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Abstract t 
Integrinss connect the extracellular matrix and the cell interior, and transduce signals, by interactions 
off  the cytoplasmic tail with cytoskeletal and signaling proteins. Using the yeast two-hybrid system, 
wee isolated a novel splice variant of the actin filament cross-linking protein filamin-Bvar.„  that 
interactss with the both the ubiquitously expressed integrin (31A subunit, as well as with the (3ID 
cytoplasmicc domain variant, which is expressed in cardiac and skeletal muscle. Analysis of the 
filamin-BB genomic sequence revealed that transcripts encoding this filamin-Bvar., lack a single exon, 
whichh encodes 41 amino acids between filamin repeats 19 and 20. Filamin-B^., was widely 
expressedd in human tissues. We identified additional variants of filamin-B in the heart, which lack 
thee last four carboxy-terminal repeats. The domain involved in the binding between integrin [3-
subunitss and filamin-B^, was further defined using yeast two-hybrid deletion mapping. The effect 
off  the truncations in the filamin variant on filamin-integrin interactions and its cellular functions of 
filaminn was assessed by transfection studies of eGFP-tagged filamin-B variants. 
Immunohistochemistryy and immunoelectron microscopy showed an increased concentration of 
filamin-Bvar_,, (AH1), a variant that lacks its first hinge region, in focal contacts. Furthermore, both 
thee fusion and differentiation of myoblasts into myotubes were affected. Myoblasts expressing 
filamin-BB variants lacking the hinge-1 region fused into myotubes that were thinner than those in 
cellss expressing variants containing the hinge-1 region. The latter cells also showed a higher fusion 
index,, whereas the terminal differentiation of filamin-Bvar_, (AH1) expressing myoblasts was 
increased.. Our results demonstrate a new structural diversity of filamin variants, generated by 
alternativee mRNA splicing, that affects filamin-integrin interactions, cellular localization and 
myogenesis. . 

Keyy words: fiIamin*(31D integrin-splice variants«myogenesis*cytoskeleton 

Introductio n n 
Integrinss form a family of heterodimeric adhesion receptors, which provide a structural link 

betweenn proteins of the extracellular matrix (e.g. fibronectin, laminin and collagen) and the 
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cytoskeleton.. In addition, integrins have a signaling function. Although the small (20-50 amino 
acids)) cytoplasmic tails of the integrin a- and p-subunits have no intrinsic catalytic domains or 
obviouss protein-protein interaction domains, studies combining both biochemical and genetic 
approaches,, have led to the identification of a range of cytoskeletal, adaptor and signaling molecules 
whichh interact with the integrin cytoplasmic tails and are therefore implicated in integrin function 
(Liuu et al., 2000). Only few proteins which bind a-integrin cytoplasmic tails have been identified 
(e.g.. calreticulin, BiP). These appear to have a role in the regulation of integrin activity (ligand 
binding)) (Liu et al., 2000; Wixler et al., 1999). Most cytoplasmic interactions involve the (i-subunit 
tails,, which are all, with the exception of the large p4-cytoplasmic domain, which links 
hemidesmosomess to the intermediate filament system (Nievers et al., 1999), associated with the 
actinn cytoskeleton. Specialized structures, known as focal adhesions or focal contacts, are formed at 
cell-substratee contact sites, consisting of protein complexes, which link actin stress fibers to the cell 
membrane.. Many signaling molecules are found to be localized and to bind to integrin p-subunits at 
thosee sites. Examples of such interactors, all identified by the yeast two-hybrid interaction screens, 
aree the ARF-GEF protein, cytohesin-1; the WD-repeat proteins Rackl and WA1T-1; ICAP-1 and 
thee integrin-linked-kinase, ILK (Chang et al., 1997; Geiger et al., 2000; Hannigan et al., 1996; 
Lilientall  and Chang, 1998; Rietzler et al., 1998; Zhang and Hemler, 1999). Another category of 
proteinss that interact with P-subunits consists of cytoskeletal proteins like the actin cross-linking 
proteins:: talin, ot-actinin and filamin-A (Critchley, 2000). Binding of this class of proteins was 
originallyy shown by biochemical experiments. Recently, it has been confirmed by yeast two-hybrid 
assaysassays that piA interacts with filamin-A (Loo et al., 1998). 

Filaminss are -560 kDa, dimeric proteins that, based on their conserved actin-binding domain 
(ABD)(ABD) and actin cross-linking activities, belong to the actin-binding-protein family of a-actinin. 
spectrinn and dystrophin (van der Flier and Sonnenberg, (submitted)). In humans three filamin 
isoformss have been identified: filamin-A, filamin-B and filamin-C. Filamin-A is respectively 
knownn as ABP-280 (Gorlin et al., 1990) and filamin-1. Filamin-B is also named ABP-278/276 
(Takafutaa et al., 1998), p-filamin (Xu et al., 1998) and filamin-3. Finally filamin-C has been cloned 
ass y-filamin, ABPL (Xie et al., 1998) and filamin-2, (Thompson et al., 2000). The first -275 amino-
terminall  amino acids of filamin encode an ABD, composed of two calponin-homology domains. 
Thiss ABD is followed by a rod domain composed of twenty-four 100-residue repetitive segments, 
intersectedd by two -30 amino acid flexible loops, hinge-1 (HI) and hinge-2 (H2). The hinge-1 
regionn between repeat 15 and 16 is lacking in some splice variants of filamin-B and -C (Xie et al., 
1998;; Xu et al., 1998), while the hinge-2 region between repeats 23 and 24 is present in all filamin 
variants.. The carboxy-terminal repeat 24 is essential in the tail-to-tail dimerization of the filamin 
moleculee (Gorlin et al., 1990). In addition to the ability to cross-link actin, filamin-A has been 
shownn to serve as docking site to various transmembrane cell surface molecules such as GP-Iba, 
FcyRI,, tissue factor and integrin p2 and pi A subunits (Loo et al., 1998; Meyer et al., 1997; Ohta et 
al.,, 1991; Ott et al., 1998; Sharma et al., 1995). Additionally, filamin-B binds to GP-Iba (Takafuta 
ett al., 1998; Xu et al., 1998), while the muscle associated filamin-C has been shown to bind to 
sarcoglycanssarcoglycans (Thompson et al., 2000). Furthermore, intracellular signal transduction proteins such 
ass the small GTPases; RalA, RhoA, Rac-1, Cdc42 (Ohta et al., 1999). TRAF2 (Tumor necrosis 
factorr Receptor Associated Factor 2, (Leonardi et al., 2000) or the membrane-associated proteases, 
furinn and presenilin bind to filamin (Liu et al., 1997; Zhang et al., 1998). This indicates a 
scaffoldingg function for filamin, besides an exclusive role as actin filament organizing molecule. 
Analysess of melanocytic cell lines (Cunningham et al.. 1992) as well as of patients with the 
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neuronall  migration disorder periventricular heteropia (Fox et al., 1998) implicate a role of filamin-A 

inn cell motility and in the stabilization of the cell membrane and of cell-matrix interactions. 

However,, still relatively littl e is known about the specific roles of filamin-variants on the properties 

off  cells and the regulation of cellular processes. 

Usingg the yeast two-hybrid interaction assay, we isolated a new splice variant of filamin-B, 

whichh binds both pi A and p iD integrin. Characterization of the interactions in yeast two-hybrid 

analysiss indicated that this splice variant posses a higher binding activity for both pi A and p iD 

variantss than wild-type filamin-B does. Ectopic expression of several filamin-B variants tagged with 

greenn fluorescent protein showed that f i lamin-B^ (AH1), lacking its first hinge region, is enriched 

inn focal contacts when compared to other filamin-B variants. Furthermore, differentiating myoblast 

cellss expressing filamin-B variants with the hinge-1 region formed myotubes which more and 

centrallyy localized nuclei than the myotubes formed by myoblast cells expressing filamin-B variants 

lackingg the hinge-1 region. Our findings show that filamin variants have different binding 

specificityy and actin organizing functions, which probably modulate specific cellular functions. 

Materia ll  and Methods 
Cell-linesCell-lines and Antibodies 

Chinesee Hamster Ovary (CHO) cells were grown in Dulbecco's modified Eagle's medium (DMEM) 
supplementedd with 10% (v/v) fetal calf serum and 1% (v/v) non-essential amino acids. Murine GD25 
fibroblasts,, lacking the endogenous pi-integrin subunit were a kind gift of Dr. R. Fassler (Lund University 
Hospital,, Lund, Sweden) (Fassler et al., 1995). GD25-P1A or GD25-P1D cell lines, were generated by 
retrovirall  transduction of GD25 cells with either human piA or piD cDNA-constructs, and maintained in 
DMEMM supplemented with 10 % (v/v) fetal calf serum, as described previously (Gimond et al., 1999). The 
murinee myoblast cell line C2C12 (ATCC CRL 1772) was propagated in DMEM supplemented with 20 % 
(v/v)) fetal calf serum and high glucose (4.5 g/1). Terminal differentiation of confluent C2C12 monolayers to 
multinuclearr myotubes was induced by changing the culture medium to DMEM containing 2 % horse serum 
(Yaffee and Saxel, 1977). All media were supplemented with penicillin and streptomycin. Retrovirally 
transducedd cells were selected with 0.2 mg/ml zeocin (Invitrogen, Carlsbad, CA). All cell lines were grown 
att 37°C in a humidified, 5% CO2 atmosphere. 

