysate (Fig. 2A, Total lane). Based on the epitope recognized by the antibody used, MBNL1 polypeptides detected must contain the exon 3-encoding sequence. According to their apparent molecular masses, the two top bands resolved at 45 kDa were expected to correspond to MBNL1 43 and MBNL1 42 isoforms, whereas the two middle bands (a major and a minor) at 40 kDa were expected to correspond to the MBNL1 41 and MBNL1 40 isoforms. The two bottom bands resolved at less than 35 kDa were expected to correspond to proteolytic products because the shortest identified MBNL1 isoform containing exon 3 is MBNL1 40 . Based on mRNA analysis, the MBNL1 isoforms 40 S and 41 S were described previously (22); however, they were never identified at the protein level. To support our protein assignment, additional RT-PCR and two-dimensional gel electrophoresis analysis were performed. First, RT-PCR amplification of the MBNL1 mRNAs followed by DNA sequencing identified five distinct mRNAs encoding MBNL1 isoforms 43, 41, 40, 40 S, and 41 S (supplemental Fig. 1A). A second Western blot analysis of the two-dimensional gel using MBNL1 antibody revealed three series of four spots aligned in the same range of isoelectric points (supplemental Fig. 1B). These spots correspond to MBNL1 isoforms 40, 41, and 43 because they have very close theoretical isoelectric points (pI of 8.9 -9.1). The isoforms 40 S and 41 S have theoretical pI values of 8.92-8.96 and a molecular mass of 35-37 kDa, indicating that the isovariants with a molecular mass below 30 kDa and pI values lower than 8.0 were therefore most probably catabolic products of MBNL1 rather than 40 S or 41 S MBNL1 isoforms. Altogether, our results indicate that MBNL1 isoforms 40, 41 and 43 are expressed in human myoblasts.

The MBNL1 isoforms detected in the whole cell lysate were also found in the nuclear fraction (Fig. 2A, Nucleus lane). How- 
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MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 16439 ever, the upper bands assigned as isoform 43 and containing the exon 5 region were not detected in the cytoplasm. In contrast, the proteins that we assigned to isoforms 41 and 40, which do not contain the exon 5 region, were present in both the cytoplasmic and nuclear fraction. In agreement with this subcellular localization, the exon 5 region was previously proposed to be involved in nuclear localization of MBNL1. Therefore, these data bring additional support to our isoform assignment and extend to human muscle cells the observations previously made in mice (9) and chickens [START_REF] Terenzi | [END_REF].

To complete the analysis of the sequence dependence of MBNL1 nuclear retention, we investigated the nucleocytoplasmic distribution of all WT MBNL1 isoforms, using GFP-tagged constructs (Fig. 1B). First, the eight-tagged isoforms were ectopically expressed in myoblasts and HeLa cells (Fig. 2B). As expected, all of the MBNL1 isoforms containing exon 5 (MBNL1 37, 38, 42, and 43 ) were detected in the nucleus but not in the cytoplasm. Conversely, isoforms lacking this sequence (MBNL1 35, 36, 40, and 41 ) showed both nuclear and cytoplasmic distributions. The localization of MBNL1 isoforms was not modified by the inclusion of exon 3 and/or 7. These results further support the idea that the region encoded by exon 5 regulates the nuclear retention of MBNL1. However, it did not exclude the possibility that other regions of the protein might have contributed to MBNL1 subcellular localization. To test this hypothesis, we generated four GFP-tagged truncated MBNL1 constructs: MBNL1 ⌬CT , MBNL1 ⌬CT5 , MBNL1 ⌬CT6 , and MBNL1 ⌬CT5. 6 , respectively (Fig. 1C). The proteins expressed by these constructs all contained the four zinc finger domains (exons 1, 2, and 4 were present in all of them), with or without exon 5. The truncated protein MBNL1 ⌬CT6 contained, in addition, the entire exon 6 region, but not the exon 5 region, whereas MBNL1 ⌬CT5.6 contained both the exon 5 and 6 regions. These truncated MBNL1 proteins were expressed in HeLa cells, and their subcellular localizations were visualized using GFP fluorescence. Surprisingly, MBNL1 ⌬CT and MBNL1 ⌬CT5 showed both nuclear and cytoplasmic distribution, even though MBNL1 ⌬CT5 contained the exon 5 region (Fig. 2C). In contrast, the MBNL1 ⌬CT5.6 protein containing both the exon 5 and 6 regions had an exclusive nuclear localization. Furthermore, its variant lacking the exon 5 region had both a nuclear and cytoplasmic distribution. Taken together, our results show that the exon 5 region is necessary but not sufficient for the nuclear retention of MBNL1. The downstream region encoded by exon 6 is necessary to mediate the nuclear retention of MBNL1 isoforms. Therefore, the nuclear retention of MBNL1 depends on both the exon 5 and exon 6 regions.

