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GeneralGeneral introduction 

Generall  introductio n 

Duringg development multicellular organisms and tissues are formed and cells are held 
togetherr by adhesion molecules. Adhesion between cells and between cells and the extracellular 
matrixx is mediated by different members of the integrin, cadherin, immunoglobulin, and selectin 
familiess [1]. Besides their role in the maintenance of tissue structure and polarity, cell adhesion 
moleculess are also involved in the regulation of cell proliferation and differentiation [2, 3]. 

Thee work described in this thesis focuses on a variant of the cytoplasmic domain of the p 1 
integrinn subunit. We determined the expression pattern and cytoskeletal interactions specific for this 
variant.. Furthermore, we studied the epithelial-mesenchymal-like transition that follows upon (51 
expressionn in epithelial cells that lack endogenous pi. In this chapter, the integrin protein family 
andd their splice variants will be introduced. Several aspects of the biological function of integrins in 
generall  and in myogenesis in particular will be addressed. 

Integri nn protein family, extracellular  matrix and ligands 
Integrinss are a family of glycosylated, heterodimeric transmembrane adhesion receptors that 

consistt of a non-covalently bound a- and p-subunit. Most integrins bind to extracellular matrix 
(ECM)) components while others bind to receptors on other cells. The name integrin refers to their 
functionn in the integral linkage of the cells' exterior (ECM) to the cells' interior (cytoskeleton). By 
reasonn of their fundamental role in cell adhesion, migration and signal transduction, integrins play 
ann important role in various processes such as immune function, platelet aggregation, tissue repair, 
invasionn and metastasing of cancer cells. Integrins are highly conserved in the taxonomy from 
spongess to humans, although the complexity of variants and their redundancy increases later in 
taxonomyy [4, 5]. To date 18 a and 8 P-subunits have been identified in vertebrates, which form at 
leastt twenty-four different heterodimers. (Table I) (see for recent review [6]). The combination of 
thee a and P-subunit determines the ligand specificity of the integrins. Many integrins have binding 
specificitiess for the same ligands (see Table I) and it is the combination of the integrin 
expression/activationn pattern and the available ligand that determines the in vivo binding. 

Thee extracellular matrix (ECM) is a complex network of high molecular weight proteins (e.g. 
laminins,, collagens, fibronectin) and polysaccharides, which are deposited by the surrounding cells 
[7].. The ECM provides structural support for cells but also acts as a physical barrier or selective 
filterr to soluble molecules (e.g. basement membrane). Finally, ECMs sequester growth factors and 
aree critical for the differentiation and growth of a number of cell types. This latter phenomenon is 
alsoo known as anchorage-dependent growth. 

Integrinss containing the a4, a5, a8, allb and av subunits bind to ECM components that 
containn the RGD (Arg-Gly-Asp) sequence as present in fibronectin. Other integrins bind to laminins 
andd collagens, of which the cryptic RGD sites are thought to be normally inaccessible for binding. 
Inn general, integrins from haematopoietic cells bind to receptors on other cells (e.g. ICAMs and 
VCAMs)) or plasma proteins that are deposited at sites of injury (e.g. fibrinogen, von Willebrand 
factor)) and complement factors (e.g. iC3b). Several pathogenic agents bind to integrins, such as 
snakee venoms (disintegrins) which prevent platelet-mediated blood plug formation. Furthermore, 
micro-organismss (Lyme disease spirochete, Borrelia burgdorferi; Yersinia invasin protein) and 
virusess (echo-; adeno-; papilloma-; foot-and-mouth-virus; HIV Tat protein) use the integrins as their 
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ChapterChapter 1 

Tablee I 
Integrins s 

Integrin n 

all  pi 
a22 pi 

a33 pi 

a44 pi 

P7 7 

a55 pi 

a66 pi 
p4 4 

a77 pi 
a88 pi 
a99 pi 

alOpl l 
a l l p l l 

avv pi 

P3 3 

P5 5 
p6 6 
P8 8 

andd their ligands 

ECM M 
Co;; Ln 
Co;; Ln 

Ln;; Co; 

Fn n 

Fn n 

Fn n 

Ln n 
Ln n 
Ln n 
Fn;; Tn; 
Tn;Tn; Op; 
Co;Ln n 
Co o 
Co o 
Fn;; Vn 

Vn;; Tn, 

Rn n 

Nn n 

Fn;; Tsp; Op 

Vn n 
Fn;; Tn 
Co;; Ln; Fn n 

Soluble e 

--
--
--
pp-vWF, , 
tTG;; FXIII 

--

tTG G 

--
--
--
--
pp-vWF; ; 
tTG;; FXIII 

--
--
--
Fg;; vWF 

--
TGFP-LAP P 

--

Ligand d 
Cell-cell l 

--
--
--
VCAM-1 1 

VCAM-1; ; 
MadCAM M 
ADAMM 15 
ADAM1,2,9 9 

--
--
--
VCAM-1; ; 
ADAM-12,15 5 

--
--
--
ADAM-15, , 
MMP2 2 

--
--
--

Pathogen n 

. . 
echoviruss 1 
YersiniaYersinia (invastn) 
YersiniaYersinia (invasin) 

--

Yersinia;Yersinia; Borrelia; Shigella (Ipa) 

papillomaa virus; Yersinia (invasin) 
. . 
. . 
_ _ 
. . 

_ _ 
--
echoviruss 22 
snakee venoms, disintegrins; 

adenovirus;; HIV Tat 

adenoviruss 2, HIV Tat 
foot-and-mouthh disease virus 

--

a l lbp33 Vn; Fn 

aLL P2 
a M p2 2 
aXX p2 
a D p2 2 
aEE p7 

Fg;; vWF 

ICAM1-6 6 
Fg;iC3b;; FX ICAM1; VCAM 6 
Fg;; iC3b 

ICAM3,6;; VCAM1 
E-cadherin n 

Borrelia;Borrelia; disintegrins; 
Ticks;; Leech (decorsin, ornatin) 

Candida;Candida; Borrel ia. 

ADAM == A disintegin And Metalloprotease, Co = collagen, Fg = fibrinogen, Fn = fibronectin, FX=coagulation factor 
X,, FXIII = coagulation factor XIII , iC3b=inactivated complement component C3b, [CAM = Intra-Cellular Adhesion 
Molecule,, Ln = laminin, MMP = Matrix Metallo Protease, Nn = Nephronectin, Op = osteopontin, pp-vWF= prepro von 
Willebrandd Factor, Rn = reelin, TGF0-LAP= TGFp latency-associated peptide, Tn = tenascin, Tsp = thrombospondin, 
tTG== tissue transglutaminase, VCAM = Vascular Cell Adhesion Molecule, Vn = vitronectin, vWF = von Willebrand 
Factor. . 

receptorss (reviewed in [8]). Interaction between a6pl on the egg cell and ADAM-1 and -2 (A 

Disintegrinn And Metallo-protease) on sperm cells has been implicated in egg-sperm cell fusion [9, 

10]]  and other ADAMs have also been shown to interact with integrins. 

Despitee the overlap in binding specificity of many of the integrins, the loss of nearly each 

integrinn a- or p-subunit leads to biological defects as shown in genetically modified mice. These 

genee knock-out studies show that the loss of most integrin subunits is lethal at embryonic stages or 

shortlyy after birth (reviewed in [11-13]). 

10 0 



GeneralGeneral introduction 

Integrin ss in disease 
Mutationss in the integrin p2-subunit lead to leukocyte adhesion deficiency (LAD1), and 

mutationss in either the allb or p3-subunit result in the bleeding disease Glanzmann's 
thrombastheniaa [14]. Junctional epidermolysis bullosa associated with pyloric atresia (PA-JEB), a 
skinn blistering disease, is due to mutations in genes encoding either the a.6 or p4 integrin subunit 
[15-17].. Loss of the a6p4 integrin results in rudimentary hemidesmosomes and subsequent 
detachmentt of the epidermis from its basal lamina upon physical stress [18, 19]. Similarly, 
mutationss in the a 7 integrin subunit have been found to result in a mild form of progressive 
muscularr dystrophy [20, 21]. Alternatively, reduced levels of laminin (a2-chain) in certain 
muscularr dystrophies result in decreased levels of the a7pl integrin [22-24]. 

Finally,, integrins play an important role in various aspects of cancer. Integrin expression 
patternss are altered in metastatic cells, resulting in changes of cell adhesion and migration which 
oftenn lead to the detachment of cells from the primary tumor, migration and invasion into the target 
organ.. These metastatic cells gain the capacity to survive without adhesive cues also named 
anchoragee independent growth. In addition, integrins play a role in the neovascularization of 
tumors,, that provides the tumor cells with the necessary nutrients for proliferation [25, 26]. 

Integri nn structure 
Thee ligand-binding site of integrins is present in the globular head domain formed by the a 

andd p-chains, while the rest of the extracellular domain forms the membrane-proximal stalk-like 
structure.. The small cytoplasmic tails are approximately 30-50 amino acids long and do not contain 
catalyticc or consensus protein-protein binding motifs. An exception is the cytoplasmic domain of 
P4,, that contains two pairs of fibronectin-III repeats and is approximately 1000 amino acids long. 
Thee extracellular domains of several integrin a-subunits (i.e. the collagen binding a 1, a.2, alO, 
all  1, the E-cadherin binding aE and the leukocyte integrins aD aX, aM, aL) contain a 200 amino 
acidd insertion, the I domain. Structural analysis of integrin I domains have revealed the presence of 
aa characteristic metal ion-dependent (Mg2+) adhesion site motif (MIDAS) shown to be critical for 
ligandd binding [6, 27]. A similar I domain is predicted to be present in the extracellular part of the 
P-chainss [28], Comparisons of structure have suggested that the seven repeat motifs, present in the 
extracellularr domain of all the a-subunits, fold into a seven-bladed propeller structure that forms 
onee globular domain with the ligand-binding site on the upper surface [29]. The optional I domain 
iss inserted between blades number two and three of this propeller and the divalent cation-binding 
sitess are located on the lower surface of blades 4-7 [30]. Besides glycosylation of both the a- and p-
subunits,, post-translational cleavage of a-subunits, that lack an I domain results in a disulfide-
linkedd heavy and light chain. The noncleaved a4-subunit forms an exception to this rule. Post-
translationall  cleavage has been implicated in the modulation of the affinity of a6 integrins [31]. 

Integri nn activation and deactivation: inside-out signaling 

Thee affinities of integrins for their ligands may vary depending on the cell type in which they 
aree expressed [32-34]. Leukocyte and platelet integrins require activation induced by agonist (i.e 
thrombin,, epinephrin) for binding to their ligand. This inside-out signaling has been extensively 
studiedd in platelets and requires the activity of protein kinase-C (PKC) and Rho-like GTPases. 

11 1 
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Thee current model is that the cytoplasmic domain of the a-subunit inhibits, directly or 

indirectly,, the interaction of the (3-subunit with cytoskeletal components. This inhibition is relieved 

uponn binding of a ligand to an integrin or by signaling induced by another agonist possibly by 

inducingg a conformational change which either splits or slides the a- and p-cytoplasmic tails 

relativelyy to each other [35, 36]. Mutation and deletion studies have indicated a crucial role of the 

conservedd a (GFFKR) and p (LLxxxihDR) membrane proximal sequences. Changes in integrin 

affinityy (interaction of a single integrin with its ligand) are the result of conformational changes in 

thee integrins, which can be detected by antibodies that identify activation dependent neo-epitopes. 

Certainn cations (e.g. Mn2') and antibodies may activate integrins by stabilizing or inducing their 

activee conformation [32]. Integrin-ligand binding is also increased by avidity. The concerted 

interactionn of clustered receptors with a ligand can be induced by multiple binding sites in the 

ligandd (polyvalent) and/or by cytoskeletal interactions that organize integrin clusters from within 

thee cell. For example, in leukocytes it has been found that the integrin subunit p2 first needs to be 

releasedd from talin in the cytoskeleton, before it can become clustered and bind ligand. 

Subsequentlyy the integrin associates with a-actinin, which leads to a stable interaction with the 

cytoskeletonn [37]. 

Inn adherent cells, integrins are apparently in a constitutive active conformation. 

Phosphorylationn of integrin cytoplasmic domains [38, 39] and proteolytic cleavage [40-42] have 

beenn suggested to affect integrin-ligand binding. However, there is no consensus as yet on the 

generall  mechanism that regulates integrin-mediated cell adhesion. Cell migration is a process that 

requiress the precise regulation of integrin-mediated adhesion/release [43]. The repeated cycle of the 

assemblyy and disassembly of adhesive complexes (focal adhesions) at the cells1 front, where the 

polymerizationn of actin drives the protrusion of the cell membrane, cytoskeletal contraction and 

detachmentt of the rear results in a net displacement of the cell. It has been found in migrating 

fibroblastt that a pool of integrin surface molecules is internalized and recycled to the cells posterior 

[44-46].. Alternatively, ligand-bound integrins in the rear of the cell are left as footprints on the 

underlyingg substrate [46, 47]. 

Splicee variants of integrins 

Alternativee mRNA splicing leads to additional complexity of the integrin family [48]. 

Variantss of both the extracellular and cytoplasmic domains have been reported. Alternative 

extracellularr domains may account for different ligand binding affinities or variations in the state of 

activation,, while variants of the cytoplasmic domain may modulate integrin activity, cytoskeletal 

associationss and/or signaling events. 

Extracellularr variants of Drosophila aPS2 differ in their affinities for D-laminin [49]. 

However,, no differences in laminin binding affinity of the extracellular domain variants of a6 (XI 

orr X1X2) have been reported [50, 51]. Activation and migration on different laminin isoforms of 

thee variants of the a7 extracellular domain (XI , X2) was found to be regulated in a cell type 

specificc manner [52, 53]. Similarly, a single amino acid polymorphism in the extracellular domain 

off  P3 leads to a different state of platelet activation [54]. The biological relevance of two secreted, 

truncatedd products of the extracellular domains of p3 and al lb remains to be determined [55. 56]. 

Variantss of the cytoplasmic domain have been found of the three closely related laminin 

receptorr a-chains: i.e. a3A, B; a6A, B; a7A. B, and C. Their sequences differ after the membrane 

proximall  GFFKR motif, which is crucial for correct heterodimerization and the regulation of 

12 2 



GeneralGeneral introduction 

bindingg activity of the integrins. Splicing of the mRNA of these laminin receptors is regulated in a 
developmentallyy and tissue specific manner and is conserved in men and mice. The homology 
betweenn the A and B cytoplasmic variants of different a subunits is higher than that between the 
variantss of the same a subunit [48]. During embryogenesis the first variants expressed are the a3B, 
a6BB and a7B cytoplasmic variants, which later in development are replaced by the A variants of a 
subunitss in many tissues. The function of this developmental regulated switching of variants is 
currentlyy unknown. Notwithstanding the observation that ct6A and cc6B show differences with 
respectt to phosphorylation and cell migration in vitro, no specific differences have been detected 
withh respect to their ligand specificity and/or activation [57]. Similarly, no differences have yet 
beenn found for the variants of the cytoplasmic domain of a3 and a7 with respect to regulation, 
migrationn and ligand binding. Although the lack of cc6 expression results in embryonic defects and 
deathh around birth due to severe blistering of the skin [58, 59], genetically modified mice that 
expresss only the cc6B integrin variant have a normal phenotype [60]. The only effect detected in 
thesee mice is a reduction in the number of lymphocytes and a decreased migration of lymphocytes 
onn fibronectin in vitro. Thus the switching from a6B to a6A appears not to be crucial for 
embryonicc development [60]. 

Cytoplasmicc variants of several integrin p-subunits have been described. The best studied are 
thee five cytoplasmic variants of the pi subunit, the most abundantly expressed integrin subfamily: 
pii  A, B, Cl, C2 and D (this thesis, [48]). Antibody inhibition studies and studies with mice in which 
thee gene encoding pi has been disrupted by homologous recombination have demonstrated the 
criticall  role of pi-integrins in development, cell differentiation, migration and the assembly of the 
extracellularr matrix proteins [13]. piA is present in all tissues, except cardiac and skeletal muscle, 
whichh instead express the plD variant (this thesis). The BIB and piC variants are minor forms and 
aree present in man, but not in the mouse [61]. Both variants behave as inactive integrins, which is 
probablyy due to their failure to become localized at focal adhesions. Expression of piB or piC 
variantt in cells decreases the ability of cells to adhere and to migrate on extracellular matrix 
components.. Similarly, expression of plB or piC inhibits DNA synthesis and cell proliferation, 
whereass pi A does not inflict such inhibition [62-68]. 

Thee plD isoform is very homologous to pi A. Both variants share the first 24 amino acids of 
theirr cytoplasmic domains and the two NPXY focal contact localization sequences (cyto-2 and -3 
domains)) in the C-terminus are also conserved. In non-muscle cells, transfected piD is localized in 
focall  contacts and activates focal adhesion kinase (FAK), MAP-Kinase and RhoA, similarly to pi A 
([69,, 70, 71], this thesis). However, Baudoin et al. [72] have shown that piA and piD are not 
functionallyy equivalent in embryonic development. The replacement of piA by piD results in 
abnormall  migration of neuroepithelial cells and embryonic lethality in mice, despite the finding that 
reciprocall  replacement in striated muscle of piD by piA does not lead to severe abnormalities in 
vivovivo [72]. 