Thee mouse-anti-vinculin (V11F9) (Glukhova et al., 1990) and rat anti-mouse pi (MB1.2) (von 
Ballestremm et al., 1996) were kindly provided by Dr. M Glukhova (Institut Curie, Paris, France) and Dr. 
B.M.C.. Chan (John P. Robarts Research Institute, University of Western Ontario, London, Canada), 
respectively.. Mouse anti-human pi -integrin (K20) was obtained from Biomeda (Foster City, CA) and 
mousee anti-sarcomeric a-actinin (EA-53) from Sigma-Aldrich (St.Louis, MO). The mouse anti-Gal4 (BD), 
mousee anti-Gal4 (AD) and rabbit anti-haemagglutinin-A epitope-tag (HA-tag)(sc-510, sc-1663, sc-805, 
respectively)) were obtained from Santa Cruz (Santa Cruz, CA), mouse anti-HA-tag (12CA5) from 
Boehringer-Mannheimm (Indianapolis, IN), mouse anti-sarcomeric myosin heavy chain (MF20) from the 
Developmentall  Studies Hybridoma Bank (University of Iowa, Iowa City, 1A) and rabbit- and mouse anti-
Greenn Fluorescence Protein (B34) from Clontech (Palo Alto, CA) and BabCO (Richmond, CA), 
respectively.. The sheep anti-mouse and donkey anti-rabbit horseradish peroxidase-conjugated antibodies 
weree purchased from Amersham-Pharmacia Biotech (Uppsala, Sweden); Alexa®-568-coupled phalloidin, 
Texass Red-conjugated goat anti-mouse and -goat anti-rabbit were from Molecular Probes (Eugene, OR). 

YeastYeast Two-hybrid-Screen and used Plasmid Constructs 
Thee piD cytoplasmic domain (amino acids 752-801) or piA cytoplasmic domain (amino acids 752-

798)) were fused to the Gal4 DNA binding domain (BD) in pAS2.1 (Clontech). These constructs were used 
ass a bait in yeast two-hybrid screens of a human skeletal muscle (Clontech HL4010 AB) and a human 
keratinocytee library (Clontech HL4024AB) in the yeast Gal4 transcriptional activation domain (AD) 
expressionn vector pGADIO (Clontech) as prey, using the yeast host strains PJ69-4A (a gift from Dr. P 
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James,, University of Wisconsin, Madison, WI) (James et al., 1996) or Y190 (Clontech). The yeast two-
hybridd library screen was performed essentially according to the Clontech two-hybrid manual. 

Too analyze the protein-protein interactions of truncated filamin-A and-B with several integrin 
cytoplasmicc tails, and -mutants, pACT (-derived) and pAS (-derived) constructs were co-transformed into 
thee yeast strain PJ69-4A. Interaction was assayed by selection for growth on plates containing SC-LTHA 
mediumm lacking the vector markers Leu, Trp as well as the interaction markers His and Ade and containing 
22 mM 3-aminotriazole (3-AT; A8056, Sigma), to suppress residual histidine synthesis in the strain PJ69-4A, 
ass described previously (Geerts et al., 1999; Schaapveld et al., 1998). Interaction was scored as percentage 
off  the plating efficiency on SC-LTHA containing 2 mM 3-AT compared to the plating efficiency on SC-LT 
whenn grown for 5 or 10 days at 30°C. Quantitative determination of B-galactosidase activities were 
performedd in triplo of three independent clones grown in SC-LT with O-nitrophenyl-galactopyranoside 
(Sigma-Aldrich)) as the substrate, according to the manufacturer's recommendations. 

Al ll  filamin-B and filamin-A deletion constructs were generated by PCR using Pwo DNA polymerase 
(Roche,, Indianapolis, IN). Primers designed to amplify filamin-A and -B deletion constructs started at the 
aminoo acids as indicated in figures 2 and 3. Most sense primers contained the 5'-
CGCCGCGGCCGCGCCACCATG-3'' adaptor facilitating in frame cloning into the Notl-ske of the 
modifiedd yeast expression vector, pACT2.4 (see below), and the eukaryotic Kozak consensus-startcodon 
sequencee providing the start-site for the translation of carboxy-terminal-tagged fusion proteins (pCI-puro-
eGFPc).. All antisense primers contained an in frame Not\ restriction site adaptor 5'-GCGGCGGCCGCG-3'. 
Thee modified pACT2.4 vector was made by deleting the two Not\ restriction sites flanking vector-encoded 
loxPloxP sites. Subsequently, unique EcoRI and Not\ sites were introduced by insertion of the 5'-
CCATGGAGGAATTCCGCGGCCGCTAACTCGAG-3'' adaptor in the AfcoIZWioI-opened multiple cloning 
site.. Gal4 (BD)-filamin fusion proteins were constructed by subcloning filamin NdeVBglll restriction 
digestionn fragments into the Ndel/BamHl sites of pAS2.1. 

Thee Gal4 (BD) B1A, SID, P2, B3A cytoplasmic domain and (31A truncation constructs in the pAS2.1 
havee been described, previously (Wixler et al., 2000; Wixler et al., 1999). The P6 cytoplasmic domain 
fusionn construct in pAS2.1 was a kind gift of Dr. S. Sprong (Lung Biology Center, UCSF, CA). Both 
chimericc plA/L)794 ancj piA/D?96 cytoplasmic domains were generated by PCR using as sense primer 5'-
cggaattcGAACAACGAGGTCATGG-3'' and as antisense primer: 5'-ccgaattcACAGTCCTGCTTTTCGCCC 
ATA(G/C)TTCGGATTG-3',, chimeric piD/A^78.Cyt0Cj01T,ain w as generated by fusion PCR fusing both 
PIDD and piA derived PCR products together using as external primers the above mentioned sense primer 
andd antisense T7-primer 5'-TAATACGACTCACTATAGGG-3' and as internal primers 5'-TACAAGAGT 
CCT/GTAACAACTGTGGTCAATCC-3'' and antisense primer: 5'-CACAGTTGTTAC/AGGACTCTTGT 
AAATCGGAT-3'.. The pi chimeric cytoplasmic domains were HindlWEcoRl cloned into pAS2.1. All 
plasmidd constructs were checked by sequencing and the expression of fusion proteins in yeast was verified 
byy immunoblotting using Gal4(BD) and -(AD) specific antibodies. 

RT-PCRRT-PCR and Genomic Organization of Repeats 19-20 of the Human Filamin-B Gene 
RT-PCRR analysis was performed on Human Multiple Tissue cDNA Panel I (Clontech) using Taq 

DNAA polymerase and primers deduced from the filamin-B sequence (NCBI accession number AF42166). 
Thee following primers were used: sense (a) (nt 6288-6308) 5'-GAAGATGGCACCTGCAAAGTC-3' 
antisensee (b) (nt 6971-6954) 5'-gcggcggccgcgGACCGGCACCAGGTAGGG3-'. Nested PCR, using as 
sensee primer (nt 6115-6133) 5'-TCCAGTCGGAGATTGGTGA-3' and antisense primer (nt 6517-
6498/6374)) 5'-ATATCACTGCTGTTGATTTC/A-3' was done on 1/25 pi of the PCR products obtained by 
PCRR using the same sense primer and as antisense primer (nt 6971-6954) 5'-
gcggcggccgcgGACCGGCACCAGGTAGGG-3'.. The antisense primer (nt 6517-6498/6374) specifically 
amplifiess the filamin-Bvar_] cDNA since it spans the 123 nt deleted sequence with one basepair at its 3'-
end.. Human genomic DNA was isolated from two different cell-lines by a standard procedure and 
subjectedd to PCR using Taq-polymerase and combinations of the following primers: a) and b) see above; c) 
(ntt 6324-6344) 5,GTGCCTGGGGTTTATATCGTC3';d) (nt 6437-6419) 5'GGTGCGGGTGATGCTC 
TCT3';; e) (nt 6404-6424) 5'GGAGGGAAGAGTCAAAGAGAG3'; f) (nt 177-159, see Fig. IB) 
S'GATCTGGGCAGAGCAGTTCS'' g) (nt 159-177, see Fig. IB) 5'GAACTGCTCTGCCCAGATC3' and h) 
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(ntt 6686-6668) 5'gcggcggccgcgCACGGTGAACTGGAAGGGG3'. PCR products were cloned into the 
pGEM-TT easy vector (Promega, Madison, WI) and sequenced. 