MBNL1 Exon 3-encoded Region Is Necessary to Modulate Alternative Splicing of Both hcTNT and Human IR Pre-mRNAs-

We next investigated whether the splicing function of MBNL1 was isoform-dependent. To assess the splicing activity of the various MBNL1 isoforms, we took advantage of two well characterized MBNL1 targets, hcTNT exon 5 and IR exon 11, and used their respective minigenes (26,27). The eight MBNL1 isoforms (including or not the exon 3, 5, and 7 regions) were coexpressed with hcTNT or IR minigenes in HeLa cells. The transient expression of MBNL1 constructs yielded very similar expression levels of MBNL1 proteins (Fig. 3A): only the two largest isoforms (MBNL1 42 and MBNL1 43 ) were expressed at slightly lower levels. The splicing products of the hcTNT exon 5 and IR exon 11 minigenes were analyzed by RT-PCR, and the data obtained demonstrated that the presence or absence of the MBNL1 exon 5 and 7 regions had no detectable effect on the MBNL1 splicing regulatory activity (Fig. 3B). In contrast, the presence of the exon 3 region in MBNL1 isoforms was found to be essential for the repression of hcTNT exon 5 inclusion and the activation of IR exon 11 inclusion. Therefore, we concluded that the exon 5 and 7 regions have no obvious splicing regulatory function, in sharp contrast to the exon 3 region (Fig. 3B). To rule out potential bias introduced by the GFP tag, we generated similar constructs in which the GFP tag was replaced by five amino acids (V5 tag). Similar results were obtained with these constructs (data not shown).

Our data suggest that the sequence encoded by exon 3 is essential to the splicing regulatory activity of protein MBNL1. This amino acid sequence links the second and third zinc finger domains (Fig. 1B), and this linker sequence has previously been shown to be required for the efficient binding of MBNL1 to RNAs containing CUG repeats (22). Therefore, we hypothesized that this linker sequence also increases MBNL1 affinity for its target sites in pre-mRNAs. To address this question, a yeast triple-hybrid assay was developed (Fig. 3D). In this assay, the interaction between RNA and protein was detected by the activity of the HIS3 reporter gene. The strength of the interaction was assessed by the addition of increasing concentrations of 3AT to the medium. 3AT is a competitive inhibitor of the activity of the HIS3 gene product. The MBNL1-Gal4 transcriptional activation domain fusion proteins used in these assays corresponded to: (i) the MBNL1 40 isoform, (ii) its homolog lacking exon 3, MBNL1 35 , (iii) the MBNL1 41 isoform, (iv) its homolog lacking exon 3, MBNL1 36 , (v) MBNL1 ⌬CT3 including the exon 3 region, and (vi) MBNL1 ⌬CT lacking the exon 3 region. The RNA used in the tests corresponded to the 3Ј end of the fourth intron of hcTNT pre-mRNA (hcTNT RNA). This RNA has been previously shown to interact with the MBNL1 40 isoform (16,19). The truncation of the C-terminal region in MBNL 40 did not change the affinity for the hcTNT RNA (Fig. 3D). Conversely, this affinity was strongly reduced in the absence of the exon 3 region (proteins MBNL1 35 , MBNL1 36 , and MBNL1 ⌬CT ). Indeed, almost no interaction of MBNL1 35 and MBNL1 ⌬CT was detected at a 3AT concentration of 0.5 mM (Fig. 3D). Interestingly, at 1 mM 3AT concentration, a stronger interaction was observed for MBNL1 41 including the exon 7 region compared with MBNL1 40 missing this region. In addition, at this 3AT concentration, some remaining interaction was also detected for MBNL1 36 compared with MBNL1 ⌬CT . Therefore, the exon 7 region may partially compensate for the absence of exon 3 (Fig. 3D). One possible explanation will be given in a following paragraph describing properties of the exon 7 region.

We then confirmed the role of exon 3 region in MBNL1 binding to its target sites in hcTNT pre-mRNAs by gel shift experiments using a 5Ј end-labeled hcTNT RNA (1.2 fmol) and the recombinant proteins MBNL1 40 , MBNL1 ⌬CT3 , and MBNL1 ⌬CT at concentrations ranging from 100 to 2,150 nM (for incubation conditions, see "Experimental Procedures"). No gel shift experiments were performed with the MBNL 41 , MBNL1 36 , and MBNL1 35 recombinant proteins because of their very low solubility during the purification steps. In agreement with the above triple-hybrid data, protein MBNL1 ⌬CT , lacking the exon 3 region, bound to the hcTNT RNA with a lower affinity (apparent K d 1,439 Ϯ 20 nM) compared with protein MBNL1 ⌬CT3 , containing the exon 3 region (apparent K d 599 Ϯ 35 nM) (Fig. 3E). The MBNL1 40 protein isoform, containing both the exon 3 region and additional C-terminal sequences, had a slightly lower apparent K d (384 Ϯ 50 nM). In addition, due to its aggregation at high concentration, RNP complexes formed with this protein were retained in the loading well at high protein concentrations.