Variantss of the cytoplasmic domain of p3 (A-C) and p4 (A-E) have also been reported. The 
P3BB variant is similar to BIB; it lacks the NPXY motifs, which results in the defective localization 
inn focal adhesions and impaired phosphorylation of FAK. In addition expression of p3C in cells 
resultss in reduced adhesion and decreased cell survival [73]. The p4A-subunit is the most abundant 
P44 variant, while the function and characteristics of the other minor p4 variants remain to be 
elucidated. . 
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Studiess using mutations, truncations or domain swaps of integrin cytoplasmic domains have 
indicatedd that the cytoplasmic tails of the integrin p subunits (i.e. the conserved NPXY/F motifs are 
required)) contain sufficient information for localizing integrins into preexisting focal contacts, 
presumablyy by binding to cytoskeletal components enriched at those sites [74-77]. Furthermore, 
expressionn of (3 cytoplasmic domains, as chimeric proteins containing the extracellular and 
transmembranee domains of the interleukin-2 receptor (IL2R) at high levels, results in a dominant 
negativee effect on focal contact formation and integrin-mediated signaling. This is probably due to 
thee capturing of cytoplasmic focal contact components by the cytoplasmic domain. In addition, 
studiess in the fruitfly have demonstrated that the cytoplasmic domain of integrin (3-subunits is 
sufficientt for correct localization [78]. 

Outside-inn signaling 

Adherentt cells in cell culture form specialized structures, focal adhesions or focal contacts at 
sitess where there is close contact between the plasma membrane and the underlying extracellular 
matrixx and at which integrins, signaling and cytoskeletal molecules are colocalized (see Fig. 1). A 
hierarchyy in the recruitment of focal adhesion components is observed upon integrin aggregation 
whenn the integrin is bound to ligand (receptor occupancy) [79, 80]. Furthermore there are 
differencess in the constituents and the activation state of the different focal contacts even within the 
samee cell [81-85]. The adaptor protein tensin and the tyrosine kinase FAK (focal adhesion kinase) 
aree the first proteins to be recruited after integrins cluster. Ligand binding to the clustered integrins 
leadss to the recruitment of cytoskeletal components such as, vinculin, talin and a-actinin. 
Furthermore,, ligand binding and tension induces phosphorylation events at focal adhesions by 
memberss of the Src protein-kinase family including: cSrc, Csk, Fyn, which leads to the recruitment 
andd activation of downstream signaling molecules e.g. activation of the Rho-like GTPases (this 
thesis),, phospholipase-Cy (PLCy), and the ERK and INK signaling cascades [86, 87]. Ultimately, 
thiss integrin signaling cascade leads to cytoskeletal rearrangements (this thesis), anchorage 
dependentt completion of the cell cycle and integrin-mediated gene transcription [88]. The Rho 
familyy of GTPases play an important role in cytoskeletal rearrangements [89]. These proteins act as 
molecularr switches, which are active when they are bound to GTP and inactive when bound to 
GDP.. The GTP loading of Rho-like GTPases is regulated by GEFs (guanidine exchange factors), 
GAPss (GTPase-activating proteins) and GDIs (guanidine dissociating factors). As a key regulator of 
actomyosin-basedd contractility, RhoA plays a central role in the formation of both stress fibers and 
focall  adhesions [90]. 

Thee formation of signaling complexes, which are modified and strengthened by multiple 
interactionss between its components, is a recurring theme in integrin-mediated signaling. These 
stabilizingg and modifying interactions make it difficult to define the regulation and crucial primary 
interactionss in integrin-mediated signaling [91]. Hemidesmosomes form a separate class of cell-
matrixx adhesive structures found in the epidermis. Hemidesmosomes are linked to the intermediate 
filamentt system which involves the interaction of the cytoplasmic domain of p4 of the oc6p4 
integrinn with associated proteins (plectin and BP230), this in contrast to the actin linkage in the 
otherr integrin-cytoskeletal associations [18.92]. 

14 4 
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Figur ee 1. Schematic representation of a focal adhesion and an adherens-junction 
Transmembranee integrins bind to the extracellular matrix and associate within the cell to a complex of cytoskeletal 
proteinss that link them to actin filaments. These focal adhesions form also the basis for the assembly of signaling 
complexess of which several components are indicated. The right sight of the figure shows an adherens-junction. The 
homophilicc adhesion receptors, cadherins are linked via (3-catenin and a-catenin to the actin cytoskeleton. 
Abreviations:: a = integrin a-subunit; P = integrin p-subunit; a-act = o>actinin; ce-cat = a-catenin; (3-cat = p-catenin; 
Cass = pl30Cas; ECM = extracellular matrix; FAK= focal adhesion kinase ; GF = growth factor; GR= growth factor 
receptor;; ILK = integrin linked kinase; pl20 = pl20 catenin; pax = paxiilin; vine = vinculin; zyx= zyxin. 

Crosss talk with integrins 

Integrinss have been shown to affect the expression and activity of other integrins and different 
typess of adhesion molecules (see also chapter 5). Occupancy of integrins by ligand has been shown 
too activate ligand binding of other integrins in a positive feed back loop [93], Conversely, inhibition 
off  one integrin by another is known as trans-dominant inactivation [53, 94-96]. Integrin-mediated 
signalingg or potential changes in integrin-cytoskeletal interactions may account for these effects. 
Integrin-mediatedd adhesion can also modify cadherin-based intercellular adhesions [97]. A role of 
integrinss in the down-regulation of cadherin activity during neural crest cell migration and 
epifhelium-mesenchymee transitions (EMT) has been implicated, suggesting the existence of an 
oppositee effect of cadherin and integrin-mediated adhesion. EMT occurs during specific stages of 
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embryonicc development but also under certain pathological conditions as in the loss of epithelial 
polarityy in breast tumor cells [98, 99]. 

Syndecanss are transmembrane heparan sulfate proteoglycans whose external 
glycosaminoglycann chains bind ligands in the extracellular matrix. Syndecan-4 promotes integrin-
mediatedd focal contact formation, probably by signaling through its cytoplasmic association with 
PKCandPIP22 [100]. 

Cytoplasmicc proteins binding to integrins 

Ass mentioned above, the small cytoplasmic domains of integrins have no intrinsic catalytic 
capacityy or protein-protein interaction motifs. Nevertheless, recent studies using yeast two-hybrid 
interactionn assays and biochemical assays have identified an increasing number of integrin binding 
partnerss (see Table II and references therein, reviewed in [33, 34, 101-103]). These proteins can be 
groupedd based on their proposed functions in three categories: 1) cytoskeletal proteins which anchor 
thee integrins to the cytoskeleton and could serve as docking sites for signaling molecules and a-
actinin,, talin and filamin belong to this subgroup; 2) potential signaling molecules form the largest 
groupp and include several kinases, such as ILK, FAK, and proteins of unknown function and 3) 
calciumm binding and accessory molecules which probably play a role in integrin activation and the 
cyclingg or correct folding of integrins, respectively. The biological relevance of most of these 
interactionss remains to be determined. 

Transmembranee proteins interacting with integrins 

AA different class of integrin associating molecules consists of several transmembrane and 
membranee associated proteins, which act as co-receptors or scaffolding molecules (Table III ) [104]. 
Memberss of the tetraspan protein (TM4) family or tetraspanins [105], bind directly to the 
extracellularr domain of several integrin a-subunits. Their interaction with integrins affects cell 
migrationn and surface expression levels of integrins, and they are thought to cluster integrins and 
otherr molecules into higher order complexes. Co-immunoprecipitation of integrins with several 
receptorr kinases such as the EGF (epidermal growth factor)-receptor tyrosine kinase and PDGF 
(platelett derived growth factor)-receptor tyrosine kinase has also been reported. These assumed 
complexess could facilitate efficient crosstalk between adhesion and growth factor induced 
signaling.. It has been established that both the signaling pathways induced by soluble signaling 
factorss and integrin-ECM interactions converge at the level of FAK [106], and that integrin-
mediatedd adhesion reduces the threshold of growth factor-mediated signaling. This cooperation of 
growthh factor-induced and adhesion-dependent signaling is the basis for anchorage-dependent 
growth. . 
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Tablee II 
Cytoplasmicc proteins that associate with integrin cytoplasmic domains 

Protein n Integrinn Assay Remarks References s 

CytoskeietalCytoskeietal proteins 
Tall  in 
Filaminn A. B 
F-actin n 
a-Actinin n 
Myosin n 
Skelemin n 
Plectin/HDl l 
p27BBP/eIF6 6 
BP230 0 

P;aIIb b 
P1.2,3,7 7 
a l .2 2 
pi.2 2 
P3 3 
Pl.3 3 
P4 4 
p4 4 
P4 4 

P P 
P.Y2H H 
P P 
P P 
P P 
Y2H H 
P.Y2H H 
Y2H H 
Y2H H 

cytoskeietall  protein, localized in focal adhesions 
actinn cross-linking 
cytoskeietall  protein 
actinn cross-linking 
F-actinn contraction, binds upon P3 phosphorylation 
cytoskeietal// M-band protein 
bindss intermediate filaments 
bindss nuclear matrix and intermediate filaments 
bindss intermediate filaments 

[147-15] ] 
[150,, 152, 
[154,, 155] 
[156-158] ] 
[159,, 160] 
[161] ] 
[162,, 163] 
[164] ] 
[19,, 165] 

153] ] 

AdaptorAdaptor and signaling proteins 
ICAP-11 pi Y2H 
Rackk I p 1.2,5 Y2H 

Wait-1 1 
M1BP P 
Cytohesin-1/3 3 
Mss4 4 
IRS1 1 
Paxillin n 

She e 

Grb b 

ProteinProtein kinases 
ppl255 FAK 

P7:cc4.E E 
PIA.D D 

P2 2 
a3 3 
avP3 3 
a4 ;p i ,3 3 

P3,4 4 

p3 3 

P1,2,3 3 

Y2H H 
Y2H H 
Y2H H 
Y2H H 
P P 
P P 

P P 

P P 

p59ILK K Pl,3 3 Y2H H 

Chaperone/CatciumChaperone/Catcium binding 
Calnexin n 
BiP P 
Calreticulin n 
CIB B 
Melusin n 

P l ; a6 6 
ullbp3 3 
a a 
al lb b 
PIA.D D 

P P 
P P 
P P 
Y2H H 
Y2H H 

phosphorylatedd upon binding, cell migration T 
7xWDD repeats, in vivo binding is phosphorylation 
dependent,, binds PKC and Src, 
5xx WD repeats 
downregulatedd during muscle differentiation 
PHH and Sec7 domains with GEF activity, cell adhesion T 
GEFF activity for Rab proteins 
containss PH domain, binds insulin receptor 
containss SH2, S1I3 binding motifs, and L1M domains 
bindss FAK, localized in focal adhesion 
containss PTB and SH2 domain, binds Grb2; Trk, EGF and 
PDGFF receptors 
containss SH2, SH3 domains, binds upon p3 phosphorylation 

Tyrr kinase, localized in focal adhesions, 
phosphorylatedd upon integrin and growth factor engagement 
bindss Src, paxillin, Grb, pl30Cas. etc. 
Ser// Thr kinase contains ankyrin repeats.binds PINCH, 
activatedd by P13-kinase. regulates GSK-3 and PKB/AK.T, 
rolee in anchorage-independent growth,(cell adhesion I) 

chaperone e 
chaperone e 
integrin-dependentt Ca2*  influx and adhesion 
Ca2**  -dependent binding 
bindss in absence of cations, striated muscle specific 

[166,, 167] 

[168] ] 
[169] ] 
[170] ] 
[171-173] ] 
[174] ] 
[175] ] 

[176-178] ] 

[179-181] ] 
[182] ] 

[178.. 183] 

[184-186] ] 

[187] ] 
[188] ] 
[189,, 190] 
[191.192] ] 
[193] ] 

Nuclear/cytopiasmicNuclear/cytopiasmic proleins and transcription (co)faclors 
P3-endonexinn P3 Y2H binds cyclin A. affinity and adhesion of aIIbP3 t 

(155 P p3-endonexin-like, adhesion Ï. cell migration T 
«« or p Y2H contains 4'/2 LIM domains, heart specific, localizes in 

focall  contacts and nucleus 
P22 Y2H binds Jun. shuttles from plasma membrane to nucleus upon 

ligandd binding 
BIN11 u3 Y2H binds Myc, tumor supressor 

TAP-20 0 
FIIL2 2 

JAB1 1 

[194,, 195, 196; 
[197] ] 
[198] ] 

[199] ] 
[174] ] 

PP = biochemical protein-protein interaction assay: Y2H = yeast two-hybrid; SH2 = Src-homology domain 2: SH3 = 
Src-homologyy domain-3: PTB = phosphotyrosine binding domain; PH = pleckstrin-homology; GEF = guanidine 
exchangee factor 
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Tablee II I 
Transmembranee proteins 

Protein n 

Tetraspanins Tetraspanins 
CD9;; CD37; CD53; 
CD63;CD81;CD82 2 
CD151/PETA; ; 
NAG2;; CO-029 

IgIg superfamily proteins 
CD147/EMMPRIN N 
CD47/IAP P 
CD46/MCP P 
CD36 6 

Growth-factorGrowth-factor receptors 
PDGFF receptor-p 
VEGFF receptor-2 
ErbB2 2 

GPI-linkedGPI-linked receptors 
uPAR(CD87) ) 
FcyRIIIB(CD16B) ) 
CD14,, LPS, LBP 

thatt interact with integrins 

Integrin n 

(a3pii  andaópi, 
occasionallyy allb, a2pi, 
a4pl ,a5pl ,aLp2,, a6p4) 

a3pl ,a6pl l 
a2Bl,avB3,aIIbB3 3 
a3pi i 
<xlIbB3,a3pi,a6Bl l 

avp3 3 
avp3 3 
a6B4 4 

PU2,, 3 
aMp2,, aDp2 
aMp2 2 

TypeType II transmembrane proteins 
CD98 8 
BP180 0 

plA A 
a6pi;a6p4 4 

References s 

[34,, 101, 104] 

[200] ] 
[201,202] ] 
[203] ] 
[204,, 205] 

[206] ] 
[206] ] 
[207,, 208] 

[209-211] ] 
[212] ] 
[212] ] 

[213,214] ] 
[163,215] ] 

OtherOther proteins 
Caveolinn [31,2 [211,216] 

Adaptedd from [34, 101, 104] 

Integrin ss in myogenesis 
Thee process of myogenesis includes migration of myogenic precursor cells from somites to 

peripherall  areas, proliferation, differentiation and subsequent withdrawal from the cell cycle, and 
finallyy fusion to form mature contractile myotubes. This skeletal muscle differentiation pathway is 
orchestratedd by myogenic basic helix-loop-helix transcription factors, including myogenin, Myf-5 
andd MyoD [107]. These transcription factors regulate the sequential expression of muscle specific 
contractilee and cytoskeletal proteins that build the unique cytoskeletal structure of the sarcomere, 
whichh form the contractile building blocks of cardiac and skeletal muscle [108] (see Fig. 2.). The 
molecularr architecture of a sarcomere facilitates the mechanical sliding of actin filaments along 
myosin.. The polar actin filaments are mechanically linked to actin arrays of successive sarcomeres 
att the Z-line. The Z-line is connected at focal contact-like structures, costameres (greek for rib-like 
structures),, to the lateral muscle fibers [109, 110]. Skeletal muscles contain adhesive structures that 
resemblee in their protein composition the focal adhesions which are studied in cell culture; i.e. 
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myotendinouss junctions (MTJ, muscle-tendon attachment sites). Integrins are also present in 
neuromuscularr junctions (NMJ, axon-muscle attachment site). In contrast to the fused skeletal 
musclee fibers, cardiac muscle consists of mononucleated cardiomyocytes, which are connected to 
eachh other at intercalated discs. The intercalated disc consists of three classes of junctional 
complexes:: i.e. the adherens junctions (integrin-ECM), desmosomes (cadherin-based) and gap 
junctions,, the latter play a role in the electric coupling of heart cells. 

myoblastss myotube 

costamere e 

Sarcomere e 

intercalatedd disc 

cardiacc muscle 

Figur ee 2. Schematic represen-

tationn of a skeletal and cardiac 

musclee cell 

(A)) Mononucleated myoblasts fuse to 
formm multinucleated myofibers which 
differentiatee into muscle fibers. 
Differentiatedd muscle cells have their 
cytoskeletonn organized in contractile 
units,, the sarcomeres, that facilitate the 
slidingg of myosin (thick bars) along 
actinn filamins (horizontal black bars). 
Thee actin filaments are linked to the 
sarcolemmaa by Z-lines (Z) at integrin 
richh lateral attachments sites 
(costameres).. Specialized cell-tendon 
contacts,, myotendinous junction (MTJ) 
andd neuromuscular junction (NMJ) are 
indicated.. (M = M-line). 