CloningCloning ofHA-tagged and GFP-fusion Proteins 
Truncatedd forms of filamin-B were fused to the amino-terminal haemagglutinin A (HA) epitope-tag 

inn pcDNA3-HANII, a modified pcDNA3 vector (Invitrogen. Corp.). pCI-puro-eGFPc was generated by 
insertingg an eGFP PCR product, using pEGFP-Nl (Clontech) as a template, into pCI-puro(AA2>aI/Afo/I ), a 
pCI-neoo (Promega, Maddison,WI) derived vector in which the aminoglycoside phosphotransferase gene was 
replacedd by puromycin-N-acetyl transferase inducing puromycin resistance. LZRS-eGFPc-IRES-zeo was 
constructedd by subcloning the eGFP fragment from pCI-puro-eGFPc into the retroviral expression vector 
LZRS-ms-IRES-zeoo (Kinsella and Nolan, 1996; van Leeuwen et al., 1997). 

CloningCloning of Full-length Filamin-B Variant GFP-fusion Proteins 
First,, a 7270-bp Xbal-EcoRl fragment lacking hinge-1 (amino acids 1703-1727) was generated by 

exchangingg into the Muni and Sacll sites of filamin-B a fusion filamin-B PCR product, thereby deleting 
nucleotidess 5241-5312. The following external primers were used: sense: (nt 4751-4771) 5'-
TGCAATTGATGCCCGAGATGC-3',, antisense (nt 6164-6147) 5'-GGCCGCGGCCATAGACTTT-3', and 
internall  primers were sense (nt 5221-5240/5313-5325) 5'-ACAGCCCCTTCACTGTCATG/GTGACCCAA 
CAGG-3'' and antisense (nt 5332-5313/5240-5230) 5'-ACATAGGCCTCTTCGGTCAC/CATGACAGTGA-
3'.. Secondly, a fragment encompassing the Sacll and filamin-Bvar_] specific sequence was generated by 
fusionn PCR reaction, fusing 96 bp 5', using full length filamin-B cDNA as a template, to the yeast isolated 
FLN-Bvar_ii  (19*-24) cDNA clone (nt 6210-7953 A 6375-5497). The following external primers were used: 
sensee (nt 6114-6133) 5'-cgccgcggccgcgccaccatgGTCCAGTCGGAGATTGGTGA-3', antisense (nt 7934-
7917)) 5'-gcggcggccgcgAGGCACTGTGACATGAAAAGG-3', and internal primers: sense (nt 6231-6249) 
5'-GGCATATCCTTGGCGGTGG-3'' antisense: (nt 6249-6231) 5'-CCACCGCCAAGGATATGCC-3'. Full 
lengthh filamin-B (FLN-B) was generated by fusing a 6060 nt amino-terminal Xbal/Sacll FLN-B fragment 
withh a 1777 nt SaclVNotl digested filamin-B (19-24) PCR fragment into the Xbal/Notl sites of pCI-puro-
eGFPc. . 

Similarly,, filamin-B, lacking hinge-1 (FLN-B (AH1)) was generated by cloning the 5988 nt 
Xbal/SacllXbal/Sacll FLN-B (AH1) fragment with a carboxy-terminal SaclX/Notl filamin-B fragment in the same 
vector.. Filamin-Bvar_] (FLN-Bvar_i) was cloned by fusing the 6060 nt Xbal/Sacll FLN-B fragment to the 
16544 nt Sacll/Notl carboxy-terminal filamin-Bvar_] PCR fragment and the filamin-Bvar_i variant, lacking 
hinge-11 (FLN-B var_] (AH1)), was generated by fusing the XbaVSacM FLN-B (AH1) fragment with the 
Sacll/NotlSacll/Notl FLN-Bvar_i fragment. Finally, subcloning of the filamin-B variants from pCI-puro-eGFPc into 
LZRS-eGFPc-ms-IRES-zeoo resulted in the retroviral filamin-B-eGFP expression constructs. 

ChemicalChemical Cross-linking of the HA- and eGFP-tagged Filamin-B Truncates and Immunoblotting 
Onee day after seeding CHO cells into 6 well plates, the cells were transfected with either amino-

terminall  HA-tagged (pcDNA3-HANII) or C-terminal eGFP-tagged (pCI-puro-eGFPc) truncated constructs 
off  filamin-B, using a cationic lipid-based DNA delivery protocol. After a 3 h incubation the lipofectamin 
reagentt (Life Technologies, GIBCO-BRL, Paisly, UK) was replaced by fresh growth medium. Two days 
laterr transfected cells were either lysed in 0.5 ml lysis buffer (20 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 
1.55 mM MgCl, 1% Nonidet-P40) for 5 minutes on ice and subsequently subjected to cross-linkage for 1 h on 
icee by adding 0; 0.25 or 1 mM dithiobis-succinimidyl propionate (DSP; Pierce, Rockford, IL; 25 mM stock 
inn DMSO). Alternatively, the intact cell monolayer was treated with 1 mM of the cell permeable cross-
linkerr dissolved in phosphate-buffered saline, for 1 h. The cross-linking reaction in the cell lysate was 
blockedd by adding 25 ui 1M Tris-HCl, pH6.8, while the treated cells were washed twice with PBS and lysed 
inn 50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1% Nonidet-P40. Subsequently, all cell lysates were cleared by 
spinningg at 14,000 rpm for 10 min and a 1/12 portion of the total cell lysates were separated by SDS-PAGE 
onn 7% gels under both non-reducing and reducing (5% (3-mercaptoethanol) conditions. 
Afterr protein transfer, Immobilon-P transfer membranes (Millipore, Bedford, MA) were blocked for 1 h 
withh 2% baby milk powder in TBST (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 0.02% Tween-20), 
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incubatedd for 1 h with primary antibodies, and after extensive washing blots were then further incubated for 
11 h with HRP-conjugated secondary antibodies. Immunoreactive proteins were visualised using enhanced 
chemoluminescencee (ECL, Amersham Int., Buckinghamshire, UK). 

ImmunofluorescenceImmunofluorescence and Flow Cytometry 
Cellss were grown on laminin (20 ng/ml), fibronectin (10 ug/ml) or gelatin (0.1%) coated coverslips 

andd in one step fixed and permeabilized in 3% paraformaldehyde, 2% Triton X-100 in PBS for 10 min at 
roomm temperature. Cells were blocked in PBS, 2% BSA for 1 h, and incubated with primary antibodies in 
thee same buffer for 1 h at room temperature. After washing in PBS, cells were incubated in the presence of 
FITC-- or Texas Red-conjugated secondary antibodies or in the presence of Alexa®560-labeled phalloidin 
forr 1 h. Preparations were then washed in PBS, mounted in Vectashield (Vector Laboratories Inc., 
Burlingame,, CA) and analyzed with a confocal Leica TCS NT microscope. 

Forr flow cytometry and cell sorting, cultured cells were trypsinized, washed twice in PBS, 2% FCS 
andd sorted on a FACStar Plus® (Becton Dickinson) for expression of eGFP. Expression of Bl was 
determinedd after incubation with primary and secondary antibodies for 45 min at 4°C in a FACScan® using 
LysisIII  software (Becton Dickinson) 

CryoimmunogoldCryoimmunogold Electron Microscopy 
Filamin-BB and filamin-Bvar_i (AH1) transfected C2C12 cells were seeded for 2 h on laminin, fixed in 

4%% paraformaldehyde in 0.1 M PHEM buffer (60 mM Pipes, 25 mM Hepes, pH 6.9, 2 mM MgCl2, 10 mM 
EGTA)) and processed for cryoimmunogold labeling. Ultra thin frozen sections were incubated at room 
temperaturee for double labeling with the specific antibodies followed by 15 and 10 nm gold-conjugates, as 
describedd previously (Calafat et al., 1997). Quantitative evaluation of filamin colocalization at focal contacts 
wass carried out on ultra thin cryosections of both transfectants double labeled for filamin (15 nm gold) and 
vinculinn (10 nm gold). For each transfectant 15 pictures were taken from two different experiments at x 
11,5000 magnification. Plasma membrane bound dense plaque labeled for vinculin were considered as focal 
contactss and a total of 105 and 70 focal adhesions were counted for filamin-B and filamin-Bvar_] (AH1)-
transfectants,, respectively. 

MyoblastMyoblast Fusion Index 
Filamin-BB variant expressing C2C12 cell lines were seeded on 0.1 % gelatin coated glass coverslips 

andd differentiated for four days, 3-5 microscopic fields (20 x magnification) were photographed and the 
numberr of nuclei per myotube were counted. Differences between the groups were tested by the Mann-
Whitneyy U test, a p-value < 0.05 was considered statistically significant. Values are given as median (25tn-
75tnn percentage). 