For the three proteins studied, the curves obtained by plotting the ratio of bound versus bound plus unbound RNA (PR/ PRϩR) against the protein concentration [P] (where PR ϭ bound RNA and R ϭ free RNA) indicated the presence of multiple binding sites that might be filled either individually, or in a co-operative manner because no binding intermediates were visible (supplemental Fig. 2A). By determining the overall K d and studying the binding co-operativity by Hill plots (log (PR/R) versus log [P]) (supplemental supplementary Fig. 2), we concluded that each of the studied proteins (MBNL1 40 , MBNL1 ⌬CT3 , and MBNL1 ⌬CT ) binds co-operatively on two MBNL1 binding sites which are present in the hcTNT RNA.

Taken together, these results indicate that the exon 3 region is not absolutely required for MBNL1 RNA binding activity. However, in its absence, the affinity of MBNL1 for its target site in hcTNT pre-mRNA is reduced by a factor of about 2. Although we cannot exclude a possible interaction of the exon 3 region with splicing factors, the decreased RNA affinity of MBNL1 isoforms lacking this region likely strongly participates in their reduced capabilities regulate splicing.

Exon 6 Region Is Also Needed for the Splicing Regulatory Property of MBNL1-Having shown the importance of the alternative MBNL1 exon 3 region for MBNL1 splicing regulatory activity and the absence of the involvement of the amino acid regions coded by the two other alternative exons (5 and 7) in this process, we decided to investigate whether the amino acid regions encoded by some of the constitutive exons are also involved in splicing regulation. The contribution of the regions encoded by exons 1, 2, and 4 is obvious because they correspond to the two pairs of zinc finger domains needed for RNA binding (25). Therefore, we focused our study on the possible role of the exon 6 region, which was present in all of the isoforms tested for their capabilities to regulate splicing in the above experiments (Figs. 1B and3A). To test for a possible effect of this region in both the presence or and the absence of the exon 3 or 5 region, we prepared a series of constructs expressing proteins lacking exon 3 and/or 5 region(s) (MBNL1 ⌬CT , MBNL1 ⌬CT3 , MBNL1 ⌬CT6 , MBNL1 ⌬CT5.6 , MBNL1 ⌬CT3.6 , and MBNL1 ⌬CT3.5.6 (Fig. 1C). These constructs were co-transfected in HeLa cells together with the hcTNT or IR minigenes, and the expression of the truncated proteins was verified by Western blot analysis (Fig. 4A). Minigene splicing products were assessed by RT-PCR 48 h after transfection. As expected based on the above results, MBNL1 variants lacking the exon 3 region had no detectable effect on the alternative splicing of the hcTNT exon 5 and IR exon 11 minigenes (Fig. 4, B andC). Interestingly, the presence of the exon 3 region conferred some splicing regulatory activity on the MBNL1 protein even in the absence of the exon 5 and 6 regions, revealing some splicing regulatory properties of the ⌬CT3 N-terminal part of MBNL1. However, the simultaneous presence of both exons 3 and 6 regions was needed for recovering a full splicing activity (Fig. 4, B andC). In agreement with the above results, the deletion or addition of the exon 5 region had no significant effect on MBNL1 splicing regulatory properties. Similar results were obtained with V5-tagged MBNL1 isoforms (data not shown). Combined together, our results reveal the essential role of both the alternative exon 3 region and the constitutive exon 6 region for full MBNL1 splicing regulation activity.

All MBNL1 Isoforms Are Trapped in DM1 Foci-One of the primary causes of DM1 pathophysiology is the abnormal sequestration of MBNL1 by CUG repeats. To determine whether the trapping of MBNL1 in nuclear aggregates that is triggered by expanded CUG repeats was dependent on the presence of the exon 3-encoded region, we examined the ability of each MBNL1 isoform to co-localize with foci in primary muscle cells isolated from a muscle biopsy of a DM1 patient. CUG-RNA foci were visualized by FISH using a (CAG) 7 -Cy3 probe. Various MBNL1 isoforms were ectopically expressed in their wild-type form and visualized using their GFP tag.