(B)) Mononucleated cardiac cells are 
linkedd together by intercalated discs, 
celll  adhesion structures containing, 
integrin-basedd adherens-junctions, 
cadherin-basedd desmosomes and gap-
junctions.. The costameres are localized 
laterally. . 

Variouss families of adhesion molecules have been implicated in the development and 
biologicall  function of skeletal and cardiac muscle. It has been demonstrated that inhibition of cell 
adhesionn by antibodies directed against N-CAM [111,112], N-cadherin [113, 114], ADAM 12 [115] 
orr pi [116, 117] disturbes the differentiation and/or fusion of myoblasts into myotubes in vitro. 
However,, most null mutations of adhesion molecules in mice appeared to have no effects on 
myoblastt fusion, probably due to compensation by other such molecules [11, 118-120]. 

Studiess in the fruitfly , Drosophila and the roundworm, Caenorhibitis elegans [121, 122] 
havee indicated a role of integrins in the maintenance of muscle integrity. In Drosophila mutants, 
lackingg the pPS integrin subunit, the architecture of the sarcomere is disrupted and the 
myotendinouss junctions become detached after muscle contraction, despite normal myoblast 
differentiationn and fusion [123]. Alterations of the sarcomeres have also been observed in 
cardiomyocytess and skeletal muscle cells, obtained after in vitro differentiation of embryonic stem 
cells,, lacking pi [124, 125]. 
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Fetall  myoblasts express a5p i, a6|M and avfl3 integrins. which are down regulated during 

myogenesiss [126-129]. These integrins have been suggested to play a role in myoblast migration 

andd myofibrilogenesis. The relative ratios in expression of these integrins was found to influence 

myogenesiss in vitro [130, 131]. However, the absence of the a6 integrin subunit does not lead to 

detectablee cardiac or muscular defects [58], although ot5 deficiency, as analyzed in chimeric mice, 

causess muscular dystrophy [132]. A transient expression of a4 has been implicated in the secondary 

wavee of myoblast fusion [133]. However, loss of a4 in experiments with a4 null chimeric mice and 

inn in vitro myogenesis studies of a4-deficient ES cells, showed no obvious muscular defects [134]. 

Duringg myogenesis expression of the a7B[31A integrin is first induced. Subsequently. a7Bp iA is 

replacedd by the oc7BplD and a7Ap iD integrins, which are the major integrin variants in adult 

musclee (this thesis, [135]). Expression of the collagen receptors ctlOpl and ocl ipi in adult skeletal 

musclee tissue has also been reported [129, 136-138], as has the induced expression of the integrin 

oc9pll  [139, 140]. Notably, expression of the ocipi and a3pi integrins in myoblasts has only been 

detectedd in in vitro myogenesis studies [141, 142]. 

Cardiacc cells express different integrins during heart development. Integrins a l p l , a3Api 

andd a6Api are expressed at low levels at the onset of cardiogenesis [143]. Subsequently, the 

expressionn of a i pi and ce3Api decreases, while a6Api remain present [144, 145]. In addition, the 

integrinn oc7Bpi is induced in heart postnatally where it remains the only variant of a7 expressed in 

adultt heart [146]. 

Scopee of this thesis 

Inn this thesis studies on the expression and the role of a splice variant of the cytoplasmic tail 

off  the pi integrin subunit are presented. In chapter  2 the cloning of the integrin p iD cytoplasmic 

variantt is described, which is specific for skeletal and cardiac muscle. Chapter  3 investigates the 

expressionn pattern of p lD integrins in adult muscles and during mouse embryogenesis. It is shown 

thatt the expression of p lD is specific for adult skeletal and cardiac muscle cells, where it is 

localizedd at muscle specific cell-matrix junctions; the costameres, neuromuscular- and 

myotendinouss junctions in skeletal muscle, and the intercalated disks and costameres in cardiac 

muscle.. Furthermore, the expression of the ubiquitous pi A is switched towards p iD in muscle 

tissuess during mouse embryonic development. In chapter  4 the effects of the expression of either of 

thee splice variants pi A or pi D in, a pi-deficient epithelial cell line, GE11 are outlined. Expression 

off  either of the pi-splice variants induced the disruption of intercellular adhesions and cell 

scattering.. The functional relationship between integrins, cadherins and Rho-like GTPases was 

furtherr analyzed. In chapter  5 the filamin protein family of actin cross-linking proteins is reviewed. 

Inn chapter  6 we show that a novel splice variant of filamin-B interacts with the cytoplasmic 

domainss of both p iA and plD. Cell tranfection studies with Green fluorescent protein-tagged full 

lengthh filamin-B variants indicated that filamin-B isoforms have different cellular localization and 

differentt effects on myogenesis. In chapter  7 a summary of and a discussion on the role pi integrin 

variantss in myogenesis and signaling is presented. 
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Abstractt  The mRNA' s of several integrin subunits are alterna-
tivelyy spliced in the region encoding cytoplasmic domains, that 
mayy potentially provide alternative integrin-cytoskeleton inter-
actionss and transmembrane signaling pathways. We identified a 
novell  cytoplasmic tail variant of the human 01 subunit by reverse 
transcriptasee polymerase chain reaction. This fourth 01 variant, 
namedd /31D, is specific for  skeletal and cardiac muscle. The 
determinedd genomic organization of the 3'-region of the human 
011 gene reveals that /31D is produced by alternative splicing of 
mRNA.. In addition, we show that the expression of 01D is 
developmental!}}  regulated during murine myoblast differentia-
tion,, suggesting a role for  01D in myogenesis. 

KeyKey words: Integrin variant; Splicing; Myogenesis; 
Differentiation n 

1.. Introductio n 

Integrinss constitute a family of heterodimeric transmem-
branee glycoproteins, consisting of noncovalently associated a 
andd f) chains. The extracellular domains of both the a and /? 
subunitss are involved in cell-extracellular matrix or cell-cell 
interactionss and their cytoplasmic domains link the receptors 
too cytoskeletal proteins. Thus, integrins provide a link between 
thee extracellular matrix and the cytoskeleton. In addition to 
adhesion,, integrins have been shown to mediate signal 
transductionn [I] . 

Sixteenn a and eight p subunits have thus far been identified 
andd more than 20 combinations of these subunits have been 
reported.. The diversity of the integrin family is further in-
creasedd by alternative splicing of mRNAs, involving both the 
extracellularr and cytoplasmic domains of integrin subunits. 
Splicee variants of the cytoplasmic domain of both a and ƒ? 
subunitss have been reported: i.e. 0t3,a6, oc7,/71,/?3, and^94 [1,2]. 
Inn both the ft]  and /J3 subunits, alternative mRNA splicing 
leadss to the production of different cytoplasmic domains after 
thee conserved KWDT sequence, while in the oc3, a6 and a7 
subunitss the alternative cytoplasmic domains deviate after the 
conservedd cytoplasmic GFFKR amino acid sequence [3]. This 
alternativee mRNA splicing is often tissue-specific. For exam-
ple,, the/JIB variant, which is produced by retention of intron 
sequencess downstream of exon 6. carrying a new stop codon 
[4],, is expressed only in skin and liver tissue, whereas the/f lC 
variant,, which results from the insertion of an exon in the 
encodingg mRNA, is expressed in haematopoietic cells [5]. Fur-

gg author. Fax: (31) (20) 512 1944. 

thermore,, alternative mRNA splicing is developmentally regu-
latedd as in the case of a6. The a6B variant is already expressed 
inn the preimplantated mouse embryo, whereas a6A is expressed 
laterr on during embryogenesis [6,7]. 

Alternativee splicing of the mRNA for the <z7 integrin is inter-
estingg with regard to myogenesis. Developmentally regulated 
splicingg of the mRNA for the a7 subunit occurs during the 
fusionn of mononucleated myoblasts into multinucleated myo-
tubess [8-10], a characteristic process in skeletal muscle differen-
tiation.. During this fusion process, the terminally differentiated 
musclee cells are withdrawn from the cell cycle and a set of 
muscle-specificc genes is expressed. Subsequently, the myotubes 
maturee to muscle fibers. In terminally differentiated skeletal 
musclee the major a7A and a7B and C integrin variants are 
expressed,, whereas only the a7B variant is present in myoblasts 
andd heart [8]. 

Inn this study we have identified a new muscle-specific cyto-
plasmicc splice variant of the /Jl subunit, /31D. Human fSlD 
cDNAA was cloned from various muscle tissues, and the 
genomicc organization of the 3'-region of fhe/7l gene was deter-
mined.. Furthermore, we demonstrate that the expression of the 
f}\Df}\D  variant is developmentally regulated during murine C2C12 
myoblastt differentiation. 

2.. Material s and methods 

2.1.2.1. Cells 
Thee murine myoblast cell line C2C12 (ATCC CRL 1772) was prop-

agatedd in Dulbecco's modified Eagle's medium (DMEM) supplemented 
withh 20% fetal calf serum, high glucose (4.5 g/1), penicillin and strepto-
mycin.. Terminal differentiation of confluent C2C12 monolayers to 
multinuclearr myotubes was induced by changing the culture medium 
too DMEM containing 2% horse serum. 

2.2.2.2. cDNA synthesis and PCR 
Firstt strand cDNA was prepared from 5 fig total RNA of various 

humann tissues using an oligo d(T)15 primer and the riboclone cDNA 
synthesiss system (Promega, Madison, WI). To amplify the transmem-
branee and cytoplasmic encoding regions of the human /?, integrin sub-
unitt a sense primer (5'-GAACAACGAGGTCATGG-3'; positions 
22300 2246) and an antisense primer (5'-GCCCTAAAGCTACTACC-
TAACTGTGAC-3';; positions 2553-2576 [11] ) were used. All polym-
erasee chain reactions (PCR) were performed in a final volume of 25 fi\ 
containing:: 20 mM Tris (pH 8.4). 50 mM NaCI, 1.5 mM MgCb. 1 mM 
off  each dNTP, 80 ng of each primer and 1.0 U Taq polymerase (Life 
Technology).. The PCR conditions were: 35 cycles of 1 min at 94 °C. 
11 min 30 s at 55°C and 30 s at 72°C. All PCR reactions described in 
thiss study had an initial denaturing step of 5 min at 94 °C and a terminal 
extensionn step of 5 min at 72 °C. The PCR products were digested with 
HindUlHindUl and Seal. Subsequently, the fragments were isolated from a 
1.5%% agarose gel and cloned into HindllllSmal digested pUC18. Se-
quencingg of the subclones was done by using the dideoxy chain termi-
nationn method (Sequenase version 2.0 kit. USB. Cleveland, OH). 
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Totall  RNA from C2C 12 cells was isolated at various time points after 
myotubee induction, using the Ultraspec RNA kit {Biotecx Laboratories 
Inc,Inc, Houston, USA) as recommended by the manufacturer. Subse-
quently,, cDNA was prepared as described above using Superscript II 
reversee transcriptase (Life Technology). Primers designedd for identifica-
tionn of murine /?1A and /?1D were a sense primer (5'cggaattcGGCA-
ACAATGAAGCTATCGT-3';; positions 2219-2238) and an antisense 
primerr (5'-TGTCAGTCCCTGGCATG-3'; positions 2661-2677 [12]). 
Primerss for the detection of murine a3 were: a sense primer (5'-CAA-
GTGGCTGCTGTATCCCACG-3';; positions 2554-2574 [13]) and an 
antisensee primer (5'-gaatctagaTGCTCCCTGGAGGT-3 positions 
3824-38366 [14]). The a3 products were further amplified by nested PCR 
withh a sense primer (5'-CTCGGAGCTGGTGGAGGAGCT-3'; posi-
tionss 3487-3507) and an antisense primer (5'-TACTTGGGCATAA-
TCCGGTAGTAG-3';; positions 3762-3786 [14]). Murine aS was am-
plifiedd by using a sense primer {5'-CTGCAGCTCCATTTCCGAGT-
CTGG-3';; positions 880-903) and an antisense primer (5'-GAAGCC-
GAGCTTGTAGAGGACGTA-3';; positions 1132-1155 [15]); murine 
26:: a sense primer (5'-GTCAGGTGTGTGAACATCAGG-3'; posi-
tionss 2975-2995) and an antisense primer (5'-CTGGAAAAAATAA -
GGGGGGGC-3';; positions 3627-3647 [7]) and murine a7: a sense 
primerr (5'-GTTGTGGAAGGAGTCCC- 3'; positions 184-200) and an 
antisensee primer (5'-GTCTTCCCGAGGGATCTT- 3'; positions 447-
4644 [9]). The additional nucleotides containing restriction-sites for clon-
ingg of the PCR products are indicated in lower-case letters. 

Thee PCR conditions for the amplification of murine /?1 A and /?ID. 
a55 and the first PCR's for murine cr.3 consisted of: 35 cycles of 1 min 
att 94 °C, 1 min at 50°C, and 1 min at 72 °C. The nested PCR for <z3 
wass 35 cycles of 1 min at 94 °C, 1 min at 55 °C and 1 min at 72 °C. 
Forr murine a6, 35 cycles of 45 s at 94 °C, 45 s at 50°C, 1 min at 72°C 
weree used. Murine cc7 cDNA was amplified by 35 cycles of 45 s at 94 
°C,, 45 sec at 50°C and 30 s at 72°C. PCR products were analyzed on 
2%% agarose gels. 

2.3.2.3. Genomic organization of the 3' terminus of the ft 1 gene 
Humann genomic DNA was isolated by a standard procedure [15] and 

subjectedd to PCR. The following primer sets were used to define the 
exon/intronn boundaries of the 3' part of the ^1 gene: a sense primer in 
thee untranslated 3' end of £IB (5'-cggaattcTGGGGTAACCAAATG-
TTGGC-3';; positions 1040-1059 [4]) and an antisense primer in exon 
D,, (5'-cggaattcTCTTGAAATTATTAATAGGAC-3'); a sense primer 
inn exon D, (5'-cggaattcGTCCTATTAATAATTTCAAGA-3') and an 
antisensee primer in exon C (5'-cggaattcCTGGAAGTCAGAGGTT-
GC-3';; positions 66-83 [5]). The additional nucleotides containing an 
EcoKlEcoKl restriction-site are indicated in lower-case letters. An antisense 
primerr in exon 7 (positions 2553-2576 [11]) and sense primer in exon 
CC (positions 66-83 [5]) were included in the initial screening for the 
genomicc organization (see also Fig. 3A). 

PCRR conditions were 35 cycles of 1 min at 94 °C, 90 s at 49°C and 
900 s at 72 °C. After EcoRl digestion of the 5' EcoKl flags the PCR 
productss were subcloned into pUC18 and sequenced as described 
above. . 

3.. Results 

§§ P JZ>JZ> <t> 

£. £. 
?? f? *  & c? 
''  $ s1 ? é -f i 

p1D(428nt) ) 

p1A(347nt) ) 

toto Ö 
cc c 

-£?? J? 
O)) Q) 

VV o <rr s II  :? £ 2 8 
tt O <o ^ -C 

p1DD (428 nt) 
p1A(347nt) ) 

Fig.. 1. Expression of/HA and/>lDmRNA in various tissues. RT-PCR 
wass performed on RNA extracted from tissues, using primers designed 
too amplify the/H cytoplasmic domain. The 347 bp product, correspond-
ingg to f3\ A, is present in all samples tested. The 428 bp product repre-
sentss the novel /91D variant and is exclusively expressed in skeletal 
muscle,, heart muscle and myotubes. 

lishedd nomenclature. The j)\D specific sequence (81 bp) con-
tainss a translation stop codon and encodes the 24 C-terminal 
aminoo acids of the integrin subunit. Like the/?lA variant, /S ID 
containss three highly conserved cyto-sequences, cyto-1,-2 and 
-3,, that are required for the localization of several /2-subunits 
inn focal adhesions [16,17]. Comparison with the three previ-
ouslyy described /SI splice variants, /Ï1A. /31B and /SIC, shows 
thatt the / i l D is most similar to /J1A (Fig. 2B). In addition to 
thee sequences encoding /SIA and /SID, another minor PCR 
productt of 284 bp was detected in stomach tissue. It encodes 
humann pepsinogen C (98.6% identity) as was determined by 
sequencingg (Fig. 1). 