Results s 
AA Novel Filamin-B Splice Varian t Interacts with the piD Integri n Subunit 

Thee outset of this study was the identification of cytoplasmic proteins which bind to the p iD 

integrinn subunit specific for cardiac- and skeletal-muscle. We speculated that different molecules 

interactt with (31A and (3 ID, as the replacement of pi A by p iD results in abnormal migration of 

neuroepitheliall  cells and embryonic lethality in mice, despite the finding that reciprocal replacement 

inn striated muscle of p iD by p iA does not lead to severe abnormalities in vivo (Baudoin et al., 

1998).. To identify cytoplasmic proteins that interact with the cardiac and skeletal muscle specific 

p iDD cytoplasmic domain, a human skeletal muscle cDNA library was screened for interacting 

clones,, with the p iD cytoplasmic domain as bait in a yeast two-hybrid screen. Approximately 6xl06 

cloness were screened and two identical clones, encoding the 4'/2 carboxy-terminal repeats of 

filamin-BB (amino acids 2027-2602) were isolated from 67 primary positive clones. Strikingly, both 

filamin-BB clones contained an internal deletion of 41 amino acids between repeat 19 and 20 
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(residuess 2082-2122). These clones were called filamin-B variant-1 (filamin-Bvar_,). In an 
independentt yeast two-hybrid screen for pi A interacting clones, using a human keratinocyte cDNA 
libraryy (29xl06 clones), we isolated from 16 primary positive clones four identical filamin-B var_, 
clones.. This shows that filamin-Bvar_| binds to both the [31A and plD integrin subunits and that this 
filamin-Bvar.!!  transcript is not only expressed in skeletal muscle. 

Expressionn and Genomic Determination of Novel Filamin-B Splice Variants 
Too confirm the presence of the alternative transcript of filamin-Bvar_,, PCR analysis was 

performedd on human multiple tissue cDNAs, using primers that flank repeats 19 and 20 of filamin-
B.. Figure 1A shows that cDNA encoding the previously reported filamin-B wild-type sequence 
(Takafutaa et al., 1998) was amplified from all tissues tested (683 bp product). In addition, a smaller 
PCR-productt of 560 bp corresponding to the filamin-Bvar_, specific part was detectable in lung and 
skeletall  muscle. PCR analysis using a primer, which spans the 123 bp variable region and a primer 
5'-outsidee this region revealed minor expression of filamin-B^,,, in all tissues examined (not 
shown).. The identity of the PCR products was confirmed by cloning and subsequent sequencing. 
Twoo additional filamin-B PCR products of 830 bp (filamin-Bvar.2) and 753 bp (filamin-Bvar.3) were 
detectedd in cardiac tissue (Fig. 1A) and sequencing of several independently amplified cardiac 
transcriptss revealed the existence of two partially overlapping cardiac filamin-B cDNAs (var-2 and 
var-3,, Fig. IB). Intriguingly, the insertion of a 147 nt sequence in the filamin-Bvar.2 transcript 
encodess 24 amino acids followed by a stop codon. This results in a truncated filamin-B protein of 
whichh the four carboxy-terminal repeat domains including the putative dimerization domain are 
absent.. Similarly, the insertion of the first 70 nucleotides of the filamin-Bvar_2 specific sequences in 
thee filamin-Bvar.3 transcript leads to a frameshift and a stop codon four amino acids further carboxy-
terminall  than that of filamin-Bvar.2. 

Too validate the obtained cDNA sequences, genomic sequences encompassing repeats 19 and 
200 were amplified (Fig. 1C-D). Analysis of the genomic sequence verified that the 123 bp, encoding 
thee stretch of 41 amino acids deleted in the filamin-Bvar_,, are indeed encoded by a single exon. This 
exonn is preceded by a 102 bp intron and followed by an intron of ~ 2 kb. Furthermore, we found 
thatt the cDNA sequences of filamin-Bvar_2, that are specific for heart, were encoded by a 147-bp 
exon,, exon IIIA/B . Alternative RNA splicing at the internal splice-site located in exon IIIA/ B 
producess the filamin-Bvar., transcripts. A 520-bp intron separates exon 1KB from exon IV. 

Filamin-Variantss Determine Specificity for Association with [3-Integrins 
Too identify the region of filamin-B responsible for interaction with pi A or pi D, we generated 

aa series of truncated Gal4(AD)-filamin-B fusion proteins and determined their activity and 
specificityy of binding to pi A, piD, p3A, p6 (Fig. 2) and p2 (not shown) in a direct yeast two-
hybridd interaction assay. Protein interaction was assessed both by the ability of yeast transformants 
too grow on selective plates (His", Ade") and by quantitative p-galactosidase activity. None of the 
filaminfilamin fusion proteins activated the reporter genes autonomously in yeast, nor did they bind to any 
off  several different integrin a-subunits tested in this assay (not shown). 

107 7 



ChapterChapter 6 

«p p xff  >cf x(> v v <^ <5 + C r t < v a r - 1 1 

B B 

Bvctr-2 2 
Bva r -3 3 . P . . & . . S . . P .. . F . 

. H . . V .. .P . .G . . S . .P . . F . . T . . V . . K . . I . . S . . G . . E . . G . - R . . V . 

AAAGAGAGCATCACCCGCACCAGTCGGGCCCtCKCGTGGttACTGTCGGGAGCATTrGTGAC C 

.I..T..R..T. . . G . . S . . I . - C . . D . . 
. G . . S . . I .. .C. . 0 . 

. E .. S . . 1 . . T . . R . . T . . 5 . . R . . G . . S . . I . . C . . D . . 

Bvaa r 
Bva r -3 3 

CTGAACCTGAAAATCCCAGGGGTCAGAGTCATGMCTGCTCTGCCCAGATCCTGTGGGGCTGG G 
. S .. .A. .Q. . I . . L . 
. S . . A . . Q .. - I . . L . 

AGGGTGCAGTTTCATAGTGGCTCTAGGTGATGGCAGTGCTCCGTGCCCCGCAT&CGGCCGCCT T 

R . . V . . Q . . 
. D . AA . . H . . T . . G . - S . 

Bvar -2 2 
B v a r - 3 3 

GGCCTCACCACGGCAGTGCAGGCACAGKGTTGGCATGACAAAKAACAGCAGTGATATGTCG G 

. S . . S . . D .. .M . .S . 

.S . .S .. . 0 . .M. .S. 

r p tt 19 , r p t 20 

FLN-Bvar-22  :\ \r rr .JSmsSSSSSS 

rptt 19 rpt 20 

FLN-Bvar-33 V/AWP/M/A:  \- : -: J ^ ^ ^ ^ 

rptt 19 rpt 20 

FLN-BB W///////////A:X.  --.mssimm 
FLN-Bvar-ll ^//////^^/A^i^mm^ 

D D 
exonn exo n 

numberr  lengt h 

II  622Z-6375 a 

I II  6376-6498 ° 

III AA 146 -  215 c 

III BB Z16 -  292 c 

I VV 6499-6765 ° 

accepto r r 

site e 

tgca ££ GTTAT. 

tgca gg GGA6C. 

ctca gg GGGTC. 

TCTAGG GTGAT. 
bb ttca g AAATC. 

donor r 

sit e e 

..  .GCCT G gtat g 

..  .CCCA G gtgg g 

..  .TCTA G gtga t 

..  .ATGA C gtga g 

..  .CCCA G gtga g 

intro n n 

lengt h h 

1022 b p 

-208 00 b p 

(77+52 00 bp ) 

5200 b p 

6588 b p 

Figur ee 1.) Expression, partia l cDNA sequence and genomic organization of the filamin- B variant s in 
repeatss 19-20 
(1A)) Expression of filamin-Bwl, filamin-Bvar., and the cardiac filamin-Bvar.: and filamin-Bvar.3 variants. PCR was 
performedd on a human multiple tissue cDNA panel, using primers (a) and (b) designed to amplify repeats 19-20 of 
filamin-B.. The 683 bp band representing wild-type filamin-B, is present in all samples tested. The 560 bp product 
markedd by one asterix represents filamin-B^.,. The cardiac splice variants (filamin-Bvar.2, 830 bp and filamin-Bvar3, 753 
bpp products) are indicated by two asterixes. (IB) The partial cDNA sequences and predicted amino acid sequence of 
thee human filamin-B variants. The translation of the two cardiac variants (Bvar-2 and Bvar-3) as well as wild-type and 
filamin-B^,,,, is indicated in single letter code. Dots indicate the presence of nucleotides whereas slashes indicate 
deletionn of the corresponding nucleotides. The putative cAMP-kinase sequence is underlined. (1C) Schematic diagram 
representingg the genomic organization of the 19-20 repeat encoding region of the filamin-B gene and the composition 
off  the cDNA splice variants. Arrows indicate positions of primers used for cloning and the designed letters refer to the 
Materialss and Methods section. (ID) The exon/intron boundaries in the 19-20 repeat encoding region of the filamin-B 
gene.. Sizes of exons and introns are indicated as are the consensus splice donor and acceptor sequences, GT/AG of 
eachh exon/intron border are underlined, footnotes (a) nucleotides are numbered according to Genbank Ace. No. 
AF421666 (Takafuta et al., 1998). (b) exon size is deduced from partial genomic sequence data of Chakarova et al. 
(NCBII  accession number AH009377), (c) nucleotides are numbered corresponding Fig IB 