The whole GFP-tagged MBNL1 isoforms co-localized with discrete foci containing CUG-RNA repeats, indicating that MBNL1 isoforms with or without the exon 3 region were sequestered by CUG repeats (Fig. 5). This was surprising, considering the previously described low affinity of MBNL1 isoforms lacking the exon 3 region for CUG repeats (22). Noteworthy, the dual nucleocytoplasmic localization of the MBNL1 35,36,40,41 isoforms was maintained even in presence of foci (Fig. 5).

Our detection of all isoforms of MBNL1 in foci containing CUG expansions could be explained by the capability of all isoforms to interact directly with the CUG RNA expansions or by their capability to establish protein-protein interactions. To get insight into this question, we first compared the affinity for CUG repeats of all MBNL1 isoforms, using triple-hybrid assays in the same conditions as in Fig. 3D, but by replacing the hcTNT RNA by an RNA containing 21 successive CUG triplets (CUG 21 RNA; Fig. 6A). All MBNL1 isoforms interacted with this RNA in the absence of 3AT. In agreement with data in Fig. 3D, all isoforms MBNL1 40, 41, 42, 43 containing exon 3 region had a stronger affinity for the CUG 21 RNA than the ones missing this region (MBNL1 isoforms [35][36][37]. Indeed, an interaction was detected up to 5 mM 3AT for MBNL1 isoforms 40 -43 whereas this interaction was abolished at 2 mM 3AT for MBNL1 isoforms 35-37 (Fig. 6A). Similar to data obtained for the hcTNT RNA (Fig. 3D), the presence of the exon 7 region was found to increase the capability of MBNL1 isoforms missing the exon 3 region (MBNL1 38 and MBNL1 36 ) to interact with CUG 21 RNA (Fig. 6A). One possible explanation for this latter observation was that by enhancing MBNL1-MBNL1 interactions, the exon 7 region reinforces the co-operative binding of MBNL1 to the RNA. We therefore undertook a study of homoand heterodimerization of the WT MBNL1 isoforms.

Exon 7-Encoded Sequence Contributes to MBNL1 Dimerization-Previous studies performed in yeast using two-hybrid assays or in mammalian cells have shown that MBNL1 selfinteracts via its C-terminal region (amino acids 239 -382) (32). The C-terminal domains of MBNL1 isoforms mainly differ one from the other by the presence or absence of the regions encoded by exons 5 and 7. To test whether these two amino acid sequences or constitutive amino acid sequences in the MBNL1 C-terminal region are implicated in protein dimerization, we performed two-hybrid assay experiments in yeast.

Each of the eight full-length MBNL1 isoforms studied above and each of the four different MBNL1 C-terminal regions were used in the assays. We also used the truncated MBNL1 ⌬CT and MBNL1 ⌬CT3 , versions of MBNL1, as controls of MBNL1 isoforms lacking the C-terminal domain. The four C-terminal domains all contained part of the exon 4 region located downstream to the zinc finger 4 and the exon 6, 8, and 10 regions with or without the exon 5 and/or 7 regions (MBNL1 CT , MBNL1 CT5 , MBNL1 CT7 , and MBNL1 CT5.7 ) (Figs. 1 and7). To test the interaction capabilities of each protein pair in the two possible orientations, recombinant two-hybrid pAS2 and pACT2 plasmids, allowing the expression of the Gal4 DNA binding domain or Gal4 transcriptional activation domain in fusion with each of the tested proteins, were produced (Fig. 7). As for the threehybrid experiments, protein-protein interactions were detected by the activity of the HIS3 reporter gene, and their interaction strengths were challenged by the addition of increasing concentrations of 3AT. We tested the capability of homo-and heterodimerization of (i) the C-terminal domains and (ii) the C-terminal domain with full-length MBNL1 isoforms and MBNL1 ⌬CT and MBNL1 ⌬CT3 proteins.