3.1.3.1. Identification of a J31 isoform specific for skeletal and 
cardiaccardiac muscle containing an alternative cytoplasmic domain 

Amplificationn by the reverse transcription polymerase chain 
reactionn (RT-PCR) of mRNA extracted from various human 
tissues,, with orimers flanking the transmembrane and cytoplas-
micc encoding sequences of the /SI cDNA, revealed a band of 
3477 bp in all tissues tested (Fig. 1). The size of this band 
correspondss to that predicted for the/SIA cDNA sequence and 
sequencee analysis confirmed that this PCR product encoded 
/81AA [11], An additional band of 428 bp was detected in skeletal 
andd cardiac muscles. The PCR products from these tissues were 
clonedd and sequenced. The sequence data obtained from three 
independentt clones of both cardiac and skeletal muscles re-
vealedd the existence of a new, fourth /SI cytoplasmic domain 
variantt (Fig. 2), which we named /3\ D according to the estab-

3.2.3.2. Genomic organization of J31D 
Inn order to localize the /?1D specific sequence within the /?1 

genee we determined the exon/intron boundaries of the 3'-region 
off  this gene. Using genomic DNA as a template, we amplified 
thee introns adjacent to the /(ID exon. Primers located in the 
3'-untranslatedd end of /?1B cDNA and in the /SID-specific 
cDNAA sequence (Fig. 3A, primers 1 and 2, respectively) re-
vealedd a 323 bp product. Primers located in the/SID specific 
cDNAA sequence and in the /SIC specific cDNA sequence 
(Fig.. 3A, primers 3 and 4. respectively), yielded a 624 bp prod-
uct.. The PCR products were subcloned and sequenced as de-
scribedd in section 2. 

Sequencee analysis revealed the localization of the /SID spe-
cificc exon, exon D. between exon 6 and exon C(Fig. 3A). Figure 
3BB shows the characterized exon/intron boundaries in the cyto-
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(2119)) GTGMTGGGAACAACGAGCTCATGGTTCATCrrTOTGGAGAATCCAGACTacCCAaGCTCCAGACATCAnCCA 
(707)) V N G N N E V M V H V V E N P E C P T G P D I I P 

(2194)) ATTGTAGCTGGTGTGGTTGaGGMTTGnaTATTGGCCTTGCATTAaGCTGATATGGAAGCTTTTAATGATA 
(732)) I V A G V V A G I V L I G L A I L L I W K L L M I 

(2269)) ATTCATGACAGAAGGGAGTTTGCTAAATnGAAAAGGAGAAAATGMTGCCAAATGGGACACGCAAGAAAATCCG 
(757)) I H D R P . E F A K F E K E K M N A K K D T 5 f : N f* 

3«« - ^ 
(2344)) ATTTACAAGAGTCaATTAATAATTTCAAGMTCCAMCTACGGACGTAAAGaGGTaCtaaottgccflgtgaa 
(782)) I ¥ ( S P I K N F K » P K Y G R K A 6 t *" 

(2419)) aatcctatttataagagtgccgtaacaactgtggtcaatccgaagtatgagggaaaatgagtactgcccgtgc 

-«« 2 
(2492)) aaatcccacaacactgaatgcaaagtagcaatttccatagtcacagttaggtagctttagggcaatattgcca 

B B 

R1AA KUMIIHDRREFAKFEKEKMNAKWD T GENPIYKSAVTTVVNPKYEG K 

E1BB KUMIIHDRREFAKFEKEKMNAKWD T VSYKTSKKQSG L 
R1CC KLLMIIHDRREFAKFEKEKMNAKWD T SLSVAQPGVOWCDISSLQPLTSRFQQFSCLSLPSTYKDYRVKILFIRV P 

61DD KLLMIIHDRREFAKF£KE»1NAKWD T QENPIYKSPINNFKNPNYGRKAG L 
cyto-11 cyto-2 cyto-3 

Fig.. 2. (A) The partial cDNA sequence and predicted amino acid sequence of the human /JlD cytoplasmic variant. The putative trans-membrane 
regionn is lightly shaded and the /)1D specific insertion (81 bp) is boxed and darkly shaded. Arrows indicate positions of primers used for cloning 
(primerss 1 and 2). and those used for the localization of exon D in the/>l gene (primers 3 and 4). (Numbering of the nucleotide and deduced amino 
acidd sequence starts at the reported translation start codon of/ïl A [11]). (B) Alignment of alternative human/?1 cytoplasmic domains. The cytoplasmic 
domainn amino acid sequences of/ïl A [11], /Ï1B [4], /Ï1C [5] and/ilD are shown. The sequences diverge from the KWDT sequence after the first 26 
cytoplasmicc amino acids. The conserved cyto-sequences are shaded [17]. The nucleotide sequence data are available from the EMBL Nucleotide 
Sequencee Database under accession number U28252. 

plasmicc domain region of the />1 gene; which all match the 
consensuss splice donor and acceptor sequences, GT and AG. 
respectivelyy [18]. Furthermore, Fig. 3A also shows the position 
off  a polyadenylation sequence (AATAAA) , situated 90 bp up-
streamm of exon D, which may function as a polyadenylation 
signall  for the /JIB variant. 

3.3.3.3. Expression of filD during muscle differenliation 
Splicee variants of tz7 that are exclusively expressed in muscle 

havee been described [8,10]. The appearance of the cz7A splice 
variantt in murine C2C12 myoblasts has been reported to coin-
cidee with differentiation to myotubes [9]. To analyze whether 
thee expression of/31D is also correlated with muscle differenti-

Exon 6 6 
* * 
11 1—»

polyy A 

3 ^^ . 

ExonD D 

5-%. . 

ExonC C Exonn 7 

B B 
Exonn 6 
(1655 bp) 

Exonn D 
(811 bp) 

Exonn C 
(1166 bp) 

AAATGGGACACGgtaagttaca a 
K W D T T 

GGTCTCTAAATTGCCgttcgtatt. . 
GG L

TGGGATTACAG G 
1»» 0 Y R 

. ( 1 . 2 33 kb , PCR).. 
I n t r o nn 6/D 

. . ( 4 8 11 bp, PCR).. 
I n t r o nn D/C 

(( ? ) 
nott determined 

.tttactttagCAAGAAAATCCG G 
QQ E N P 

..ttttgagcagTCTCTCTCTGTC C 
SS L S V 

GGTGAAAATCCTA A 
GG E N P 

Exonn D 
(811 bp) 

Exonn C 
(1166 bp) 

Exonn 7 
S1A A 

Fig.. 3. Genomic organization of the 3'-region of the/?l gene. (A) Schematic drawing of the 3'-region of the l̂ gene. Exons are boxed and numbered 
accordingg to Lanza et al. [19]. In the/71 A variant exon 6 is spliced to exon 7./?IB is not spliced, but arises from a skin and liver-specific readthrough. 
The/fIBB polyadenylation signal (AATAAA ) that we located 90 bp upstream of exon D is indicated. The haematopoietic variant,^1C. contains a 
116-bpp insert (exon C). which induces a frame shift and a/JlC-specific translation stop in exon 7. The skeletal and cardiac muscle-specific/?1D variant 
hass exon D inserted at the same splice junction between exon 6 and exon 7. Arrows indicate the positions of oligonucleotides used for PCR analysis 
o\'o\' the genomic organization. The putative transmembrane region is shaded and the translational stop codons of fi\ B. D, C, and A, respectively, are 
indicatedd by asterisks. (B) The exon/intron boundaries in the 3' terminus of the/?l gene. Sizes of exons and introns are indicated between brackets. 
Thee consensus splice donor and acceptor sequences. GT/AG of each exon/intron border are underlined. 
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DIFFERENTIATION N 

a3A,, U5. 0C7A 

a3B,, a7B 

Fig.. 4. RT-PCR amplification of £1A, /SID. a3. a5, a6, and al in 
undifferentiatedd and differentiated (3 days) C2C12 cultures. The ex-
pressionn of ^1D (540 bp), ct3B (156 bp) and tz7A (281 bp) is differenti-
ationn stage-dependent, since/?1D, a3B and a7A specific PCR products 
aree detectable in differentiated C2C12 cultures only. The mRNA's of 
fi\fi\  A (459 bp), a3A (300 bp), a5 (275 bp), a6A (673), and a7B (168 bp) 
subunitss are expressed in both differentiated and undifferentiated 
C2C122 cells. 

ationn we used murine C2C12 myoblast cells that forms myo-
(ubess in 2% horse serum. We were able to use murine cells in 
culturee as a model, since the/3 ID variant is also expressed in 
murinee muscle (C. Baudoin, unpublished results). We also ana-
lyzed,, by RT-PCR, the expression of /J1A and of various 
a-a- subunits that putatively form heterodimers with/31 D (i.e. rx3. 
<x5,, <x6, and al) using cDNA prepared from both myoblasts and 
myotubess (3-day differentiated myoblasts). In undifferentiated 
C2C122 myoblasts, /31A as well as the <x3A, tx5, cx6A and <x7B 
cytoplasmicc splice variants were detected (Fig. 4). Differenti-
atedd myoblasts additionally expressed the/31D, cc3B and a7A 
variants,, while the expression of the other a-subunits seemed 
too be unaltered. Analysis of these integrin subunits in C2C12 
cells,, grown under differentiation-inducing conditions, showed 
thatt during muscle differentiation the decrease in/31A expres-
sionn coincides with an increase in/31D and a7A expression (not 
shown). . 

4.. Discussion 

Inn this report a new splice variant of the integrin/>1 subunit 
(/31D)) is described which has an alternative cytoplasmic domain 
andd is specifically expressed in cardiac and skeletal muscle. This 
variantt was detected by RT-PCR analysis in myotubes, skeletal 
andd cardiac muscle tissue, but not in smooth muscle or other 
tissues.. /31D appears to be the prominent /31 isoform in adult 
skeletall  and cardiac muscle. Since it is the fourth /Jl splice 
variantt to date, the others being the ubiquitously expressed /31A 
andd the much less widely expressed/JIB and/>lC variants, we 
namedd this novel variant />1D. Furthermore, expression of the 
/31DD splice variant is induced during C2C12 myoblast differen-
tiationn into myotubes and this is accompanied by induction of 
a3BB and the previously reported cx7A variant [9], 

Analysiss of the genomic organization of the 3' terminus of 
the/311 gene by RT-PCR revealed an exon, named exon D, that 
encodess the specifically inserted sequence (81 bp) in /31D 

cDNA.. This exon is located between exon 6 [19] and the/31C-
specificc exon [5], In the /31A variant three regions have been 
identified,, named cyto-domain 1. 2 and 3 which contribute to 
integrinn localization in focal contacts [17], These cyto-domain 
sequencess are highly conserved among the /31 A, /32. /33A. /35. 
fibfib and/37 subunits. In addition, the observation that /31B and 
/33BB splice variants, which both lack the cyto-2 and cyto-3 
domains,, are not present in focal contacts supports the notion 
thatt the cyto-domains are important for integrin localization in 
focall  contacts [20,21]. /31D contains all three cyto-sequences 
suggestingg that /31D may also be localized in focal contact-like 
structures,, e.g. in myotendinous and neuromuscular junctions 
orr in intercalated discs in skeletal or cardiac muscle, respec-
tively.. Consistent with its assumed cellular localization, the 
cytoplasmicc domain of/31D contains potential binding sites for 
a-actininn and talin. These cytoplasmic proteins are co-localized 
inn focal contacts in cultured cells and they have been reported 
too bind to /31A in vitro [22.23]. The /J1D cytoplasmic domain 
differss from the/31A,/32, and/33 in sequences between the two 
NPXYY sequences. This part contains three related amino acids 
(VTT,, TTT and TST) that have recently been implicated in the 
regulationn of ligand affinity of integrins [24-27]. 

Itt has been reported that the function of the cytoplasmic 
domainn of/31B, resulting from alternative splicing, is different 
fromm that of/31A. Cell adhesion mediated by /3IB integrin to 
fibronectinfibronectin and laminin is reduced as compared to that medi-
atedd by /31 A. and cells expressing /SI B have a reduced motility 
[20.28],, The observation that /?ID is upregulated during myo-
blastt differentiation points to a role in myogenesis. At this stage 
off  investigation the function of the skeletal and cardiac muscle-
specificc /SI variant is only hypothetical. A crucial role for/JlD 
inn myoblast fusion is unlikely since /(ID is also expressed in 
cardiacc muscle in which, in contrast to skeletal muscle, multinu-
cleatedd myotubes are not formed. In addition, the inhibitory 
effectt of the CSAT antibody, directed against the extracellular 
partt of chicken /3I, on myotube fusion is likely to be due to a 
disturbancee of adhesion before the actual fusion process 
[29,30].. However, the suggestion by Rosen et al. [31] that a4/31 
andd its ligand VCAM- I are involved in secondary myoblast 
fusionn still allows a role for/JlD in that stage of the process. 

Presumably.. / i l D plays a role in the organization of the 
sarcomericc cytoarchitecture: its cytoplasmic domain may be 
involvedd in striated muscle-specific, myofibrillar protein-pro-
teinn interactions. This hypothesis is supported by the observa-
tionn that the loss of/)PS, the/31-subunit homologue in Droso-
phila,phila, in the myospheriod mutant, leads to a disrupted Z-band 
formationn [32]. In addition, several immunohistochemical stud-
iess [33-36] have shown that the localization of a/31 hetero-
dimerss at the myotendinous junction, which connects the 
myofibrilss at the cellular end to the tendon, and at costameres. 
structuress that link the Z-disks to the sarcolemma in banded 
patterns,, is regulated by a-subunits (e.g. al. a. 5. 37 and av). 
However,, no /31 variants have so far been implicated in these 
studies. . 

Associationn of/SID with a-subunits is probably not affected, 
sincee the heterodimer formation is determined by the extracel-
lularr and transmembrane domains of the /3 subunit [37-39]. 
Associationn of/31D with the simultaneously expressed a7A and 
a3BB subunit could result in muscle specific integrins with 
uniquee cytoplasmic domains. The association of/3ID with a 
variantt a-subunit, resulting from alternative splicing, could 
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thuss lead to the acquisition of signal transduction pathways in 
additionn to the ppl25FAK phosphorylation cascade [40]. Anti-
bodiess against /SID are currently being generated to test these 
hypotheses. . 
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Durin gg Mouse Development 
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ABSTRACTABSTRACT The piD protein is a recently char-
acterizedd isoform of the integri n pi subunit that is 
presentt  in cardiac and skeletal muscles. I n thi s 
study,, we have examined the expression of 01D in 
differentt  types of skeletal muscle and in cardiac 
musclee and studied it s distributio n durin g mouse 
development,, using new monoclonal antibodies 
specificc for  p iD . Immunoprecipitatio n studies 
revealedd that, whi l e pi A is strongly expressed in 
proliferatin gg C2C12 myoblasts, p i D is only ex-
pressedd after  their  differentiatio n to myotubes. I n 
thesee myotubes, p iD is associated wit h different a 
subunits,, namely ot3A, a5, a7A, or  a7B. Initially , 
durin gg embryogenesis, the plA subunit is the only 
pii  variant expressed in skeletal and cardiac muscle. 
Thee p i D subunit is first  detected in skeletal muscle 
att  E17.5, whereas in cardiac muscle i t s expression 
beginss around the t im e of birth . Later  the expres-
sionn of p lA in skeletal and cardiac muscle be-
comess restricted to capil lar y cells, whereas p i D 
eventuallyy becomes the only variant expressed in 
adultt  cardiac and skeletal muscle cells. The switch 
fro mm the p iA t o the p i D subunit in cardiac muscle 
cellss coincides wit h the expression of ot7. I n adults 
ther ee is a distinct concentrat ion of p i D at the 
myotendinouss junct ion s of muscle fibers and at 
costameress in both cardiac and skeletal muscle. 
I nn addition, p i D is present at intercalated discs 
i nn cardiac muscle and at neuromuscular  junc-
t ion ss in skeletal muscle cells. The amount of p I D in 
differentt  types of skeletal muscle (fast, slow, and 
mixed-type)) was similar , but cardiac muscle ex-
pressedd almost five t imes as much of thi s protein . 
Wee suggest that p i D plays a rol e in the mainte-
nancee of the cytoarchitecture of matur e muscle 
andd in the functional integrit y of the muscle cells. 
Dev.Dev. Dyn. 1997;210:472-486, © 1997 Wiley-Liss, Inc. 

Keyy words: p i D integrin ; mouse embryogenesis; 
musclee development; monoclonal an-
tibodies s 

INTRODUCTIO N N 

Adhesionn molecules play a role in many biological 
processes,, including morphogenesis and in the mainte-

nancee of tissue integrity. Various families of adhesion 
moleculess have been implicated in the development and 
biologicall  function of skeletal and cardiac muscle. It has 
beenn demonstrated that inhibition of cell adhesion by 
antibodiess directed against various cell adhesion mol-
eculess (N-CAM, N-cadherin, p i, or «4 integrins) dis-
turbedd the differentiation and/or fusion of myoblasts 
intoo myotubes in vitro. (Menko and Boettiger, 1987; 
Dicksonn et al., 1990; Knudsen, 1990; Rosen et al., 1992; 
Zeschnigkk et al., 1995; Fazeli et al., 1996). However, 
mostt null mutations of adhesion molecules in mice 
appearedd to have no effects on myoblast fusion, prob-
ablyy due to compensation by other such molecules 
(Cremerr et al., 1994; Fassler et al., 1996a; Hynes, 1996; 
Yangg et a l, 1996; Radice et al., 1997). 