Thee results, as shown in Fig. 2, demonstrated that filamin-B mutants that contain repeats 19-24 
interactt with pi A (Fig. 2B). In addition, filamin-B mutants in which part of repeat 19 (filamin-B 
(19*-24)),, or the complete repeats 19 and 20 (filamin-B (21-24)) were deleted retained their piA 
bindingg capacity. In contrast, deletion of repeat 21 completely abolishes this binding, indicating that 
thiss repeat is necessary for the filamin-B-pi A interaction. Analysis of carboxy-terminal filamin-B 
deletionn mutants showed that repeat 21 by itself is not sufficient for interaction with pi A, but that 
repeatss 22-23 are required as well. The presence of repeat 24 probably facilitates the dimerization of 
repeatt 21, thereby greatly increasing the strength of binding to pi A. 
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Figur ee 2. Characterization of the interaction of several integrin subunit (3-cytoplasmic domains wit h 
filamin- AA and filaniin- B truncations by yeast two-hybri d analysis 
(2A)) Cotransformation of yeast host strain PJ69-4A with the listed combinations of p integrins (pAS2.1) and filamin-A 
andd -B deletion constructs (pACT). Boxed is the isolated clone in the yeast two-hybrid screens. Numbers of filamin 
repeatss are indicated between brackets and asterixes indicate partially truncated repeats. Interaction was scored as (+) 
whenn plating efficiency on selective SC-LTHA plates > 80% plating efficiency on non selective SC-LT plates at 5 days 
off  growth; ) > 80% plating efficiency at 10 days of growth; (-) 0% plating efficiency at 10 days of growth. (2B) (3-
galactosidasee activity of the indicated co-transformants was measured by a liquid culture assay with ONPG as substrate. 
Ass controls were used: negative interaction control, empty vectors pAS/pACT; positive interaction control, p51/pVA 
andd the complete Gal4 domain pCLl/pAS 6 P-galactosidase units; not shown). Data are shown as mean  SD 
(n=3) ) 

Filamin-Bvar.|| (19-24) bound piA 2 to 3 fold more strongly to than wild-type filamin-B (19-24) did 
(Fig.. 2B). Furthermore, unlike wild-type filamin-B, filamin-Bvar., bound in addition to piA, also to 
piD,, P3A and P6A. Deletion of the region carboxy-terminal of repeat 22 abolished the interaction 
off  filamin-Bvar.! with P3A and P6A, but had no effect on its capacity to interact with pi A and piD. 
Thiss latter interaction of filamin-Bvar_, was not affected by the removal of repeat 22, but further 
truncationn of repeat 21 reduced binding. A truncated filamin-B construct, filamin-Bvar.| (20*-24), 
startingg at amino acid 2123, directly after the deletion of 41 amino acids, has the same P-subunit 
bindingg characteristics as the longer filamin-Bvar_, constructs, filamin-B^., (19-24) and filamin-Bvar.i 
(19*-24).. These data suggest that deletion of amino acids 2082-2122, leads to the introduction of a 
distinctt pi A and piD binding site in repeat 20 (amino acids 2123-2185). Since the presence of 
repeatt 21 increases the binding activity, additional binding interfaces may be located in this repeat. 
Ass for the binding of filamin-B to piA, binding of filamin-BvaM to p3A and P6 may require 
dimerizationn mediated by repeat 24. 

Too determine whether the deletion of the homologous sequences in filamin-A would also 
affectt its ability to interact with different P-subunits, we generated two truncated filamin-A 
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constructs,, filamin-A (19*-24) and Filamin-A (20*-24) (Fig. 2.). These constructs start at amino acids 
20722 and 2168, that correspond to amino acids 2027 and 2123 in filamin-Bvar., (19*-24) and filamin-
BB (20*-24), respectively. The filamin-A (20*-24) clone encodes three amino-terminal acids more 
thann the filamin-A clone (amino acids 2171-2647), which interacts with pi A (Loo et al., 1998). 
Surprisingly,, filamin-A (19*-24) failed to interact with any of the P-subunits. In contrast, the shorter 
filamin-AA (20*-24) construct (amino acids 2171-2647) showed strong binding to (31 A, as 
determinedd by a p-galactosidase activity assay, and moderate binding to p3A and p6, but does not 
bindd piD. The results obtained with the filamin-A (20*-24) construct confirm the interaction of 
filamin-AA (amino acids 2171-2647) with pi A (Loo et al., 1998). The inhibition, by residues 2072-
21688 in filamin-A (19*-24), of the binding of filamin-A to integrin p-subunits, is in agreement with 
thee increased binding to integrin p-subunits of filamin-Bvai..,, in which the homologous residues are 
lacking.. None of the analyzed filamin constructs interacted with the p2 cytoplasmic domain 
althoughh an interaction between P2 and filamin, as demonstrated by co-immunoprecipitation, has 
beenn reported (Sharma et al., 1995). The reason for this discrepancy remains undiscovered. 

Identificatio nn of pi A and piD Residues that Determine Filamin-B Specificity 
Next,, we mapped the interaction sites in the pi A and plD subunits. As summarized in figure 

3,, filamin-B binds only to pi A, whereas filamin-Bvar_, interacts with both pi A and piD. Swapping 
off  the carboxy-terminal residues adjacent to the second NXPY motif in the pi A/D chimera did not 
havee an effect on binding to either filamin-B (19-24) or filamin-A (20*-24). The latter is consistent 
withh the finding by Loo et al. (1999) that the three carboxy-terminal amino acids of pi A are not 
requiredd for binding to filamin-A. However, neither filamin-B (19-24) nor filamin-A (20*-24) bound 
too the piD/A778 chimera, in which the (31A specific Gly778 and Ala786 have been replaced by 
correspondingg residues (Gln778 and Pro786) in piD, whereas filamin-Bvar_,( 19-24) did bind to this 
chimera.. The fact that only piD binds to filamin-Bv,ir_, may be due to a proline-induced 
conformationall  change, rather than to substitution of the conserved threonine motif. Data obtained 
withh the truncated pi A constructs show that the membrane-proximal domain and residues adjacent 
too the first NPXY motif of pi A form the minimal piA-binding domain for filamin-B. The binding 
sitee for filamin-Bvar.| on pi A encompasses both the NPXY motifs and the intervening sequence, 
whilee for binding to piD additional membrane proximal sequences are needed. Similarly, the 
minimall  binding site for filamin-A (20*-24) on pi A encompasses the two NPXY motifs and the 
interveningintervening sequence, which resembles the binding site for filamin-Bvar.,. Furthermore, the 
membranee proximal sequences on pi A bound weakly to filamin-A (20*-24) indicating additional 
bindingg interfaces. The latter finding could also explain the need for the nearly complete 
cytoplasmicc domain of pi A for binding to filamin-A as Loo et al. (1998) reported, considering that 
theirr analysis of piA mutants resulted in the mapping of the binding site for filamin-A to its 
carboxy-terminall  half. The different sequence requirements for binding of filamin B and filamin-
Bvar.,, to piA suggest that the binding sites on filamin-B and filamin-Bvar_, are distinct and that the 
differencee is not merely due to an additional binding site. 
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Figuree 3. Characterization of the interaction of mutants of the piA and (31D cytoplasmic domains 
withh filamin- B splice variants and filamin-A by yeast two-hybrid analysis 
Cotransformationn of yeast host strain PJ69-4A with the listed combinations of p integrins (in pAS) and Filamin (in 
pACT).. Interaction was scored as in Fig. 2. The numbers represent the primary amino acid positions in piA and plD. 
Thee conserved NPXY motifs are underlined and the pID-specific amino acids are indicated by shading. 

Greenn Fluorescent Protein Carboxy-Terminal-tags Do Not Interfer e with Filamin 
Dimerization n 

Too facilitate detection and cell sorting of filamin-B variants in cell transfection experiments, 

wee decided to produce filamin proteins tagged at their carboxy-terminal with Green Fluorescent 

Proteinn (eGFP), thereby circumventing the inhibition of actin binding by an amino-terminal tag. 

First,, potential disadvantageous effects of an eGFP-tag on filamin dimerization were evaluated. 