No interaction of the MBNL1 ⌬CT and MBNL1 ⌬CT3 proteins was detected with any of the C-terminal domains or full-length MBNL1 proteins, even in the absence of 3AT. This result demonstrated the absence of interaction of the MBNL1 Zinc finger domains with the C-terminal domain (Fig. 7). In contrast, in the absence of 3AT, several of the C-terminal regions formed homo-or heterodimers with C-terminal domains or full-length proteins. The weakest interactions were detected for the all MBNL1 isoforms, such as MBNL1 CT and MBNL1 CT5 , which lack the exon 7 region (Fig. 7, blue squares compared with orange squares). These interactions almost disappeared at a 2 35,36,37,38,40,41,42,43 ) were transiently expressed in DM1 myoblasts. Green fluorescence indicates transfected cells. CUG repeats appear in red after FISH using a (CAG) 7 -Cy3 probe. Merged images show that all MBNL1 isoforms co-localize with the foci of expanded DMPK transcripts. A higher magnification of nuclei is also showed in the fifth column. FIGURE 6. MBNL1 isoforms that include the exon 3 region bind to CUG 21 RNA with higher affinity than those lacking this region. Triple-hybrid assays were performed using CUG 21 RNA as the bait RNA and all MBNL1 isoforms as fusion proteins. The strength of the interaction was evaluated by the addition of 3AT at a concentration of 0.5, 1, 2, or 5 mM. mM 3AT concentration. At 2 mM 3AT, these two MBNL1 CT and MBNL1 CT5 C-terminal regions showed a low level of interaction with the C-terminal regions containing the exon 7 or both the exon 5 and 7 regions. In contrast, some of the interactions formed by the MBNL1 CT7 and MBNL1 CT5.7 C-terminal domains (CT7 or CT5.7) containing the exon 7 region and the full-length proteins containing one of these two C-terminal domains (36,38,41, and 43) were highly stable. They were detected at 3AT concentrations up to 5 or 10 mM (Fig. 7). Altogether, these data confirmed the fact that only the C-terminal domain of MBNL1 is involved in MBNL1 dimerization and revealed the previously unknown importance of the exon 7 region in this process.

DISCUSSION

Alternative splicing produces several MBNL1 isoforms, differing mainly in the inclusion or exclusion of the in-frame sequences encoded by exons 3, 5, and 7. The exon 3 region has already been proposed to modulate RNA binding affinity, and here we provide new information as to how the presence or absence of the exon 3 region modifies the binding of MBNL1 to its target sites in pre-mRNA and to CUG expansions. We show for the first time the crucial role of this region in the splicing regulatory property of MBNL1. The exon 5 region has previously been proposed to play a critical role in the nuclear retention of the MBNL1 protein. Here, we show that this nuclear retention also depends on amino acid sequences encoded by exon 6 and that the exon 6 region is required for splicing regulation. Finally, we have identified the role the alternative exon 7 region in MBNL1 dimerization and showed also that exon 8 is alternative and not constitutive. We will now discuss the implications of our findings for the normal and pathological activities of the MBNL1 splicing factor.

Nuclear Localization of MBNL1 and Splicing Activity-MBNL1 isoforms displayed different nucleocytoplasmic localization patterns in HeLa cells and in human myoblasts. Isoforms lacking the exon 5 region were distributed in both the nucleus and the cytoplasm whereas the subcellular localization of those including the exon 5 region was restricted to the nucleus. Cassette exon 5 therefore probably encodes a region involved in the nuclear localization of MBNL1. This corroborates previously published data (9,[START_REF] Terenzi | [END_REF]24) and extends them to human myoblasts.

Because all MBNL1 isoforms were located in the nucleus, with or without the inclusion of the alternative exon 5 region, we can rule out the idea that this region is solely driving the nuclear localization of MBNL1. This observation was further confirmed using truncated proteins with or without the exon 5 region and lacking the C-terminal region. Indeed, diffuse staining for the truncated proteins MBNL1 ⌬CT and MBNL1 ⌬CT5 was present in both the nucleus and the cytoplasm. The apparent molecular size of these truncated proteins fused to the GFP tag was around 60 kDa, excluding passive diffusion through the nuclear pore complex. Thus, the RNA binding domain composed of four CCCH zinc finger motifs was sufficient to target MBNL1 to the nucleus. Furthermore, this result also suggests that the MBNL1 exon 5 region co-operates with another region to maintain MBNL1 in the nucleus. In line with our hypothesis, we observed that both exons 5 and 6 were required to induce a nuclear localization of MBNL1 exclusively, as seen in Fig. 2C. Interestingly, a new type of highly conserved nuclear localization signal motif (the KRAEK motif) has recently been identified in D. melanogaster Muscleblind-like C and E isoforms (33). This motif has been shown to be sufficient to target Muscleblind-like to the nucleus of D. melanogaster Schneider 2 cells. Although this motif is conserved in the exon 6 region of human MBNL1, but not in exon 5, our data strongly suggest that additional regions might be required for MBNL1 nuclear retention. Thus, the nuclear retention of MBNL1, according to our results, necessitates a bipartite signal with one motif in the exon 5 and the second in the exon 6, but separately, these motifs are nonfunctional. We suggest that the MBNL1 exon 6 region contains a nuclear localization signal that is either functional in the presence of the exon 5 region or is regulated by an adjacent upstream sequence. Importantly, we cannot exclude the possibility that post-translational modification around the exon 5 sequence also regulates the subcellular localization of MBNL1.