Severall  studies have also implied a role for integrin 
subunitss in muscle integrity and maintenance. In Dro-
sophilasophila mutants, lacking the pPS integrin subunit, the 
architecturee of the sarcomere is altered, despite normal 
myoblastt differentiation and fusion (Volk et al., 1990). 
Inn addition, in these mutants the myotendinous junc-
tionss become detached after muscle contraction. Alter-
ationss of the sarcomeres have also been observed in 
cardiomyocytess differentiated in vitro from embryonic 
stemm cells, lacking pi (Fassler et al., 1996b). Finally, in 
thee mouse, null mutations of the a 7 subunit lead to a 
mildd type of muscular dystrophy (Mayer et al., 1997). 

Integrinss are a family of heterodimeric adhesion 
receptors,, which bind to extracellular components or 
cell-counterr receptors. The combination of a particular 
aa and P subunit determines ligand specificity. More 
thann 20 different combinations of the 8p and 16a chains 
subunitss have been reported (Hynes, 1992; Sonnen-
berg,, 1993). The diversity of the integrin family is 
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furtherr increased by the occurrence of alternative splic-
ingg of mRNAs. Four different variants of the human 31 
subunit,, named 31A-D, have been described (Argraves 
ett al., 1987; Altruda et al., 1990; Languino et a!., 1992; 
vann der Flier et al., 1995), which differ in their cyto-
plasmicc domains. 31A and |31D are the major forms 
andd their distribution in adult tissues is mutually 
exclusive.. fll A is present in all tissues, except cardiac 
andd skeletal muscle, which instead express the (3 ID 
variantt (van der Flier et al., 1995, Zhidkova et al., 1995, 
Belkinn et al., 1996). The p iD isoform has also been 
isolatedd from mouse, rat, and chicken (Zhidkova et al., 
1995).. The p iB and piC variants are minor forms 
andd are expressed in some human tissues and cells, but 
nott in mouse cells, due to loss by mutation of a 
polyadenylationn site and the absence of an Alu repeat 
sequence,, respectively (Baudoin et al., 1996). Expres-
sionn of the pIB variant in cultured cells decreases the 
abilityy of the cells to adhere and migrate on extracellu-
larr matrix components, by interfering with the func-
tionn of the 31A integrins (Balzac et al., 1993, 1994). 
Similarly,, it has been shown that expression of fil C 
inn CHO or C3H-10T1/2 fibroblasts inhibits DNA synthe-
siss and cell proliferation, whereas 31A does not inflic t 
suchh inhibition (Fornaro et al., 1995; Meredith et al., 
1995). . 

Thee 3ID isoform is very homologous to 31A- Both 
variantss share the first 24 amino acids of their cytoplas-
micc domains and the two NPXY (cyto-2 and -3 domains) 
sitess in the C-terminus are also conserved. These cyto 
domainss have been shown to direct integrins to focal 
contactss (Reszka et al., 1992). 31A and 31D differ in 13 
aminoo acids, six of which are located between the cyto-2 
andd -3 domains and they replace a potential site for 
phosphorylation,, and an ILK binding site in 31A(Han-
nigann et al., 1996). 

Thee expression of splice variants is often tissue 
specificc and/or developmentally regulated. For ex-
ample,, during development of the mouse heart the a6A 
variantt is specifically expressed (Collo et al., 1995; 
Thorsteinsdóttirr et al., 1995), whereas in skeletal 
muscless a switch has been observed from the a7B 
subunitt to a7A(Colloet al., 1993; Ziober et al„  1993). To 
studyy the spatio-temporal expression of 3 ID during 
mousee embryogenesis we generated monoclonal antibod-
iess specific for the 3ID cytoplasmic variant. We con-
firmedfirmed that 31D is localized at the cell-matrix junctions 
inn skeletal muscle (myotendinous junction, MTJ)and at 
intercalatedd discs in cardiac muscle. In addition, 3 ID is 
localizedd in both types of muscle at the lateral cell 
matrixx contact sites (costameres). We show that 3ID 
expressionn is induced from embryonic day E17.5 on-
wardd in skeletal muscle and from around the time of 
birthh in cardiac muscle. In adult mice the levels of 3ID 
expressionn are similar in the various types of skeletal 
musclee (slow, mixed, and fast twitch), in contrast to a 
five-foldd stronger expression in cardiac muscle. 

RESULTS S 
Characterizationn of Monoclonal 
Antibodiess to [J I D 

Hybridomass were produced from spleen cells of mice 
immunizedd with a synthetic peptide based on the 
deducedd sequence of the carboxy-terminal part of the 
31DD cytoplasmic domain. Two monoclonal antibodies 
weree selected on the basis of a positive reaction in 
ELISAA with synthetic peptides corresponding to the 
cytoplasmicc domain of 3ID but not with that of 31A. 
Thesee two antibodies, 2B1 and 1G2, were classified as 
IgGll  and IgG2a, respectively. 

Too further characterize the antibodies against 3ID, 
immunoprecipitationn from lysates of surface-iodinated 
C2C122 cells was carried out. The 31A subunit is the 
onlyy 31 isoform present in proliferating C2C12 myo-
blasts;; i t is not recognized by the 3ID specific mAbs 2B1 
(Fig.. 1) or 1G2 (not shown). However, after differentia-
tionn to myotubes is induced, 31D, migrating at 116 kDa, 
wass precipitated by the mAbs 2B1 (Fig. 1) and 1G2 (not 
shown).. The a7A integrin subunit is co-induced with 
thee 3ID variant during differentiation, whereas the 
a7BB subunit is already expressed in undifferentiated 
myoblasts.. The antibodies against 31A and 31D both 
co-precipitatedd a number of different a subunits, i.e., 
a3A,, a5, a 7A, or a7B, which indicates that the two 31 
isoformss can associate with the same different a sub-
units. . 

Finally,, the reactivity of the anti-31D antibody, 2B1, 
wass assessed by immunoblotting using extracts from 
differentt tissues of adult mice. As shown in Figure 2, 
proteinss of approximately 116 kDa were recognized by 
thee anti-31D in extracts from heart, hind limb muscle, 
andd tongue. In addition, a faint band was seen in skin 
extracts,, but no reactivity was detected in extracts from 
lung,, kidney, liver, or spleen. Reprobingof the immuno-
blotss with an anti-31A antiserum revealed that all 
tissuess expressed 31A. The low reactivity of anti-31A 
withh muscle tissues is probably due to the fact that 31A 
inn expressed in the endothelium of blood vessels (see 
Fig.. 4). 

Glycosylationn of the p i D Integri n Subunit 

Sincee the 3ID variant from heart muscle migrates 
slightlyy more slowly in SDS-polyacrylamide gel electro-
phoresiss than 3ID from tongue and hind limb muscle, 
wee investigated whether this was due to differential 
glycosylation.. 3ID was immunoprecipitated from three 
typess of muscle and the N-glycosylated sugar moiety 
wass removed by PGNaseF treatment. As shown in 
Figuree 3, the deglycosylated 31D subunit from all three 
tissuess migrated at the same 86 kDa position which 
indicatess that 3ID from heart is more strongly glyco-
sylatedd than that of other muscles. Interestingly, all the 
PGNaseFF treated samples showed a doublet. The rea-
sonn for the doublet is not clear, but could be the result of 
otherr modifications in the protein. 
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Fig.. 1. Immunoprecipitation analysis of integrin expression in differen-
tiatedd and undifferentiated murine C2C12 myoblast cells. Lysates of 
surfacee iodinated undifferentiated (upper panel) and differentiated (lower 
panel)) mouse C2C12 myoblasts were immunoprecipitated with MB1.2 
(pi),, rabbit-anti-piA (piA), 2B1 (piD), 29A3 (ot3A), 54B3 (o>3B), rabbit-
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anti-a55 (a5), rabbit-anti-a6A(a6A), PB36 (a6B), a7CDA2 (a7A), a7CDB1 
(t»7B),, or rabbit-anti-aV (nV). The precipitates were analysed by 7% 
SDS-PAGEE under non reducing (NR) conditions (left panel) or by 10% 
SDS-PAGEE under reducing (R) conditions (right panel). 
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Fig.. 2. Immunoblot analysis of p iD and p iA integrins in various 
mousee tissues. Fifty ug total protein of heart, tongue, skeletal muscle, 
lung,, skin, spleen, liver, and kidney were immunoblotted after separation 
byy 7% SDS-PAGE under reducing conditions (upper panel). Lower panel, 
identicall blot, but stripped and reprobed with rabbit-anti-61 A. 

Subcellularr  Distributio n of |J1D in Adul t Human 
Skeletall  and Cardiac Muscle 

Too analyse the subcellular distribution of p iD in 
adultt muscle tissues staining of both mouse (not shown) 
andd human skeletal (Fig. 4) and cardiac tissues (Fig. 5) 
weree performed. Similar staining patterns were ob-
servedd in the two species. In addition, the embryonic 
expressionn pattern of (3 ID in MTJs and neuromuscular 
junctionss (NMJs) was determined in E 18.5 mouse 
embryoss (see Fig. 8). 

Stainingg for total pi showed it to be expressed in both 
skeletall  muscle cells and capillary cells (Fig. 4A). The 
capillaryy cells express the (31A integrin variant (Fig. 
4B)) whereas the sarcolemma of skeletal muscle cells 
containss p ID (Fig. 4C), exclusively. Although present at 
neuromuscularr junctions, the expression of the piD 
subunitt was not stronger at these sites, in contrast to 
thatt of the a7A variant (Fig. 4D, see also Fig. 8G,H), 
whichh is prominent at these junctional sites (Martin et 
al.,, 1996). As of piD, expression of a7B was detected on 
thee sarcolemma (Fig. 4C,E). Reaction with the 2B1 
mAbb showed prominent staining of the myotendi-
nouss junction (Fig. 4F), where it is colocalized with 
vinculinn (see Fig. 8A,B; Shear and Bloch, 1985; Bao et 
al.,, 1993). 
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Fig.. 3. Glycosylation of p i D in various mouse muscle types. f)1D was 
immunoprecipitatedd from 1 mg total protein of tongue, heart, or hind limb 
muscle.. Precipitates were divided in two and either not-treated (lanes 
1-3)) or subjected to digestion with PGNaseF (lanes 4-6). Samples were 
analysedd by 7% SDS-PAGE under reducing conditions and visualized by 
immunoblottingg with anti-p1 D. Arrows indicate mature and deglycosylated 
B1D,, arrowhead indicates precursor. 

Amplificationn of the p ID fluorescence in longitudinal 
cryostatt sections of both skeletal and cardiac muscle, 
usingg biotin-streptavidin (Fig. 5) or a third layer incuba-
tionn (not shown), produced a banded pattern. The 
cross-striationss were identified as costameres; i.e., spe-
cializedd structures at the sarcolemma overlapping the 
Z-liness (Pardo et al., 1983). Double immunostaining on 
humann cardiac sections showed that p iD is colocalized 
withh both vinculin (Fig. 5A-C) and'desmin (Fig. 5D-F), 
twoo markers used to identify costameres and Z-lines, 
respectively.. In cardiac cells, p iD is also located at the 
intercalatedd discs, but it is not particularly strongly 
expressedd at these cell-cell contact structures as shown 
byy the reaction of mAb 2B1 (Fig. 5G-I). However, 
antibodiess against total pi and against vinculin pro-
ducedd strong staining at the intercalated discs (Fig. 
5J-L),, in addition to the costameric localization (see 
Discussion). . 

Expressionn of p i D in Skeletal Muscle 
Dur in gg Mouse Embryogenesis 

Thee appearance and distribution of p iD protein 
duringg embryogenesis of the mouse was determined by 
immunofluorescencee on cryostat sections using the 
biotinylatedd 2B1 antibody. No immunoreactivity above 
thee nonspecific background level was detected on sec-
tionss of E16.5 embryos (Figs. 6A-C and 7A-C). Stain-
ingg for p iD was first detectable on the sarcolemma of 
musclee fibers in intercostal muscle (Fig. 6D), neck 
muscless (Fig. 7D), and tongue (Fig. 7E) in E17.5 
embryos,, and had intensified considerably by E 18.5 
(Figs.. 6G and 7G,H). Limb muscles were all negative in 
E17.55 embryos (Fig. 6E,F), while in E18.5 clear stain-
ingg for p iD was observed in proximal limb muscles 
(shownn for triceps brachii, Fig. 6H). Distal portions of 
bicepss brachii were only barely positive in E18.5 em-

bryoss (Fig. 61), indicating an onset of piD expression in 
middistall  areas of the forelimb at this stage. In PI mice, 
bothh proximal (Fig. 6K) and distal forelimb muscles 
(Fig.. 6L) reacted with the 2B1 antibody and so did all 
otherr skeletal muscles studied (Figs. 6J and 7J,K), 
exceptt the muscles of the snout which remained nega-
tivee at all stages studied (Fig. 7C,F,I,L). Apart from 
stainingg in skeletal muscles, we observed piD immuno-
reactivityy on the basal side of the epidermis of skin and 
off  the epithelial layer of the tongue (Fig. 7B,E,H,K). 

Patternn of p i D Expression in E18.5 
Myotendinouss and Neuromuscular  Junct ions 

I tt is evident from Figure 6D,G,J of intercostal muscles, 
thatt p iD is particularly enriched where muscle fibers 
attachh to the ribs. In order to determine whether fil D is 
presentt in myotendious junctions during embryogen-
esis,, we carried out double staining experiments for 
p iDD and a tendon marker, tenascin (Chiquet and 
Fambrough,, 1984) on the one hand, and piD and 
vinculin,, on the other. Double staining of sections of 
E18.55 embryos for p iD and tenascin shows that p iD is 
enrichedd adjacent to areas containing tenascin (Fig. 
8A,B).. Furthermore, double staining for piD and vincu-
li nn shows complete colocalization of these two proteins 
(Fig.. 8D,E), including an enrichment at the insertion of 
thee ribs, strongly suggesting that piD is present in 
MTJss already at this embryonic stage. To find out 
whetherr p iD is the only splice variant present in MTJs 
inn the embryo, we exposed a section of the same area to 
ann antibody against pi A, and found that p iAi s indeed 
presentt on the sarcolemma and enriched adjacent to 
thee rib, in a pattern similar to p iD (Fig. 8C). This shows 
that,, although piD has just been upregulated in the 
embryoo and is enriched at MTJs, plA is present in the 
samee pattern. It has been shown previously (Bao et al., 
1993;; Veiling et al., 1996) that the a7 integrin is 
enrichedd in MTJs and is thus a potential candidate for 
beingg the a subunit with which piD associates in the 
MTJs.. In order to determine whether this integrin 
subunitt is present at the same locations as piD, we 
stainedd alternate sections for piD and a7, and found 
thatt this integrin subunit has a distribution very 
similarr to that of the piD subunit, including being 
enrichedd at MTJs (compare Fig. 8D, F,G,I). 

I tt has been reported that piD is enriched at NMJs in 
adultt human skeletal muscle (Belkin et al., 1996). To 
determinee whether that is also the case during embryo-
genesis,, we performed double staining experiments for 
p iDD and a neuromuscular junction marker. Our results 
(Fig.. 8G,H) show that piD is present, but not enriched, 
att those junctions in the E 18.5 embryo. 

Expressionn of p i D in Cardiac Muscle 
Durin gg Mouse Embryogenesis 

Stainingg above background (Fig. 9A) for piD was not 
observedd in cardiac muscle at the embryonic stages 
studied,, as shown for E18.5 in Figure 9B. Thus piD is 
expressedd earlier in skeletal muscle than in cardiac 
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Fig.4.. Immunostainingforpl (A),piA(B),piD(C),a7A(D),a7B(E), 
orr p1D (F) in human skeletal muscle. A: Immune-staining for total (31 
(TS2/16)) on the sarcolemma of skeletal muscle and in capillary cells. B: 
Stainingg for p lA in capillary cells. C: staining for p iD on the sarcolemma 

off skeletal muscle. D: Staining for a7A at NMJs. E: Staining for a7B on the 
sarcolemmaa of skeletal muscle. F: Strong immunostaining for p i D at the 
MTJs.. Scale bar = 25 urn. 

musclee (see above and positive thoracis muscle in Fig. 
9B).. In contrast, staining of plA was clearly evident in 
cardiacc muscle in both E16.5 (not shown) and E18.5 
(Fig.. 9C) embryos, suggesting that this is the only (31 
splicee variant present in cardiac muscle at these stages. 
Stainingg of (31A was also observed in skeletal muscles 
inn E16.5 (not shown) and E18.5 embryos (see thoracis 
musclee in Fig. 9C). Like (31D, a7 was absent from 
cardiacc muscle of E16.5 (not shown) and E18.5 embryos 
(Fig.. 9D). In hearts from PI mice, staining of p iD was 
clearlyy above background (compare Fig. 9E and F). 
Stainingg of plA was still evident on cardiomyocytes in 
PII  hearts (Fig. 9G), although somewhat weaker than in 
E18.55 embryos. Strong staining was, however, seen on 
endotheliall  cells of blood vessels. A clear membrane 
stainingg for al was observed on cardiomyocytes in 
newbornn hearts (Fig. 9H), suggesting that the upregula-
tionn of aï and piD occurs simultaneously or at least 
proximatelyy in time in the mouse. Staining of a 7 was 
alsoo strong in endothelial cells of blood vessels in E18.5 
embryoss (not shown) and PI mice (Fig. 9H), confirming 
thee observations of Velling et al. (1996). In adult cardiac 
muscle,, strong membrane staining for piD (Fig. 9J) 
wass observed. Sections incubated with the preabsorbed 
2B11 antibody showed only a faint staining (Fig. 91), 
whilee staining for plA was restricted to blood vessels 
(Fig.. 9K). As for piD, staining of a 7 was observed on 
cardiomyocytess throughout the heart (Fig. 9L), but 
bloodd vessels in the adult heart did not stain for a 7 (not 
shown).. These observations of the presence of p iD at 
highh levels and absence of plA on cardiomyocytes in 

adultt mouse hearts are in agreement with the observa-
tionss of Belkin et al. (1996). 