Chinesee hamster ovary (CHO) cells were transfected with cDNA constructs encoding either filamin-

BB (19-24) tagged with haemagglutinin-A (HA) at their amino-terminal or with eGFP at their 

carboxyy terminal. Filamin molecules in cell lysates or intact cells were chemically cross-linked 

usingg the cell-permeable cross-linking reagent dithiobis-succinimidyl propionate (DSP) at two 

concentrations.. The addition of increasing amounts of cross-linker leads to a shift from monomeric 

too dimeric epitope-tagged filamins, as visualized by immunoblot analysis of total cell lysates. (Fig. 

4,, upper left panel). The similar dimerization capacity of HA- and eGFP-tagged filamin-B truncates, 

indicatedd that the effect of the eGFP-tag on dimerization is negligible. Analysis of the same samples 

underr reducing conditions, which disrupts the chemical bond, resulted in filamin monomers. 

Specificityy of the cross-linking reaction was checked by the amino-terminally HA-tagged filamin-

Bva[_|| (19*-23) construct, which did not dimerize due to truncation of the carboxy terminal repeat 24, 

whichh is required for dimerization (Fig. 4, right panel). 
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eGFP-taggedd filami n does 

nMM  DSP n 0 ( compromise filamin 
dimerizationn in vivo 
CHOO cells were transfected with 
eitherr amino-terminal HA- or 
carboxy-terminall  eGFP-tagged 
FLN-BB (19*-24), or with the 
amino-terminall  HA-tagged FLN-

nMDSPP ^ (19*_23) construct lacking 
thee last repeat. Two days after 
transfection,, filamin dimers in 
eitherr cell lysates (lysate) or 

f i ' 66 — | intact cells (cells) were stabilized 
9?? — ^ V W  "*  by chemical cross-linking at two 

^ ""  M l ttt •mt» U« I different concentration of DSP 
forr l h and dimerization of the 
epitope-taggedd filamins was 
analysedd by immunoblotting 
underr non-reducing conditions 

(NR)) using anti-HA and anti-eGFP antibodies. The specificity of the cross-linkage was checked by including amino-
terminall  HA-tagged FLN-BvaM (19*-23), in which the truncation of carboxy terminal repeat 24 abolished dimerization. 
Inn addition, cross-linked samples where separated under reducing (R), DSP disrupting, conditions resulting in filamin-B 
monomers.. Closed arrowheads indicate HA-tagged products, open arrow heads indicate eGFP-tagged fusion proteins. 
Singlee arrow indicate a filamin monomer, arrow doublet indicate dimers. 

Differentt  Cellular  Localization of Full Length Filamin-B Variants 
Next,, we produced four filamin-B expression constructs to investigate the role of the hinge-1 

andd filamin-Bvar.|-specific regions in full-length filamin-B variants (Fig. 5A). Both the previously 
reportedd full length filamin-B (filamin-B) and filamin-B lacking hinge-1 (filamin-B (AH1)) were 
eGFP-tagged.. In addition, we made combinations of the former two filamin-B variants with the 
deletionn of 41 residues between repeats 19-20 resulting in filamin-Bvar_, (filamin-B^.,) and filamin-
Bvar.,,, without hinge-1 (filamin-B^., (AH1)) Stable cell lines expressing full-length filamins were 
generatedd using the LZRS retroviral expression system. After fluorescence-activated cell sorting for 
filamin-eGFP-expressingfilamin-eGFP-expressing cells, expression of the full-length filamin fusion proteins was verified by 
immunoblotting.. In all transduced cell lines full-length filamin-B variants migrating at 
approximatelyy 300 kDa could be detected (shown for C2C12, Fig. 5B). Occasionally, smaller 
proteinn degradation products were detected, which varied in size and quantity, depending on the 
transducedd cell line and the filamin variant. Filamin-B expression levels were consistently lower 
thann that of the other variants, which expression levels were comparable. 
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(5A).. Schematic presentation of 
carboxy-terminall  eGFP-tagged 
filamin-Bfilamin-B variant constructs. The 
filamin-Bfilamin-Bvv„.,,„.,, internal deletions are 
indicatedd by a single line. (5B) 
Expressionn of eGFP-tagged filamin-B 
variantss in C2C12 myoblast cells. 
Stablyy transduced C2C12 cells were 
obtainedd as described in the Materials 
andd Methods section. Equal amounts 
off  total cells lysed in boiling sample 
bufferr were analysed by 
immunoblotting.. Filamin-B-eGFP was 
detectedd by mouse anti-GFP. The 
upperr bands represent the full length 
filamin-eGFPP fusion proteins while 
somee fainter lower bands represent 
carboxy-terminall  proteolytic products. 

Confocall  laser microscopy showed co-localization of all four eGFP-tagged filamin variants with 
actinn stress fibers as shown in spread C2C12 myoblasts (Fig. 6.), whereas no filamin-B was found 
att sites of high actin turnover, such as cortical actin in actin ruffles (arrows) or actin spikes 
(arrowheads).. This observation points to a mere stabilizing function of filamin on actin stress fibers. 
Thee two filamin-B variants lacking the hinge-1 region (filamin-B (AH1) and filamin-Bvar.i (AH1)) 
hadd a tendency to a more polarized localization at stress fibers than filamin-B variants containing 
thee hinge-1 loop. The polarized stress fibers were most pronounced in the case of filamin-Bvar., 
(AH1),, as was the increased amount localized at the end of stress fibers together with vinculin (Fig. 
66 and 7). A similar localization of filamin-B variants was found in GD25 cells expressing either 
(31AA or piD (not shown). The typical concentration of filamin-B var., (AH1) in a fraction of the 
peripherall  focal contacts was also observed in both the GD25-J31A and GD25-(51D cells, which 
formm fewer stress fibers (Fig. 7A). 
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Figur ee 6. Full length eGFP-tagged filamin- B variant s colocalize with the actin stress fibers 
Confocall  immunofluorescent pictures showing co-localization of filamin-B-eGFP fusion proteins with the actin 
stresss fibers in C2C12 myoblast cells. Cells were allowed to spread on laminin coated coverslips, fixed and F-actin 
wass stained with Alexa®-568-conjugated phalloidin. Arrows indicate actin ruffles and arrowheads indicate actin 
microspikes.. Bar, 20 um. 
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Figur ee 7. Fi lamin-B v a r _i 
(AH1)) localizes at both actin 
stresss fibers and a fraction 
off  peripheral focal contacts 
(7A)) Confocal immunofluores-
centt pictures of C2C12, GD25-
(31AA and piD cells expressing 
eGFP-taggedd filamin variants, 
doublee stained for vinculin or [31-
integrin,, as indicated. Arrows 
indicatee co-localization of filamin 
att focal contacts. Bar, 10 urn. 
(7B)) Immunogold electron-
micrographss showing the 
colocalizationn of filamin-B^., 
(AH1)) with the focal contacts. 
Stablyy transduced C2C12 cells 
withh either filamin-B (left panels) 
orr with FLN-B™., (AHl)(right 
panels)) were seeded on laminin 

coatedd dishes, fixed and scraped. Then, cells were double labelled as indicated for filamin-eGFP (15 nm colloidal 
gold)gold) and actin (10 nm colloidal gold, upper panel) or vinculin (10 nm colloidal gold, lower panel). Stress fibers 
aree labelled for both actin and filamin-B (arrows). Filamin-B,,,,., (AH1) is mostly present in focal contacts (closed 
arrowheads),, open arrowheads indicate focal contacts devoid of filamin-B. Bar, 200 nm. 
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Thee concentration of the splice variant, filamin-Bvar_| (AH1) at the tips of actin filaments invited 
furtherr investigation. To compare the subcellular localization of filamin-B and filamin-B^., (AH1) 
att the ultra-structural level we performed cryoimmunogold electron microscopy on C2C12 cells 
whichh had been seeded for 2 h on laminin. Filamin (15 nm gold) was localized at the stress fibers 
(labeledd with anti-actin, 10 nm gold) in both transfectants and filamin-Bvar., (AH1) was more often 
localizedd at the end of the stress fibers near the cell membrane (Fig. 7B, upper panels). No major 
differencess in the actin organization were detected after staining with anti-actin. Colloidal gold 
particless (15 nm) representing eGFP-tagged filamin and 10 nm colloidal gold particles representing 
thee focal contact marker vinculin were found at dense plaques associated with the plasma membrane 
(Fig.. 7B, lower panel). The frequency of co-localization of the filamin-B construct with vinculin 
wass 36% and of filamin-Bvar.t (AH1) was 73%. These data validated at the ultrastructural level our 
initiall  observations of the increased localization of filamin-Bvar., (AH1) at focal contacts. 