Because splicing occurs in the nucleus, we asked whether there was a relationship between strict nuclear localization and the splicing activity of MBNL1. Surprisingly, with a similar level of expression, we observed no difference in the splicing activity of the different MBNL1 isoforms on hcTNT exon 5 or IR exon 11 splicing, as assayed using minigenes. This result raises the question of the interest of a restrictive nuclear localization. One possibility is that nuclear retention is a cellular mechanism that impedes MBNL1 cytoplasmic activity while maintaining its splicing activity when located in the nucleus. Few studies have reported the potential cytoplasmic functions of MBNL1; judging by its similarity to MBNL2, another member of the MBNL protein family, MBNL1 could be involved in mRNA transport and/or stability (34). In line with this observation, some recent studies have demonstrated a global change in gene expression in MBNL1 knock-out mice (11,35). Stability and translatability may also be regulated by MBNL1 under conditions of stress, in which MBNL1 co-localizes with stress granules (36). In this latter study, the authors used the isoform MBNL1 40 , which displayed both nuclear and cytoplasmic localization at base line. However, this property cannot be extrapolated to other isoforms of MBNL1, especially to MBNL1 isoforms having the exon 5 and 6 sequences. Additional work is needed to determine whether MBNL1 isoforms located only in the nucleus also co-localize with stress granules under conditions of stress. Accordingly, the function of MBNL1 isoforms lacking exon 3 also remains to be established.

MBNL1 Splicing Activity Depends on Both Exon 3-and Exon 6-Encoded Regions-MBNL1 splicing factor can enhance or repress the inclusion of alternative exons (16). Based on our data, when an isoform is active in splicing, it can have a silencing or an enhancing activity on splicing, depending on the targeted splicing site. Our results exclude the possibility that some isoforms may be dedicated to splicing inhibition, whereas others would have splicing activation properties. As suggested previously, MBNL1 splicing activity might rather depend on the localization of its RNA-binding elements (17). Indeed, the MBNL1 exon 3 region is located between the zinc finger 2 and zinc finger 3 motifs and acts as a linker between the zinc finger 1/2 and zinc finger 3/4 domains that structure the MBNL1 RNA binding domain (22,25) and probably modulate its RNA binding affinity. Triple-hybrid assays and gel shift experiments confirmed that the presence of the exon 3 region was essential for MBNL1 efficient binding to its pre-mRNA target. Moreover, we observed that all MBNL1 isoforms that included the exon 3 region (MBNL1 40 , MBNL1 41 , MBNL1 42 , and MBNL1 43 ) strongly modified MBNL1 splicing activity with respect to hcTNT exon 5 and IR exon 11, whereas those that lacked exon 3 (MBNL1 35 , MBNL1 36 , MBNL1 37 , and MBNL1 38 ) barely did. Also in accordance with the need for an RNA binding domain for MBNL1 activity, experiments performed with a truncated protein revealed that the splicing activity of the exon 3 region was weak but accurate (Fig. 4, MBNL1 ⌬CT3 ). The recovery of full splicing activity was observed with proteins that expressed both the exon 3 and exon 6 regions (Fig. 4, MBNL1 ⌬CT3 ). This result suggests that MBNL1 splicing activity mainly resides in the exon 6 region. Furthermore, it also suggests that MBNL1 splicing activity likely depends on its affinity for its RNA targets and the presence of both exon 3 and 6 regions.

Relevance to DM1 Pathology-Myotonic dystrophy type 1 belongs to the triplet repeat disorder family. The unstable CTG expansions are transcribed into RNA and retained in the nucleus. These toxic RNAs have been shown to sequester MBNL1 proteins (8,37). There are various MBNL1 protein isoforms, which in our study differed in the presence or absence of the exon 3, 5, and 7 regions. All of them co-localized with the CUG repeats expressed in DM1 myoblasts. The MBNL1 RNA Structure-Function Analysis of MBNL1 MAY 6, 2011 • VOLUME 286 • NUMBER 18 JOURNAL OF BIOLOGICAL CHEMISTRY 16445 binding domain alone (MBNL1 ⌬CT , MBNL1 ⌬CT3 ) was sufficient to mediate MBNL1 binding to the repeats, as previously suggested (19), with or without the exon 3 region. Furthermore, using the yeast triple-hybrid system, we observed that the presence of the exon 3 region strongly enhanced the binding affinity of MBNL1 to the CUG repeats. Therefore, MBNL1 isoforms that lack the exon 3 region likely interact with CUG repeats very weakly. We thus suggest that their sequestration is not direct but mediated by the dimerization of MBNL1 with itself. The self-dimerization of MBNL1 has been previously reported and shown to occur via the C-terminal tail of MBNL1 (32). In our study, double-hybrid assays performed with the MBNL1 C-terminal tail revealed that these C-terminal fragments only dimerized with the full-length MBNL1. The presence of exon 7 also improved MBNL1 binding on both CUG repeats and hcTNT mRNA, most probably by promoting MBNL1 dimerization. Interestingly, the expression of MBNL1 protein isoforms, including the exon 7, region is greatly increased with the development of DM1 (9,24). These isoforms could therefore contribute to the focal localization of all MBNL1 isoforms, with or without the exon 3 region. Altogether, our results suggest that the binding of MBNL1 proteins to the CUG repeats could either be direct or indirect, through the dimerization of MBNL1 with itself. Thus, the MBNL1 missplicing observed in DM1 could enhance its own sequestration in the foci.