Expressionn Levels of p i D in Adul t 
Mousee Muscles 

Sincee expression of p iD could be correlated with 
musclee activity or shear stress, we studied the relation 
off  p iD expression levels to the type of skeletal muscle 
fiber,fiber, i.e., slow, mixed, or fast twitching. Muscles of 
variouss types were isolated and equal amounts of RNA 
andd protein were analyzed by Northern and immuno-
blot,, respectively. The samples included: dissected hind 
limbb muscles, consisting of slow "aerobic" twitch muscle; 
thee soleus (type I) and the gastrocnemus muscles 
composedd of a mixture of slow and fast fibers (types I, 
Ha,, lib), and two subtypes of fast "anaerobic" twitch 
muscles;; the plantaris (type Ha) and vastus lateralis 
(typee lib). In addition, we isolated diaphragm contain-
ingg a mixed fiber type I and II , and the fast twitch 
tonguee muscle. As shown in Figure 10, there are no 
significantt differences in the amounts of piD in the 
variouss types of skeletal muscle of different origin. 
However,, in adult cardiac muscle, piD is approxi-
matelyy five times more strongly expressed than in the 
skeletall  muscle types. 

DISCUSSION N 

Too study the expression patterns of piD during the 
developmentt of the mouse, we generated monoclonal 
antibodiess recognizing the muscle specific p iD integrin 
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Fig.. 5. Double immunostainings for (31D (A,D,G), f31 (J), vinculin 
(B,K),, desmin (E), and desmoplakin (H) in human cardiac muscle. 
Superimposedd double stainings (C.F.I.L), colocalization is detected as an 
yelloww signal after merging the green (FITC) and red (TRITC) labelings. 
A-C:: Double staining for (31D (A) and the costamere marker vinculin (B) 
showss colocalization (C). D-F: Double staining for (31D (D) and the Z-line 

marker,, desmin (E) shows colocalization (F). G-l: Double staining for (31D 
(G)) and intercalated disc marker desmoplakin (H) shows localization, but 
noo increased staining tor (31D at intercalated disk (I). J-L: Double staining 
forr (31 (J, 9EG7) and vinculin (K) shows colocalization (L). Note the strong 
staining,, at the intercalated discs, for 01 when compared to |31 D mAb 
stainingg (D,G,J). Scale bar = 10 urn. 

variant.. The specificity of the antibody was determined 
byy immunoprecipitation and immunoblotting. 

Wee showed, by immunoprecipitation in C2C12 cells, 
thatt 3 ID is associated with one of several a-subunits. 
Inn differentiated C2C12 cells (3 ID is associated with the 
samee summits as piA in undifferentiated cells, i.e., 
ct3A,, a5, or a7B. We confirmed this finding in trans-
fectedd cell lines (not shown). This indicates that the variant 

cytoplasmicc domains of (31 are irrelevant for the associa-
tionn with a subunits. In fact, heterodimerization is mainly 
determinedd only by extracellular and transmembrane do-
mainss of the integrin subunits (Hayashi et al., 1990; 
Marcantonioo et al., 1990; Solowska et al., 1991). Our 
findingg with C2C12 cells is essentially different to that 
reportedd previously for heart and skeletal muscle tissue, in 
whichh p iD was found exclusively associated with a 7 
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Fig.. 6. Immunostaining for S1D in E16.5 (A-C), E17.5 (D-F), E18.5 
(G-l)) embryos, and P1'(J-L) mice. Transverse sections showing intercos-
tall muscles adjacent to ribs (A,D,G,J), proximal area of triceps brachii 
musclee (B.E.H.K) and distal area of biceps brachii muscle (C,F,I,L). A-C: 
Noo specific staining is observed in E16.5 embryos. D: Immunostaining for 
(31DD is observed on the sarcolemma of intercostal muscle in E17.5 
embryos.. E,F: No specific staining is seen in limb muscles at E17.5. G: 
Immunostainingg for (31D is present on the sarcolemma of intercostal and 
pectorall muscle in E18.5 embryos. The staining is highly enriched at sites 
off insertion of the intercostal muscle fibers to the ribs (arrows). H: 
Immunostainingg for P1D is also observed on the sarcolemma of E18.5 
tricepss brachii muscle and is enriched where this muscle inserts into the 

humeruss (arrows). I: Distal area of biceps brachii muscle stains only very 
weaklyy (arrows) for [31D. J: Strong staining for (31D is observed on the 
sarcolemmaa of both intercostal and pectoral muscle in P1 mice and 
stainingg is enriched at insertions of intercostal muscle to the rib (arrows). 
K,L:: Strong immunostaining for (31D is also observed in both proximal and 
distall fore limb muscles. With the 2B1 antibody, nuclear staining of 
fibroblastss is frequently seen (e.g., H,K,L) but is also seen in controls at 
thee same stage (also see Experimental Procedures). Nonspecific autofluo-
resencee is seen in bone tissue. All figures are of the same magnification. 
Scalee bar (shown in A) = 75 mm. i, Intercostal muscle (external and 
internall layers), p, pectoralis profundus muscle, r, rib, h, humerus, t, 
tendonn bundle. 
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Fig.. 7. Immunostaining for B1D in E16.5 (A-C), E17.5 (D-F), E18.5 
(G-l)) embryos, and P1 (J-L) mice. Transverse sections showing trape-
ziuss muscle inserting into ligamentum nuchae at mid neck level (A,D,G,J), 
dorsall surface of tongue (B,E,H,K), and muscle masses (arrows) in the 
snoutt (C,F,I,L). A-C: No specific staining is observed in E16.5 embryos, 
exceptt at the basal side of the epithelial layer of the tongue mucosa (B). D: 
Immunostainingg for 81D is evident in trapezius muscle of E17.5 day 
embryos.. E: At this stage, the sarcolemma of the intrinsic muscle of the 
tonguee are also stained. F: Muscle masses in the snout are, however, 
negative.. G: At E18.5 B1D staining remains present on the sarcolemma of 
trapeziuss muscle and is enriched at sites of insertion in ligamentum 
nuchaee (arrows). H: Sarcolemma of intrinsic muscle of the tongue stain 

stronglyy for B1D in E18.5 embryos. I: Muscle masses in the snout are still 
negativee at E18.5. J: In P1 mice, B1D staining is very stong in trapezius 
musclee and slightly enriched along sites of tendon insertions (arrows). K: 
Instrinsicc muscle of the tongue continue staining strongly. L: Muscle 
massess in snout remain negative in P1 mice. With the 2B1 antibody, 
nuclearr staining of fibroblasts is frequently seen (e.g., D,G,I,J) but is also 
seenn in controls at the same stage (also see Experimental Procedures). 
Nonspecificc autofluorescence is seen in the epithelial layer of the tongue 
mucosa.. All figures are of the same magnification. Scale bar (shown in 
A)) = 75 mm. In, Ligamentum nuchae, e, epithelial layer of the tongue 
mucosa,, Ip, lamina propria of the tongue mucosa, m, muscle layer of 
tongue,, v, follicles of vibrissae. 
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Fig.. 8. Double immunostaining and/or staining of equivalent section of 
intercostall muscle in transversally sectioned E18.5 embryos. Immunostain-
ingg for 31D (A,D,G), tenascin (B), B1A (C), vinculin (E) a7 (F,l), and 
acetylcholinee receptor (H). A,B: Double staining for B1D (A) and tenascin 
(B)) showing that B1D staining is enriched adjacent to areas containing 
tenascin.. C: Same area on equivalent section labeled for B1A, showing 
stainingg present on the sarcolemma and enriched at insertions to rib. D,E: 
Doublee staining for B1D (D) and vinculin (E) showing a clear colocaliza-
tion,, including at the MTJ. F: Same area on a nearby section showing 
immunostainingg for a7 coinciding with B1D- and vinculin-positive areas, 

includingg an enrichment at the insertions to the ribs. G,H: Double labeling 
forr B1D (G) and acetylcholine receptor (H), showing that B1D is present, 
butt not enriched at neuromuscular junctions. Note that where intercostal 
musclee fibers insert into sternum, B1D staining is enriched (arrows). I: 
Nearbyy section showing staining for a7 on sarcolemma of intercostal 
muscle,, and highly enriched staining at the insertions of muscle fibers to 
thee sternum. Nonspecific autofluoresence is seen in bone tissue. All 
figuress are of same magnification. Scale bar (shown in A) = 75 mm. r, Rib, 
p,, pectoralis profundus muscle, s, sternum. 

(Belkinn et al., 1996). The concurrent switch of both a7B 
andd (31A to a7A and piD during differentiation of 
C2C122 myoblast cells is interesting because it implies a 
cooperativee effect of their two cytoplasmic domains. 

Att the protein level, plD is detected late in embryo-
genesis.. The earliest expression of the (31D subunit was 
inn skeletal muscles: i.e., intercostal muscles, neck 
muscles,, and the tongue of E17.5 embryos. In general, 
thee induction of piD expression follows the rostro-

caudall  temporal progression of the formation and matu-
rationn of muscles along the anterio-posterior axis. 
Withinn the limbs a proximo-distal temporal gradient is 
observedd (Hauschka, 1994). In cardiac muscle expres-
sionn of p iD was first detected perinatally. Velling et al. 
(1996)) also reported late expression of a 7 in this tissue, 
withh a 7 mRNA detectable on postnatal day 3 and strong 
stainingg of cardiomyocytes in postnatal week 4. We 
havee shown here that a7, and in fact the a7B variant 
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Fig.. 9. Cardiac muscle incubated with preabsorbed (11D antibody 
(control;; A,E,I), staining for p1D (B.F.J), B1A (C,G,K), and c,7 (D,H,L). 
Transversee sections of hearts in E18.5 embryos (A-D), frontal sections of 
heartss from P1 (E-H) and adult (l-L) mice. A,E,I: Sections exposed to 
preabsorbedd (41D antibody showed only a diffuse staining in cardiac 
muscle.. Note that thoracis (skeletal) muscle is also negative. B: No 
specificc staining for B1 D is observed in cardiac muscle in E18.5 embryos. 
Notee positive staining in thoracis muscle. C: At the same stage, strong 
B1AA immunoreactivity is observed in cardiac and as well as in thoracis 
muscle.. D: Immunostaining for ot7 is not observed in cardiac muscle at 
E18.5,, but is, however, clearly present in thoracis muscle. F: 81 D staining 

iss present on the sarcolemma of cardiomyocytes in P1 hearts. G: 
Immunostainingg for B1A is still present on cardiomyocytes in P1 hearts 
andd blood vessels are also positive (arrows). H: Cardiomyocytes of P1 
heartss are labeled for <*7, and blood vessels stain strongly for o7 (arrow). 
J:: B1D staining is present on cardiomyocyte sarcolemma in adult hearts. 
Bloodd vessels are negative (arrow). K: B1A staining is absent on 
cardiomyocytess at this stage, but present in blood vessels (arrows). L: As 
thee case for (31D. u7 labeling is strongly present on cardiomyocytes in 
adultt hearts. All figures are of the same magnification. Scale bar (shown in 
A)) - 75 mm. v, Ventricle, a, atrium, tm, transversus thoracis muscle, p 
pleuro-pericardiall membrane. 

(Colloo et al., 1993, Ziober et al., 1993; Velling et al., 
1997),, is already clearly present in the heart on the day 
off  birth which suggests that the u7B(31D integrin is 
alreadyy present at that time. Since we find that (31A is 
alsoo present in the heart of newborn mice, we cannot 
excludee that a7B is also associated with (31A at this 

stage.. However, in the adult heart in which (11A is 
absentt from cardiomyocytes (see also Belkin et al., 
1996),, a7B(31D is likely to be the only a7(31 integrin. 

Inn skeletal muscle, the expression of a7A seems to 
precedee that of (31D. This however, may reflect techni-
call  problems such as limit s of detection depending on 
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Fig.. 10. Detection of p iD in various muscle types. A: Northern blot 
analysiss of 131D mRNA levels in heart, vastus lateralis, gastrocnemus, 
soleus,, plantaris, tongue, and diaphragm. Two ug total RNA was loaded in 
lanee 1, five-fold more total RNA (10 ug) was loaded in lanes 2-7. B: 
Immunoblott of 31D with mouse-anti-piD (2B1) on the same tissues as 
shownn in Figure 7A. Proteins (50 ug total protein/lane) were separated on 
aa 7% polyacrylamide gel under reducing conditions. 

thee affinity or the titer of the antibodies. The piD 
subunitt is strongly expressed at the MTJs of intercostal 
muscless as soon as it is first detected on the sarco-
lemma.. The timing of piD induction at the MTJ, which 
iss preceded by the expression of piA, is interesting 
becausee it is correlated with the first organization of the 
sarcomeress and the initial folding of membranes at the 
MTJ,, as has been reported for MTJ formation in 
chickenn (Tidball and Lin, 1989; Tidball, 1994). Simi-
larly,, the relatively late onset of p iD expression in 
cardiacc muscle, as compared to skeletal muscle, is 
correlatedd with the hypertrophic phase of cardiac matu-
rationn after birth, which follows the proliferative growth 
off  the heart (Tam et al., 1995). Hypertrophic growth of 
cardiacc muscle cells is associated with the development 
off  highly organized muscle fibers. Since in both muscle 
typess piD expression is correlated with sarcomere 
organization,, we suggest that piD has a role in the 
maintenancee and/or organization of the cytoarchitec-
turee of mature muscle cells. 

Too determine whether there is a relation between 
musclee activity (shear stress) and piD we analyzed its 
expressionn level in muscles with different ratios of fast, 
slow,, and intermediate muscle fibers. However, neither 
thee expression of RNA nor of the protein was signifi-
cantlyy different in the muscles analyzed. The expres-
sionn of piD in cardiac muscle is five times stronger than 
inn skeletal muscle, which could be due to a higher ratio 
betweenn the sarcolemma and the mass of the smaller 
cardiomyocytes. . 

Nott only is p iD the only pi integrin variant that is 
localizedd at adherens type of junctions: (i.e., MTJs and 
intercalatedd discs of adult skeletal and cardiac muscles, 
respectively),, it is also present in a banded pattern in 

bothh types of muscle. By double staining human cardiac 
muscless we confirmed that these striations represent 
costameress as has been previously shown with antibod-
iess against pi (Bozyczko et al., 1989; Terracio et al., 
1990;; Volk et al., 1990; Hilenski et al., 1992; McDonald 
ett al., 1995; Belkin et al., 1996). Costameres are rib-like 
structuress around the sarcolemma overlying the Z-
lines.. Proteins in these structures, i.e., integrins, vincu-
lin,, and talin, are generally believed to provide focal 
contact-likee connections between the Z-line and the 
sarcolemmaa (Pardo et al., 1983; Belkin et al., 1986). 
Interestingly,, the anti-piD mAb did not show a particu-
larlyy strong expression of p iD at the intercalated discs 
ass has been reported by Belkin et al. (1996). However, 
strongg staining at this site was observed by using 
antibodiess against the extracellular domains of pi. This 
differencee in staining intensity could be caused by 
differentt accessibility of the cytoplasmic domain and 
thee extracellular components at these junctions or to a 
differencee in the affinity of the two antibodies. 

Inn addition to the strong reactions of anti-plD with 
skeletall  and cardiac muscle, we observed a weak reac-
tionn on immunoblots of lysates of skin tissue and 
immunoreactivityy with the basal side of skin and the 
epitheliall  cell layer of the tongue. A similar reaction of 
anti-plDD polyclonal antibodies on skin immunoblots 
hass been reported by Belkin et al. (1996), who attrib-
utedd the signal to contamination of the sample with 
skeletall  muscle. The fact that we observed immunoreac-
tivit yy at the basal side of the epithelial layers of the 
skinn and tongue argues against this conclusion. How-
ever,, immunoblots of a keratinocyte cell lysate did not 
reveall  a band for p iD (data not shown). Thus, further 
studiess are needed to determine with certainly whether 
piDD is present in these stratified epithelia. 

Inn summary, we generated monoclonal antibodies 
specificspecific for the piD integrin variant and used these 
mAbss to analyse the spatio-temporal expression of p iD 
inn the mouse. We demonstrated that p iD associates 
withh one of various a-subunits and that it becomes 
expressedd relatively late during mouse embryogenesis: 
inn skeletal muscle at E17.5 and in cardiac muscle 
perinatally.. A functional explanation for the observed 
expressionn pattern and the cellular localization of the 
piDD variant could be that p iD provides a stronger link 
too the cytoskeleton than piA and hence more resistance 
too the strong shear stress to which muscles are sub-
jected. . 