Expressionn of Filamin-B Variants Affects In Vitro Myoblast Differentiation 
Ass described above, the filamin-B^., is the only filamin-B variant that interacts with the 

striatedd muscle-specific plD variant. To study the potential functional significance of this 
interaction,, we analyzed the effect of filamin-B (over)expression on myogenic differentiation in 
C2C122 myoblasts. Myogenic differentiation of stably transduced myoblast cell lines was induced 
byy changing the cell culture medium to 2% horse serum, which leads to the formation of myotubes. 
Strikingly,, C2C12 cells expressing filamin-Bvar., (AH1) fused into thin myotubes already after two 
too three days, which is 1-2 days earlier than cells from the other transduced cell lines. Furthermore, 
clearr morphological differences were observed between the differentiated myotubes by phase 
contrastcontrast microscopy. To facilitate detection of differentiated cells we stained the myogenic marker 
sarcomericc myosin heavy chain (sarc-MHC) in the myotubes (Fig. 8) or sarcomeric ct-actinin (not 
shown).. Myotubes expressing ectopic filamin-B variants encoding the hinge-1 region, had a more 
pouch-likee appearance than the myotubes in the eGFPc control cells and the thin myotubes of cells 
expressingg the filamin-B variants that lacked the hinge-1 region. The eGFP control protein was 
mainlyy localized in the nuclei, whereas the different filamin-B variants were colocalized with the 
longitudinall  actin stress fibers in the differentiating myotubes. The filamin-B^,.., (AH1) showed 
typicall  polarized and dotted localization at the periphery of tubes. Occasionally, depending on the 
culturee conditions, in well-differentiated tubes with clear sarcomeric organization, filamin-eGFP 
wass observed to colocalize with the Z-Iines, as shown by co-staining for sarcomeric a-actinin, and 
withh intermediate M-bands, as shown for filamin-B,..,,., (Fig. 8). Based on the number of nuclei in 
thee myotubes showed the myoblast cells overexpressing filamin-B, with a median number of nuclei 
100 (7-14) or the filamin-Bvar.,, 10 (8-13) a significant (p value < 0.05) increase in fusion capacity as 
comparedd to cells expressing eGFP, 8 (7-10); filamin-B(AHl), 8 (7-14) or filamin-BvaM(AHl) 7 (6-
9).. Immunoblot analysis of the myogenic differentiation marker sarcomeric MHC showed a faster 
andd increased induction of this marker in the filamin-B^., (AHl)-expressing cells, whereas other 
cellss showed similar sarcomeric-MHC induction kinetics as the eGFP control. (Fig. 9). Together 
thesee data imply a cell specific effect of filamin-B variants on myogenesis. 
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Figuree 8. Different effects of filamin-B variants on myogenesis 
Confocal-immunohistochemistryy of 6 days differentiated C2C12 myoblast cells stably expressing 
filamin-B-eGFPP variants and double-stained for sarcomeric myosin heavy chain to facilitate myotube 
identification,, as indicated. The pouch-like myotubes of FLN-B and FLN-BvaM expressing cells and 
thinnerr myotubes of AH1 expressing variants are clearly detectable. Bar, 100 urn. Lower right panel 
illustratess the co-localization of FLN-BvaM at Z- and M-lines. Arrow heads indicate Z-lines as 
visualizedd by sarcomeric a-actinin staining. Bar, 10 nm. 
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Figur ee 9. Immunoblot analysis of the effects of 
thee ectopic expression of filamin-B  variant s on 
thee expression levels of sarcomeric myosin heavy 
chainn durin g myogenesis 
C2C122 myoblast cells expressing either eGFP, FLN-B, 
FLN-BB (AHI) FLN-BV„., or FLN-BV„., (AHl ) were 
allowedd to differentiate for the indicated time periods. 
Totall  cell lysates were prepared at the indicated time 
pointss and equal amounts of lysate were subjected to 
immunoblott analysis using anti-sarcomeric myosin 
heavyy chain antibodies. 

blot:: sarcomeric MHC 

Discussion n 
Cytoplasmicc Proteins that interact with the (31D Integrin Subunit 

Thee (3ID integrin subunit has been suggested to play a specialized role in maintaining the 
linkagee of the cytoskeleton to the extracellular matrix in skeletal and cardiac muscles, tissues that 
aree subject to high mechanical stress (Belkin et al., 1997; Belkin et al., 1996; van der Flier et al.. 
1997).. Different capacities of integrin p subunits to bind to cytoskeletal proteins have been 
demonstratedd by co-immuno-precipitation and pull-down assays. The assays showed that piD, in 
comparisonn to pi A, has a high affinity for talin (Belkin et al., 1997; Pfaff et al., 1998; Zent et al.. 
2000),, which could result in a stronger link to the cytoskeleton. These biochemical studies also 
indicatedd that the binding between the cytoskeletal reinforcer protein filamin-A and piD is 
negligible.. Until now, only filamin-A had been found to bind to the piA integrin subunit in the 
yeastt two-hybrid system (Loo et al.. 1998). In this study, we identified a novel filamin-B variant, 
whichh binds to piD and which is the fourth reported pID-binding protein identified in an yeast two-
hybridd screen besides MIBP, melusin and skelemin (Brancaccio et al., 1999; Li et al., 1999a; Reddy 
etal.,, 1998). 

Expressionn of Different Fihunin variants 
Severall  studies have identified the overlapping expression patterns in cells and tissues of the 

threee human filamin isoforms, filamin-A, -B and -C. Further complexity of filamin expression 

eGFP P 

FLN-B B 

FLN-BB (AH1) 

FLN-Bvar r 1 1 
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occurss by the use of alternative promoters and polyA signals (Barry et al., 1993; Takafuta et al., 
1998).. In addition, RT-PCR analysis of these filamins revealed the existence of filamin-B and 
filamin-CC splice variants containing or lacking the hinge-1 region (Xie et al., 1998; Xu et al., 1998). 
Finally,, alternative splicing of sequences encoding an 8 amino acid region in repeat 15 of filamin-A 
hass been reported (Gorlin et al., 1990). However, the cellular functions of all these different filamin 
splicee variants have so far not been addressed. Filamin-A and wild-type filamin-B bind only to pi A, 
inn contrast to the newly isolated filamin-Bvar., which binds to both pi A and piD and is characterized 
byy a deletion of 41 amino acids between repeats 19 and 20. 

Searchingg the Genbank databases for filamin-Bvar., transcripts, we found one expressed 
sequencee tag (EST) clone for filamin-Bvar., derived from skin tumor tissue (NCBI accession number 
W40525).. Its expression in skin is in agreement with our isolation of filamin-Bvar., clones from a 
keratinocytee cDNA library. Furthermore, a more general expression of filamin-Bvar_, was shown by 
PCRR analysis of cDNAs from many tissues, indicating a more extensive role of this variant than in 
skeletall  muscle only. We identified, by PCR, two additional heart-specific filamin-B splice variants, 
filamin-Bvar.22 and filamin-Bvar.1, which encode variants lacking the last four repeated sequences of 
filamin-B,, including the putative dimerization domain. The existence of additional splice variants in 
thiss region is indicated by the identification of a uterus-derived EST clone (NCBI accession number 
AL049454),, which partially encompasses the variant exon, specifically expressed in cardiac muscle, 
andd the adjacent 3'-end intronic sequences. Further studies should reveal the localization and role of 
thee apparently monomeric filamin-Bvar_2 and filamin-Bvar3 in the heart. Interestingly, studies on 
DrosophilaDrosophila filamin-240, also known as cheerio or sko, showed the existence of both amino- and 
carboxy-terminall  truncated variants (Guo et al., 2000; Li et al., 1999b; Sokol and Cooley, 1999) 
Thee recent identification of truncated variants of several other high molecular weight proteins that 
cross-linkk actin: i.e. dystropin/utrophin, dystonin and plectin (Blake and Kroger, 2000; Fuchs and 
Yang,, 1999; Zuellig et al., 2000), raise the interesting possibility that these variants play an as yet 
unprecedentedd role in the regulation of actin dynamics and modification of actin organization. 

AA comparison of our data with the genomic sequence of filamin-B (Chakarova and Wehnert, 
NCBII  accession number AH009377), resulted in the identification of a single exon, exon II , 
encodingg the sequences specifically deleted in filamin-Bvar_,, and assigned as exon 40. Exon IIIA/B , 
specificallyy expressed in cardiac muscle, was identified in a ~2 kb region between exons II and IV. 
Thiss sequence is missing in the reported genomic sequence between exon 40 and 41. In filamin-A, 
exonn 39 encodes the homologous region to the deleted residues of filamin-Bvar., (Patrosso et al., 
1994).. Combined with our yeast two-hybrid data, which showed that the truncation of these 
comparablee residues is needed for filamin-A-piA interaction, this suggested that the homologous 
variant-11 deleted region in filamin-A might be subject to alternative splicing. Indeed, RT-PCR 
analysiss of filamin-A transcripts show a broad expression of a minor filamin-Avar_, transcript (our 
unpublishedd results). 