CONCLUSION

Altogether, our study reveals the importance of the alternative splicing of MBNL1 in the post-transcriptional regulation of the subcellular localization and function of MBNL1. We attempted to understand better the function of the various MBNL1 isoforms. Our results show that (i) the presence of the exon 3 region is essential to ensure a high binding affinity of MBNL1 for pre-mRNA, and thus its splicing activity; (ii) the presence of the exon 5 region ensures a restrictive nuclear localization; (iii) exons 3 and 5 are fully functional only in the presence of the exon 6 region; and (iv) the exon 7 region modulates the dimerization properties of MBNL1. Our data therefore indicate that association of MBNL1 with CUG repeats depends both on RNA-protein interactions and on self-dimerization. During fetal development and in DM1 pathophysiology, both MBNL1 exons 5 and 7 are included. This could contribute to the exclusively nuclear localization of MBNL1 and to its selfdimerization, two key features for the sequestration within foci. However, further studies will be needed for a better understanding of all the molecular consequences of MBNL1 sequestration in DM1. This knowledge is important to define precisely the mechanism for a potential therapeutic development.

FIGURE 1 .

 1 FIGURE 1. Alternative splicing of MBNL1 generates protein diversity. Clear gray boxes represent UTR. Gray boxes represent cassette exons. Empty boxes represent constitutive exons. A, genomic DNA organization of human MBNL1 gene. Order and names of exons used in this work are shown. The length in nucleotides of each exon is shown. B, MBNL1 isoforms used in this work. Dark gray boxes represent CCCH zinc finger motifs. Two are located in MBNL1 exon 2, and the two others are located in MBNL1 exon 4. They are separated by cassette exon 3, which acts as a linker between zinc fingers 2 and 3. The name of each isoform is indicated on the left. Gray boxes indicate the presence of alternative exon regions in each isoform scheme. The length in amino acids (aa) is indicated for each isoform used in this work. C, truncated MBNL1 mutants used in this work. The name of each construct is indicated on the left. The nomenclature used indicates the protein sequence expressed by exons. The presence of alternative exons is indicated by the number of the exon or by gray boxes in the scheme.The amino acid length is noted for each construct used. When carrying a deletion of the C terminus, the constructs are annotated ⌬CT followed where appropriate by the number of the exon. N-terminal truncated MBNL1 constructs are named CT followed by the number of the exon present in the sequence.

FIGURE 2 .

 2 FIGURE 2. Protein sequence encoded by exon 5 modulates MBNL1 nuclear localization. A, nucleocytoplasmic localization of endogenous MBNL1 isoforms in human myoblasts. Nuclear fractionation was performed on human myoblasts that endogenously expressed several isoforms of MBNL1. The total fraction (Total) is in the left lane, the nuclear fraction (Nucleus) is in the middle, and the cytoplasmic fraction (Cytoplasm) is in the right lane. Molecular masses are indicated on the left, and antibodies used are on the right. To visualize MBNL1 isoforms, we used a monoclonal antibody raised against the region encoded by exon 3 (31). ␤-Tubulin was used as a cytoplasmic marker and H3 histone as a nuclear marker to assess the different fractions. B, immunofluorescence of GFP-tagged MBNL1 isoforms in human myoblast and HeLa cells. GFP-tagged MBNL1 isoforms were transiently expressed in human myoblasts and HeLa cells. Fluorescence appears in gray and indicates transfected cells and reveals the subcellular localization of MBNL1. The name of the isoform used is indicated at the top of each cell, using the same nomenclature as in Fig. 1. C, nucleocytoplasmic localization of truncated MBNL1 mutants in HeLa cells. GFP-tagged mutants were transiently expressed in HeLa cells. Fluorescence in gray indicates transfected cells and reveals the subcellular localization of truncated MBNL1. The name of the construct used is indicated at the top of each cell.

FIGURE 3 .