EXPERIMENTA LL  PROCEDURES 
Celll  Lines, Tissues, and Embryos 

Thee mouse myoblast cell line C2C12 (CRL 1772, 
Americann Type Culture Collection (ATCC), Rockville, 
MD;; Yaffe and Saxel, 1977) was grown in Dulbecco's 
modifiedd Eagle's medium (DMEM, Gibco, Paisley, UK) 
supplementedd with 20% fetal calf serum, high glucose 
(4.55 g/L), penicillin, and streptomycin. Terminal differ-
entiationn into multinuclear myotubes of confluent 
C2C122 monolayers was induced by changing the cul-
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turee medium to DMEM containing 27c horse serum. 
Adultt mouse hearts were collected from CD-I mice. 
Embryoss and newborns (postnatal day 1) were obtained 
fromm CD-I mice. Fertilization was assumed to have 
takenn place at the midpoint of the dark cycle before the 
copulationn plug was found. The indicated embryonic 
agess are days postcoitum, with the day of the plug 
designatedd EO.5. 

Antibodie s s 

Thee following antibodies were used in this study: 
rabbit-anti-vinculinn (Geiger, 1979), mouse-anti-desmo-
plakinn I and II (11-F5; Parrish et al., 1987), rabbit-anti-
desminn (Sigma Immunochemicals, St. Louis, MO), rat-
anti-musclee acetylcholine nicotinic receptors (mab35; 
Tzartoss et al., 1981, obtained from the Developmental 
Studiess Hybridoma Bank, The University of Iowa and 
Johnss Hopkins University School of Medicine ),rat-anti-
mouse-pii  (MB2.1, vonBallestrem et al., 1996), mouse-
anti-fil ,, (TS2/16, ATCC; Hemler et al., 1984), rat-
anti-(3ll  (9EG7, Lenter et al., 1993) rabbit-anti-plAcyto 
andd rabbit-anti-a5 (DeFilippi et al., 1991), rabbit-
anti-avv (Hirsch et al., 1994), mouse anti-a3A (29A3), 
mouse-anti-a3BB (54B3), and mouse-anti-a6B (PB36, 
deMelkerr et al., 1997), rabbit-anti-a6A (Delwel et al., 
1993),, rat-anti-mouse a 7 (CA5, Yao et al., 1996), rabbit-
anti-a7Acytoo (a7CDA2) and rabbit-anti-a7Bcyto 
(a7CDBl,, Martin et al., 1996). 

Thee mAb rat-anti-mouse-tenascin (LAT-2) was ob-
tainedd by immunizing a Sprague-Dawley rat with 
purifiedd mouse tenascin as described previously using 
mousee myeloma cells Sp2/0 (Hogervorst et al., 1993). 
Mouse-tenascinn was isolated from conditioned medium 
(serum-freee Dulbecco's modified Eagles medium/Ham 
F122 (1:1)) which was collected from RAC-11P cells 
(Sonnenbergett al., 1993). Proteins were precipitated by 
ammoniumm sulphate (50%), resuspended in buffer A 
(2.55 mM EDTA, 50 mM Tris-HCl, pH 7.5) and loaded on 
aa Sepharose CL6B sizing column (Pharmacia, Uppsala, 
Sweden).. The column was eluted with buffer A contain-
ingg 150 mM NaCl. Fractions that contained tenascin 
weree diluted to a NaCl concentration of 100 mM and 
appliedd to a monoQ HR 5/5 anion-exchange column 
(Pharmacia).. The column was eluted with a gradient of 
100-10000 mM NaCl in buffer B (2.5 mM EDTA, 20 mM 
Tris-HCl,, pH 7.5). Fractions containing tenascin were 
pooledd and dialysed against buffer B. 

Secondaryy antibodies used on murine sections were: 
mouse-anti-biotin-FITC,, goat-anti-rat-FITC or -TRITC, 
andd goat-anti-rabbit-FITC or -TRITC (all from Sigma 
Chemicall  Co.). Secondary antibodies used on human 
sectionss were goat-anti-mouse-FITC (Zymed, San Fran-
cisco,, CA, and Rockland Inc., Gilbertsville), streptavidin-
FITCC or -TRITC, swine-anti-rabbit-TRITC (Jackson 
ImmunoResearchh Laboratories Inc., West Grove, IL, 
andd Nordic, Tilburg, the Netherlands, respectively). 

Generationn of p l D Monoclonal Antibodies 

Too generate £1D specific antibodies, we immunized 
micee with a synthetic peptide corresponding to the most 
C-terminall  24 amino acids of plD (plus an appending 
N-terminall  cysteine): C-QENPIYKSPINNFKNPNYG-
RKAGL.. The synthetic peptide (7.5 mg) was coupled to 
keyholee limpet hemocyanin (KLH, 15 mg) using sulpho-
MBSS or glutaraldehyde (Harlow and Lane, 1988). Mice 
weree immunized with a mixture of 15 ug free peptide, 
155 ug KLH-sulfoMBS coupled peptide, and 15 ug 
KLH-glutaraldehydee coupled peptide. After four boosts, 
att 4 weeks intervals, the mice were immunized once 
withh 50 ug free peptide followed by two boosts with 100 
ugg of free peptide at two day intervals before fusion 
withh Sp2/0 mouse myeloma cells. Initial screening of 
antibodiess was by ELISAon plD and |31A(C-KLLMI1H-
DRREFAKFEKEKMNAKWDTGENPIYKSAVTTWN--
PKYEGKll  synthetic peptides. 

Immunoprecipitatio nn of Surface-Ionidated Cells 

Undifferentiatedd and differentiated (3 days) C2C12 
cellss were surface-labeled with 125I by the lactoperoxi-
dase/hydrogenn peroxidase method as previously de-
scribedd (Sonnenberg et al., 1988), washed, and solubi-
lizedd in lysis buffer containing 17c (v/v) Nonidet P-40, 4 
mMM EDTA, 100 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1 
mMM phenylmethylsulfonylfluoride, 10 pg/ml soybean 
trypsinn inhibitor and 10 pg/ml leupeptin. Lysates were 
clarifiedd at 14,000 rpm. Cell lysates were then added to 
proteinn A-Sepharose that had previously been incu-
batedd with rabbit-anti-mouse IgG or rat-anti-rabbit 
IgGG and the precipitating antibody. After incubation for 
11 hr at room temperature, the beads carrying the 
immunee complexes were washed and treated with 
Laemmlii  sample buffer. Precipitated proteins were 
analyzedd on a 57c or 107c polyacrylamide gel under 
nonreducingg or reducing conditions, respectively. 

Immunoblottin g g 

Tissuess for immunoblotting were isolated from mice. 
Approximately,, 70 mg of tissue was frozen, crushed and 
thenn lysed in 1 ml RIPAlysis buffer (10 mM Tris, pH 7.4, 
1500 mM NaCl, \7c Triton X-100, 17c Na-deoxycholate, 
0.17c0.17c SDS, ImM EDTA, and protease inhibitors). Subse-
quently,, 50 pg of total protein was separated on 17c 
SDS-PAGEE gels under reduced conditions. Proteins 
weree transferred to Immobilon-P transfer membranes 
(Millipore,, Bedford, MA). The membrane was blocked 
forr 1 hr room temperature with TBST 27c nonfat dry 
milk,, and incubated with 2B1 supernatant (1:2), washed 
threee times with TBST 0.2% nonfat dry milk and 
incubatedd with goat-anti-mouse-HRPO (1:5,000) (Amer-
shamm Int., Buckinghamshire, UK). Alternatively, incu-
bationn were with rabbit-anti-(31A(l:2,000) and donkey-
anti-rabbit-HRPOO (1:5,000; Amersham). Proteins were 
visualizedd by ECL (Amersham). 

Forr the analysis of p lD glycosylation, 1 mg of total 
proteinn was immunoprecipitated. Tissue lysates, pre-
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clearedd with protein A beads, were incubated with 
rabbit-anti-mousee and plD precipitating antibody (2B1). 
Afterr subsequent washes the precipitate was split in 
twoo parts; one half was treated with PNGaseF, which 
removess high mannose and complex-type N-linked oli-
gosacharidess from glycoproteins, according to instruc-
tionss of the manufacturer (New England Biolabs Inc., 
Beverly,, MA). The other halfwas not treated. Samples 
weree analyzed on 7% SDS-PAGE under reducing condi-
tions.. Protein was detected as described above for the 
2B11 antibody. 

Norther nn Blott in g 

Totall  RNA was isolated from various dissected mouse 
muscless using the Ultraspec™ RNA kit (Biotecx Labo-
ratoriess Inc., Houston, TX). Two ug of cardiac RNA and 
100 ug of various types of skeletal muscle RNA was 
electrophoresedd on 1% agarose gels containing formal-
dehydee and transferred to Nytran (Schleicher & Schuell, 
Dassel,, Germany) by standard procedures (Sambrook 
ett al., 1989). Blotted RNAs were hybridized with an 
antisensee (3 ID oligonucleotide 5'GAGACCAGCTTTAC-
GTCCATAGTTGGGATTCTTGG AAATT3', which was la-
belledd with [7-32P1-ATP using T4-polynucleotide ki-
nase.. The filter was hybridized at 55°C overnight in 
hybridizationn buffer (5x SSC, 0.5% SDS, 5x Denhardt's, 
1000 pg/ml salmon DNA) and subsequently washed once 
forr 15 min in 2x SSC, 0.5% SDS at room temperature 
andd once 15 min in 2x SSC, 0.1% SDS at 55°C. The film 
wass exposed overnight. 

Purificatio nn and Biotinylatio n of p i D 
Monoclonall  Antibodies 

Forr double staining with mouse antibodies and immu-
nohistochemistryy on mouse tissue, anti-fïlD monoclo-
nall  antibodies were purified by affinity chromatogra-
phyy and subsequently biotinylated. Briefly, 1 mg 
syntheticc peptide was coupled to 1 g CNBr-Sepharose. 
Hybridomaa supernatant was applied to a 1.5 ml affinity 
columnn containing the peptide coupled to CNBr-
Sepharose.. Bound antibodies were eluted with 100 mM 
glycine,, pH 2.5, neutralized with 1 M Tris, pH 8 and 
concentratedd in PBS (centricon-30 concentrator, Ami-
conn Inc.). The purity of the antibodies was analyzed by 
SDS-PAGEE and the specificity was monitored in an 
ELISA.. Two mg of purified antibody was coupled for 
twoo hours to 40 pi of NHS-biotin (Biorad Laboratories, 
Richmond,, VA) at room temperature, after it had been 
dialysedd against borate coupling buffer (0.035M boric 
acid,, 0.08M NaCl, pH 9.2). Biotinylated antibody was 
dialysedd against PBS. 

Immunohistochemistry y 

Fifteenn um cryosections were obtained from in liquid 
nitrogen-chilledd isopentane snap frozen mouse tissues 
andd embryos. The sections were allowed to dry for 5-10 
minn and then immersed in cold PBS for 10 min. 
Sectionss were blocked for 15 min in PBS/10% normal 
goatt serum (NGS). All incubations and washes were at 

4°CC and antibody dilutions were in PBS with 1% BSA. 
Sectionss were incubated with primary antibodies for 1 
hr.. After 3 x 10 min washes in PBS, sections were 
stainedd with a second layer for 1 hr. As a control for 2B1 
staining,, the antibody was incubated with the immuniz-
ingg peptide at a concentration of 100 pg/ml of diluted 
antibodyy for 30 min on ice before applying it to sections; 
thesee were then processed as those exposed to the 2B1 
antibody.. Some nonspecific staining was observed with 
thee preabsorbed antibody (e.g., nuclear staining of cells 
inn mesenchyme and cartilage), but the surface of muscle 
fibersfibers and cardiomyocytes was always negative. Con-
trolss for the remaining antibodies were PBS + 1% BSA, 
followedd by secondary antibodies. These were always 
completelyy negative. Subsequently, sections were 
washedd in PBS, postfixed for 10 min in 2% paraformal-
dehyde/PBS,, washed in PBS and mounted in 2.5% 
1,4-diazabicycloo 2,2,2 octane (DABCO, Sigma) + 0.1% 
sodiumm azide in a 9:1 mixture of glycerol:PBS. Murine 
sectionss were observed and photographed in an Olym-
puss BHT microscope equipped with epifluorescence and 
phasee contrast optics. 

Humann cryosections of 4-7 pm from both cardiac and 
skeletall  muscle were obtained, optionally fixed in ac-
etonee for 2 min, and stored at -80°C until used. Sections 
weree airdried, immersed for 5 min in PBS, and subse-
quentlyy blocked for 30 min in PBS/10% NGS at 37°C. 
Al ll  antibody incubations were in PBS. First antibody 
incubationss were for 2 hr at room temperature. After 3x 
PBSS washes second layers were incubated for 1 hr at 
roomm temperature. Double stainings with first layer of 
mousee and rabbit antibodies were incubated as a 
mixture.. Double stainings with a mouse mAb and 
biotinylated-2Bll  mAb were performed in four layer 
incubationss with biotinylated-2Bl and streptavidin-
FITCC or -TRITC as third (2 hr) and fourth layer (1 hr), 
respectively.. After rinsing with PBS the coverslips were 
mountedd in Vectashield (Vector Laboratories Inc., Burl-
ingame,, VT) and viewed under a Biorad MRC-600 a 
confocall  scanning laser microscope (Biorad). 
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Inductionn of Cell Scattering by Expression of pi Integrins in pl-deficient 
Epitheliall  Cells Requires Activation of Members of the Rho Family of 
GTPasess and Downregulation of Cadherin and Catenin Function 
Clotild ee Gimond,*  Arja n van der  Flier,*  Sanne van Delft,*  Cord Brakebusch,*  Ingri d Kuikman, * 
Johnn G. Collard,*  Reinhard Fassler,*  and Arnoud Sonnenberg* 
*Divisionn of Cell Biology, The Netherlands Cancer Institute, 1066 CX Amsterdam/The Netherlands: and *Lund University 
Hospital,, Section of Experimental Pathology, Lund S-22185, Sweden 

Abstract.Abstract. Adhesion receptors, which connect cells to 
eachh other and to the surrounding extracellular matrix 
(ECM),playy a crucial role in the control of tissue struc-
turee and of morphogenesis. In this work, we have stud-
iedd how intercellular adhesion molecules and pi inte-
grinss influence each other using two different fit-null 
celll  lines, epithelial GE11 and fibroblast-like GD25 
cells.. Expression of p lA or the cytoplasmic splice vari-
antt (SID, induced the disruption of intercellular adher-
enss junctions and cell scattering in both GE11 and 
GD255 cells. In GE11 cells, the morphological change 
correlatedd with the redistribution of zonula occluden 
(ZO)-ll  from tight junctions to adherens junctions at 
highh cell confluency. In addition, the expression of pi 
integrinss caused a dramatic reorganization of the actin 
cytoskeletonn and of focal contacts. Interaction of pi in-
tegrinss with their respective ligands was required for a 
completee morphological transition towards the spindle-
shapedd fibroblast-like phenotype.The expression of an 
interleukin-22 receptor (IL2R)-pi A chimera and its in-
corporationn into focal adhesions also induced the dis-
ruptionn of cadherin-based adhesions and the reorgani-
zationn of ECM^cell contacts, but failed to promote cell 
migrationn on fibronectin, in contrast to full-length pi A. 
Thiss indicates that the disruption of cell-cell adhesion is 
nott simply the consequence of the stimulated cell mi-
gration.. Expression of pi integrins in GE11 cells re-

ADHIISIONN molecules play an essential role in the orga-
/ \\ nization of cells into tissues during embryonic de-

// V velopment as well as in the adult. They not only 
maintainn tissue structure and polarity but are also involved 
inn the regulation of cell proliferation, migration, and 

Clotildee (iimond and Arjan van der Flier contributed equally to this work. 
Addresss correspondence to Arnoud Sonnenberg, Division of Cell Biol-

ogy.. Plesmanlaan 121. 1066 CX Amsterdam. The Netherlands. Tel.: (31) 
200 512 1942. Fax: (31)20 512 1944. E-mail: asonn("nki.nl 

suitedd in a decrease in cadherin and a-catenin protein 
levelss accompanied by their redistribution from the cy-
toskeleton-associatedd fraction to the detergent-soluble 
fraction.. Regulation of a-catenin protein levels by pi 
integrinss is likely to play a role in the morphological 
transition,, since overexpression of a-catenin in GE11 
cellss before pi prevented the disruption of intercellular 
adhesionss and cell scattering. In addition, using bio-
chemicall  activity assays for Rho-like GTPases, we show 
thatt the expression of pi A, p iD, or IL2R-pl A in GE11 
orr GD25 cells triggers activation of both RhoA and 
Racl,, but not of Cdc42. Moreover, dominant negative 
Racll  (N17Racl) inhibited the disruption of cell-cell 
adhesionss when expressed before p i. However, all 
threee GTPases might be involved in the morphological 
transition,, since expression of either N19RhoA, 
N17Racl,orr N17Cdc42 reversed cell scattering and 
partiallyy restored cadherin-based adhesions in GE11-
pll  A cells. Our results indicate that pi integrins regu-
latee the polarity and motility of epithelial cells by the 
inductionn of intracellular molecular events involving a 
downregulationn of a-catenin function and the activa-
tionn of the Rho-like G proteins Racl and RhoA. 