Specificc Interactions of Filamin Variants 
Yeastt two-hybrid interaction assays showed that the deletion of the 41 residues in filamin-B, 

andd of the corresponding residues of filamin-A, led to increased binding as well as binding to 
severall  additional integrin P-subunits, as compared to the wild type filamin variants. Furthermore, 
ourr data suggest that piD binds specifically to filamin-Bvar_|, probably due to a proline-induced 
conformationall  change rather than the substitution of the conserved threonine-motif in the primary 
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sequencee of the piD cytoplasmic domain. The deletion of the 41 residues in filamin might lead to 
conformationall  changes in filamin, resulting in a constitutive high affinity for p-subunits. The three-
dimensionall  structure of several filamin repeats, of the 120 kDa filamin homologue gelation 
factor/ABP-1200 of Dictyostelium (Fucini et al., 1997; McCoy et al., 1999), shows that each repeat 
consistss of seven (3-sheets arranged in an immunoglobulin-like fold. This protein-fold distinguishes 
filaminn from the a-helical segments of the rod domains of spectrin, a-actinin and dystrophin 
(Djinovic-Carugoo et al., 1999; Speicher and Ursitti, 1994). Based on the structure of ABP-120 and 
thee alignment of the primary amino acid sequences of filamin, it is inferred that the deleted residues 
off  filamin-Bvar_,, encompass the potential 7th p-strand, G, of repeat 19 and the 1st and 2nd p-strands, 
AA and B, of repeat 20 (McCoy et al., 1999). Although the B and G p-strands of repeat 6 have been 
shownn to form a dimerization interface of ABP-120, is it difficult to predict the structural changes 
inducedd by the deletion of P-strands from adjacent repeat structures. The internal deletion of 
filamin-Bvar_,, could change the tilting or the relative position of the filamin repeats to each other, 
whichh could modify filamin dimerization and/or expose cryptic binding sites for integrin P subunits. 
Thee 41-residue region that is deleted in filamin-B contains a conserved cAMP-kinase consensus site 
(serinee 2150) that when phosphorylated in filamin-A confers an increased resistance towards 
calpainn cleavage at residues 1671-1672 in the hinge-1 region (Gorlin et al., 1990; Jay et al., 2000). 
Thesee findings suggest long range conformational effects by the 19-20 repeat region and thus 
deletionn of this region may have additional effects beyond the modulation of strength and 
specificityy of filamin-P-integrin interactions. Additional investigations will be required to evaluate 
whetherr phosphorylation events in the 19-20 repeat variable region can also regulate the interaction 
off  the filamin-A and filamin-B isoforms with p-integrins. 

Interestingly,, filamin-C contains an 82 amino acid insertion, that is juxtaposed to the 
correspondingg region of exon II in filamin-B cDNA, which could provide specific features to this 
striatedd muscle tissue-associated filamin variant (Thompson et al., 2000). The inserted sequence of 
filamin-Cfilamin-C is encoded by a single exon and no evidence of alternative splicing has been reported for 
thiss region yet (Xie et al., 1998). 

Specificc Cellular  Localization of Filamin-B Variants 
Transfectionn of filamin-B variants in C2C12 cell lines revealed two effects of the deletions on 

cellularr behavior of these filamins. Firstly, the cellular localization of filamin-variants is slightly 
differentt and secondly they influence both the fusion and terminal differentiation of myoblasts in an 
variant-specificc manner. All filamin-B variants were found to be colocalized with the actin stress 
fiberss and were not present at the actin ruffles and spikes, sites of high actin turnover. This 
observationn indicates that filamin is probably more involved in the stabilization and/or organization 
off  actin stress fibers than in the polymerization process of cortical actin per se. The studies also 
demonstratedd the tendency of the filamin-B (AH1) variants to decorate more polarized stress fibers. 
Thiss might be due to its ability to cross-link actin stress fibers into more tightly packed parallel 
bundless due to reduced flexibilit y of the filamin-dimer lacking its flexible hinge-1 region, as has 
beenn anticipated by Gorlin et al. (1990). Such an organization of actin stress fibers might be 
requiredd for the proper connection of the actin filaments to the transmembrane glycoproteins in 
focall  contacts. In this respect, the filamin-Bvar.,(AHl) variant in which the absence of the hinge-1 
regionn is combined with the presence of a high affinity binding site for piA and piD could be 
concentratedconcentrated at the tips of actin stress fibers where it is co-localized with pl-integrins. 
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Immunoelectronn microscopy confirmed the preferential enrichment of filamin-B^., (AH1) at the 
focall  contacts. 

Thee cellular localization of filamin-Bvar., (AH1) seems identical to that reported of chicken 
filaminn variants (Pavalko et al., 1989 ; Tachikawa et al., 1997). One study reported the enriched 
localizationn of an unidentified chicken filamin variant at the ends of stress fibers, and partial 
localizationn in focal adhesions, which was also detected at the Z-lines of isolated myofibrils 
(Pavalkoo et al., 1989). In another study, a 260 kDa filamin-A related variant was found to be 
expressedd in chicken smooth muscle, where it is localized at the dense plaques, and in skeletal and 
cardiacc muscle. (Tachikawa et al., 1997). Both these antigens could resemble a filamin-Bvar., (AH1) 
analogue. . 

Specializedd Cellular  Roles of Filamin-B Variants 
Thee finding that filamin-B variants affect the fusion and differentiation of myoblasts in vitro 

iss intruiging. Several reports have indicated complex expression patterns of filamin variants during 
myogenesiss (Chiang et al., 2000; Gomer and Lazarides, 1981; Gomer and Lazarides, 1983a; Gomer 
andd Lazarides, 1983b) and therefore it is not surprising that ectopic expression has a profound effect 
onn this complicated process. The mechanisms leading to the increased fusion of myoblasts 
expressingg filamin-variants that contain the hinge-1 region remain to be elucidated. One way by 
whichh filamins could affect myoblast fusion could be the modification of the cortical actin 
cytoskeletonn (Cunningham, 1995; Cunningham et al., 1992). Alternatively, an interaction with 
transmembranee proteins such as integrins and the ADAMS might be involved (Galliano et al., 
2000).. We did not detect changes in pl-integrin surface expression levels by FACS analysis upon 
thee ectopic expression of filamin-B (not shown), although it has been reported that reconstitution of 
thee expression of filamin-A, in filamin-A deficient melanoma cell lines, results in an increase in the 
expressionn levels of both GP-Iba and (31 integrins (Meyer et al., 1998). This discrepancy could be 
duee to the complete lack of filamin-A in the cell lines used in those studies while filamin 
overexpressionn might not lead to detectable effects. In addition, we found no detectable differences 
inn cell migration upon expression of filamin-B variants (not shown). The specific effects of ectopic 
expressionn of filamin-B variants on muscle differentiation and fiber morphology showed that 
filaminn variants influence the structure and differentiation of C2C12 myoblasts. Several studies 
havee shown effects of the organization of the actin cytoskeletal on myoblast differentiation. For 
example,, the RhoA-mediated induction of stress fibers increases myoblast differentiation, in 
contrastt to the inhibitory effects on myogenesis of Rac-1 and Ras (Gallo et al., 1999; Wei et al., 
1998).. Also, (re)expression of the actin-binding protein, dystrophin, or its homologue utrophin, in 
dystrophin-deficientt mdx-mice affects the type of fibers present in muscle (Rafael et al., 2000). 
Alternatively,, a direct effect of filamin-Bvar., (AH1) via its interaction with integrin subunits, 
affectingg either integrin localization, function or both, on myogenesis cannot be excluded. A role of 
integrinss in both myogenesis and muscle integrity and maintenance has been implicated. Loss of pi 
expressionn or alternative a-subunit expression affects myogenesis (Menko and Boettiger, 1987; 
Sastryy et al., 1996), whereas the integrity of muscle tissue is affected by the lack of (3PS integrin 
subunitss in Drosophila (Volk et al., 1990) or the oc7 subunit in human and mouse (Hayashi et al., 
1998;; Mayer et al., 1997). As mentioned above, specific filamin-variants could link integrins to the 
actinn cytoskeleton, comparable to the dystrophin-mediated connection with the sarcoglycan 
adhesionn complex in muscle cells. 
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Ourr study provides the first evidence that variants of filamin can determine the specificity of their 
interactionss with other proteins and cellular localization. The results suggest a similar complexity of 
thee regulation of filamin function, by both alternative splicing and posttranslational modifications, 
ass has already be determined for the dystrophin and plakin family members of actin cross-binding 
proteins.. The recent determination of the filamin genomic sequences should facilitate further 
researchh into the complex regulation of filamin expression, function and their roles in diseases. 
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