 3 FIGURE 3. Protein sequence encoded by exon 3 modulates MBNL1 splicing and RNA binding properties. A, eight GFP-tagged MBNL1 isoforms were transiently expressed in HeLa cells. The level of expression among the different isoforms was verified to be the same by Western blotting, using an antibody raised against the GFP tag. GAPDH was used as a loading control. B and C, MBNL1 isoforms were co-expressed in HeLa cells in the presence of hcTNT exon 5 (B) or IR exon 11 (C) minigenes. The name of each isoform is indicated at the top. Cells were lysed 48 h after transfection, and splicing products were assayed by RT-PCR. Data are expressed as means Ϯ S.E. (error bars). The percentage of inclusion is calculated as follows: ((mRNA ϩ exon)/(mRNA ϩ exon) ϩ (mRNA Ϫ exon)) ϫ 100. Results are derived from at least three independent experiments. An unpaired t test with two tails was used to compare values. Statistically significant results are indicated by ** (p Ͻ 0.001) and *** (p Ͻ 0.0001). D, triple-hybrid assays were performed using MBNL1 40 , MBNL1 35 , MBNL1 41 , MBNL1 36 , MBNL1 ⌬CT , and MBNL1 ⌬CT3 fusion proteins and 5Ј hcTNT as the bait RNA. The strength of the interaction was evaluated by the addition of 3AT at a concentration of 0.5 or 1 mM. E, ribonucleoprotein complexes were formed by the incubation of 1.2 fmol of 5Ј-labeled hcTNT RNA in the presence of MBNL1 40 , MBNL1 ⌬CT , or MBNL1 ⌬CT3 recombinant proteins at a concentration of 100, 215, 430, 750, 1,000, or 2,150 nM. All complexes were formed at room temperature in the presence of 2 g of yeast tRNAs under the conditions described under "Experimental Procedures." Lanes (Ϫ) are control experiments in the absence of protein. Complexes were fractionated by electrophoresis in a nondenaturing 8% polyacrylamide gel.

FIGURE 4 .

 4 FIGURE 4. MBNL1 splicing function requires the region encoded by MBNL1 exon 6. A, truncated MBNL1 constructs were transiently expressed in HeLa cells. The name of each construct is indicated at the top. The regions expressed are indicated, and the presence of alternative exons is shown in subscripts. The level of expression of the different isoforms was verified to be the same by Western blotting using an antibody raised against the GFP tag. GAPDH was used as a loading control. B and C, truncated MBNL1 constructs were co-expressed in HeLa cells in the presence of hcTNT exon 5 (B) or IR exon 11 (C) minigenes. The name of each construct is indicated at the top and the regions expressed with the presence of alternative exons in subscripts. Cells were lysed 48 h after transfection, and splicing products were assayed by RT-PCR. Data are expressed as indicated for Fig. 3. An unpaired t test with two tails was used to compare values. Statistically significant results are indicated by * (p Ͻ 0.05), ** (p Ͻ 0.001), and *** (p Ͻ 0.0001). Error bars, S.E.

FIGURE 5 .

 5 FIGURE 5. All MBNL1 isoforms are trapped by the CUG repeats. Eight GFPtagged MBNL1 isoforms (MBNL135,36,37, 38, 40, 41, 42, 43 ) were transiently expressed in DM1 myoblasts. Green fluorescence indicates transfected cells. CUG repeats appear in red after FISH using a (CAG) 7 -Cy3 probe. Merged images show that all MBNL1 isoforms co-localize with the foci of expanded DMPK transcripts. A higher magnification of nuclei is also showed in the fifth column.

FIGURE 7 .

 7 FIGURE 7. Protein sequence encoded by exon 7 modulates MBNL1 dimerization properties. The interaction of the four MBNL1 C-terminal tails (A-D) with all MBNL1 isoforms and with themselves was assessed by yeast two-hybrid assay. cDNAs encoding the proteins of interest were PCR-amplified and cloned into both pAS2 and pACT2 vectors, containing the GAL4 DNA binding domain and the GAL4 activation domain, respectively. Protein-protein interactions were detected by the activity of the HIS3 reporter gene and the strength of the interaction assessed by the addition of incremental concentrations of 3AT. In each panel, the three left columns correspond to the MBNL1 C-terminal tail cloned into the pAS2 vector, whereas the three right columns correspond to the pACT2 clone. The presence of exon 5-and exon 7-encoded sequences in the C-terminal tails is schematically indicated by gray boxes, and the name of the full-length isoforms containing a given C-terminal tail is indicated in brackets. The identity of bait proteins is indicated in the scheme on the bottom, and the presence of the exon 7-encoded sequence corresponds to squares CT5.7, CT7, 36, 37, 38, 41, and 43 whereas the isoforms lacking the exon 7 correspond to squares CT, CT5, 35, 37, 40, and 42. The controls are indicated in the white squares.
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