Keyy words: pi integrins  cadherins  epithelial cells
Rho-likee GTPases  migration 

differentiation.. Intercellular adherens junctions, desmo-
somes,, and tight junctions are the three major types of 
adhesivee connections between cells (for review see Gum-
biner.. 1996). Classic cadherin molecules found in adherens 
junctionss are transmembrane hemophilic adhesion recep-
torss that indirectly associate with the actin cytoskeleton by 
interactingg with catenins. The desmosomal adhesion mole-
cules,, called desmogleins and desmocollins, also belong to 
thee cadherin superfamily. but in contrast to adherens junc-
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tions,, desmosomes are linked to the intermediate filament 
network.. Finally, tight junctions containing occludins and 
thee cytoplasmic plaque proteins zonula occluden (ZO)'-l 
andd ZO-2, create a selective permeability barrier and es-
tablishh epithelial cell polarity (Gumbiner. 1996). 

Cellss also form adhesive contacts with proteins in the 
surroundingg extracellular matrix (ECM) via different 
typess of proteins, mostly of the integrin family. Integrins 
aree heterodimeric transmembrane receptors, formed by 
thee noncovalent association of an a and a p subunit. 18 a 
andd 8 p subunits have been identified so far. giving rise to 
aa family of >20 different dimers. Dimers containing the pi 
integrinn subunit constitute the most abundantly expressed 
integrinn subfamily. Antibody inhibition studies and disrup-
tionn of the (31 subunit gene by homologous recombination 
havee demonstrated the critical role of (31 integrins in de-
velopment,, cell differentiation, migration, and the assem-
blyy of the ECM proteins (for reviews see Brakebusch et al.. 
1997:: Sakai et al., 1998). Four alternative cytoplasmic vari-
ants,, (31A-D, of the (31 subunit have been described (for 
revieww see de Melker and Sonnenberg, 1999). Whereas 
(31AA is ubiquitously expressed, the (31D isoform is muscle-
specificc (van der Flier et al., 1995; Zhidkova et al., 1995). In 
nonmusclee cells, transfected (3ID was found to be local-
izedd in focal contacts and to activate both focal adhesion 
kinasee and mitogen-activated protein kinase, similarly to 
(31AA (Belkin et al.. 1996). However, we have shown re-
centlyy that pi A and piD are not functionally equivalent 
duringg embryonic development or in adult tissues (Bau-
doinett al.. 1998). 

Adhesivee interactions between different cells or be-
tweenn a cell and the surrounding ECM can be either stable 
orr dynamic. An example are the epithelium-mesenchyme 
transitionss (EMT), which occur during specific stages of 
embryonicc development but also under certain pathologi-
call  conditions. EMT are morphogenetic events character-
izedd by the loss of epithelial polarity, the disruption of in-
tercellularr adhesions, and the acquisition of a migratory, 
mesenchymall  cell phenotype. Previous studies have indi-
catedd a role for integrins in the downregulation of cad-
herinn activity during neural crest cell EMT (Monier-Gav-
ellee and Duband, 1997) and in the loss of epithelial 
polarityy in breast tumor cells (Weaver et al., 1997; Faraldo 
ett al., 1998), suggesting the existence of cross-talk mecha-
nismss between different types of adhesion molecules. 

Smalll  GTPases of the Rho family are regulators of the 
actinn cytoskeleton (Mackay and Hall, 1998). Microinjec-
tionn of RhoA, Rack or Cdc42 in fibroblasts triggers the 
formationn of stress fibers, lamellipodia. or filopodia, re-
spectivelyy (Ridley and Hall, 1992; Ridley et al.. 1992). Re-
centt studies have implicated Rho-like GTPases in the reg-
ulationn of cadherin-mediated adhesion and in epithelial 
celll  motility. Dominant negative Rac blocks lamellipodia 
formationn induced by hepatocyte growth factor in MDCK 
cellss (Ridley et al., 1995), and constitutively active Rac and 
Cdc422 stimulate the motility of mammary carcinoma cells 
(Keelyy et al.. 1997). In addition, activation of phospha-
tidylinositoBB kinase by the a6p4 integrin stimulates Rac-

1.. Abbreviations used in this paper: ECM. extracellular matrix; EMT. epi-
thelium-mesenchymee transitions: ES, embryonic stem; GST. glutathione 
5-tranferase;; IL2R. interleukin-2a receptor: PAK. p21-activated kinase: 
ZO.. zonula occluder. 

dependentt migration of colon carcinoma cells (Shaw et al., 
1997).. In contrast, other studies have suggested a role for 
smalll  GTPases in the establishment and maintenance of 
epitheliall  intercellular adhesions (Braga et al., 1997; 
Hordijkk et al., 1997; Takaishi et al.. 1997; Zhong et al.. 
1997).. Recently. Tiaml-Rac signaling has been shown to 
promotee either cell-cell adhesion or the migration of epi-
theliall  cells in a matrix-dependent manner (Sander et al.. 
1998).. suggesting that integrin-rnediated adhesion plays a 
rolee in the control of intercellular adhesions through the 
regulationn of Rho-like GTPases. Studies using dominant 
negativee or constitutively active mutants of Rho-like GTP-
asess have suggested a role of integrins in the regulation of 
Rho.. Rac, and Cdc42 activity (Chong et al.. 1994: Renshaw 
ett al., 1996: Schwartz et al.. 1996; Barry et al., 1997; Clark 
ett al.. 1998). In addition, cell adhesion activates p21-acti-
vatedd kinase (PAK), a downstream effector of Rac and 
Cdc422 (Price et al., 1998). Finally. Ren and co-workers 
havee recently demonstrated the regulation of Rho by cell 
adhesionn in fibroblasts, using an assay to detect GTP-bound 
Rho(Renetal.,, 1999). 

Inn this study, we have used two pi-deficient cell lines, an 
epitheliall  cell line, GE11. which we isolated for this study, 
andd the previously described fibroblast-like GD25 cell line 
(Fasslerr et al., 1995) to study the functional relationship 
betweenn integrins. cadherins, and Rho-like GTPases. Ex-
pressionn of either of the splice variants, pi A or plD. in 
thesee two cell lines induced the disruption of intercellular 
adhesionss and cell scattering. This was accompanied by a 
decreasee of cadherins and a-catenin protein levels as well 
ass their redistribution from the cytoskeleton-associated 
fractionn to the soluble fraction. Overexpression of a-cate-
ninn inhibited the disruption of cell-cell adhesions by pi in 
GE111 cells and prevented cells from scattering. We also 
foundd that expression of pi integrins in GE11 and GD25 
cellss resulted in the activation of both RhoA and Racl. 
Experimentss performed with dominant negative or active 
mutantss showed that both RhoA and Racl were required 
butt not sufficient for the phenotypic conversion induced 
byy pi integrins. 

MaterialsMaterials and Methods 

AntibodiesAntibodies and Adhesive Ligands 
Thee mouse anti-a3A and anti-u3B antibodies (29A3 and 54B3: de Melker 
ett al.. 1997) and the rat anti-ufi antibody (GoH3; Sonnenberg el at. 1987) 
havee been described previously. The rabbit polyclonal antisera to syn-
theticc peptides derived from the cytoplasmic domain of the a 1. a2. and «v 
integrinn subunits (Defiltppi et al.. 1991; Hirsch et al.. 1994) were kindly 
providedd by Dr. G. Tarone (Universita di Torino. Torino. Italv). The rat 
anti-a55 antibody (MBA5; Fehlner-Gardiner et al.. 1996) was the generous 
giftt of Dr. B.M. Chan (J.P. Robarts Research Institute. London. Ontario. 
Canada).. The rabbit polyclonal antibody recognizing 05 (Kemperman el al.. 
1997)) was kindly supplied by Dr, E. Roos (The Netherlands Cancer Insti-
tute.. Amsterdam. The Netherlands) The rabbit polyclonal antibody 
againstt the cytoplasmic domain of \i\ A (U19) was a kind gift of Dr. I' . 
Mayerr (Max Planck Institute for Biochemistry. Marlinsried. Germany). 
Thee mouse anti-human (il (TS2/Ï6) and the mouse anti-human pi (K20) 
antibodiess were obtained from the ATCC and Bionicda. respectively The 
hamsterr anti-fJ3 and the rat anti-«4 antibodies were purchased from 
PharMingen.. The mouse mAb against vinculin (VIIF9; Glukhova et al.. 
1990).. rabbit anti-vinculin (Geiger. 1979). anti-keratin 8(TROMA-1: Bru-
lett et al., 1980). and the anti-desmoplakin (11ÖF; Parrish et al.. 1987). and 
thee anti-NCAM-1 (Moolenaar et al., 1990) antibodies were kindlv pro-
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videdd by Dr. M. Glukhova (Institut Curie. Paris, France), Dr. B. Geiger 
(Thee Weissmann Institute of Science. Rehovot. Israel). Dr. R. Kemler 
(Maxx Planck Institute for Immunobiology. Freiburg, Germany), Dr. D. 
Garrodd (University of Manchester. Manchester. U.K.). and Dr. R. Micha-
lidess (The Netherlands Cancer Institute, Amsterdam, The Netherlands), 
respectively.. The mouse anti-interleukin-2 receptor (IL2Ra) (TB30) was 
aa gift of Dr. R. van Lier (Central Laboratory of the Netherlands Red 
Crosss Blood Transfusion Service. Amsterdam. The Netherlands). The 
rabbitt anti-pan-cadherin, the rabbit anti-a-catenin. and the mouse anti-
talinn (8D4) antibodies and rhodamine-labeled phalloidin were obtained 
fromm Sigma Chemical Co. The mouse anti-p-catenin and mouse anti-

nn antibodies were purchased from Transduction Laboratories, 
andd the rabbit anti-ZO-1 and the rabbit anti-occludin antibodies were 
fromm Zymed. The monoclonal 9EI0 antibody against the myc-epitope tag 
wass purchased from Oncogene Research Products. Mouse anti-RhoA 
(26C4)) and rabbit anti-Cdc42 antibodies were obtained from Santa Cruz 
Biotechnology,, and mouse anti-Racl antibody from Transduction Labo-
ratories.. Secondary antibodies used were: FITC-conjugated goat anti-
mousee antibody (Jackson ImmunoResearch Laboratories). Texas red-
conjugatedd goat anti-mouse and anti-rabbit antibodies (Molecular 
Probes).. FITC-conjugated rabbit anti-hamster antibody (Nordic Immu-
nologicall  Laboratories), and FITC-conjugated goat anti-rabbit antibody 
(Zymed).. Fibronectin was purchased from Sigma Chemical Co., and lami-
nin-11 from Collaborative Biomedical Products. 

GDGD 25 Cells and the Establishment ofGEll Cells 
Thee previously described fibroblast-like GD25 cell line (Fassler et al„ 
1995)) was obtained by in vitro differentiation and immortalization of p i-
knockoutt embryonic stem (ES) cells. For the establishment of epithelial-
likee GE11 cells, (11-null FS cells were grown, injected into blastocysts, and 
transferredd into foster mice as reported earlier (Fassler and Meyer. 1995). 
Pregnantt females were killed at around embryonic day 10.5 and pl-null 
chimericc embryos removed and subsequently freed of membranes. After 
incubatingg embryos in trypsin/EDTA. they were broken up by pipetting 
embryoss repeatedly using pasteur pipettes. Cells were plated on gelatin-
coatedd tissue culture dishes overnight, infected with SV-40 large T trans-
ducingg retrovirus (Fassler et al., 1995) for 1 h at 37°C. and immediately se-
lectedd at high concentration of G418 (1 mg/ml). After 2 more days in mass 
culture,, cells were trypsini/ed, counted, and distributed over 96-well 
platess and cultured in selection medium. 10 96-well plates were prepared 
withh 3 cells/well. 10 plates with 6 cells/well, and 10 plates with 12 cells/well. 
Cellss in these 96 wells were cultured in the presence of G418. After 3 wk 
inn culture, 14 wells contained polari/ed cells which had formed small colo-
niess (GE1-GE14). They were trypsinized and expanded. Whereas 13 
cloness stopped growing during the expansion period, one clone (GE11) 
continuedd to grow and was clearly polarized. Although all cells of clone 
GE111 showed a uniform morphology, cells were recloned by limiting dilu-
tionn using 96-well plates (15 cells/plate). 12 clones were isolated and ana-
lyzedd immunohistochemieally for pi integrins and histochemically for 
lacZZ expression. All clones lacked pi integrins on the surface and stained 
stronglyy for lacZ in their cytoplasm, suggesting that GE11 cells were 
clonall  even before the limiting dilution experiment. 

GenerationGeneration of Retroviral Expression Constructs 
AA cDNA encoding full-length human pi A (nucleotides -17-3096; Ar-
gravess et al. 1987) was obtained by screening an human X-phage kerati-
noevtee library with two pi oligonucleotide probes (nucleotides -H-25 and 
nucleotidess 2357-2389) and subsequently cloned into pUC18. A Kozak 
consensuss sequence was introduced by PCR, and the Kozak-containing 
humann p iA cDNA was then ligated into the retroviral LZRS-IRES-zeo 
expressionn vector, a modified LZRS retroviral vector conferring resis-
tancee lozeocin (Kinsella and Nolan. 1996; van Leeuwen et al.. 1997). Full-
lengthh p iD was obtained bv exchanging the sequence encoding the cyto-
plasmicc domain of PIA by a p iD reverse trancription PCR product (van 
derr Flier et al.. 1995) in the LZRS-IRES-zeo retroviral vector. The IL2Ra 
encodingg sequence of the pCMV-IL2R vector (LaFlamme et al.. 1992). 
whichh was kindly provided by Dr. K. Yamada (National Institutes of 
Health.. Bethcsda. MD). was cloned into the retroviral LZRS-IRES-zeo 
vector.. The IL2R-P1A chimeric construct was obtained by cloning the 
pii  A cytoplasmic cDNA into the LZRS-iL2Ra-IRES-zeo vector. 

Mycc epitope tagged dominant negative N17Cdc42. N17Racl. N19-
RhoA.. and dominant active V12C'dc42. V14RhoA. and V12Racl were 
clonedd in the LZRS-IRES-zeo vector (van Leeuwen et al.. 1997; Stam et 

al.,, 1998). The mouse a(E)-catenin cDNA (Herrenknecht et al.. 1991) was 
kindlyy provided by Dr. R. Kemler (Max Planck Institute for Immunobiol-
ogy,, Freiburg, Germany) and was cloned in the same vector. 

RetroviralRetroviral Transduction and Cell Culture 
Phoenixx packaging cells (Kinsella and Nolan. 1996) were transfected with 
retrovirall  constructs as described previously (Stam et al.. 1998) to produce 
culturee supernatants containing virus. Then, 3 x 10*  GE11 or GD25 cells 
weree infected with virus by culturing the cells for 8 h in 1 ml of cell-free 
Phoenixx supernatant in the presence of 10 jig/ml DOTAP (Boehringer 
Mannheim).. Cells were then cultured in fresh DME medium supple-
mentedd with 10% FCS and penicillin/streptomycin (GIBCO-BRL Life 
Technologies).. Zeocin (0.2 mg/ml: Invitrogen) was added to the culture 
mediumm 48 h after transduction. 

Expressionn of the pi subunit or the IL2R-pi chimera was determined 
byy FACS" analysis. Expression of the mutant forms of Rho-like GTPases 
wass checked by immunoblotting as described previously (Michiels et al.. 
1997),, using a HRP-conjugated goat anti-mouse antibody (Amersham 
Pharmaciaa Biotech). Immunoreactive proteins were visualized using en-
hancedd chemilummescence as described by the manufacturer (Amersham 
Pharmaciaa Biotech). 

ImmunofluorescenceImmunofluorescence and Flow Cytometry 
Cellss were grown on coverslips in DME, 10% FCS. fixed in 2% paraform-
aldehydee for 15 min, and permeabilized in PBS containing 0.2% Triton 
X-1000 for 5 min. Cells were blocked in PBS, 2% BSA for 1 h. and incu-
batedd with primary antibodies for 1 h at room temperature. After washing 
inn PBS, cells were incubated in the presence of FITC- or Texas red-conju-
gatedd secondary antibodies or in the presence of rhodamine-labeled 
phalloidinn for 1 h. Preparations were then washed in PBS. mounted in 
Vectashieldd (Vector Laboratories Inc.), and analyzed with a confocal 
Leicaa TCS NT microscope. 

Forr flow cytometry and cell sorting, cultured cells were trypsinized, 
washedd twice in PBS, 2% FCS. and incubated with primary antibodies for 
455 min at 4°C. Cells were then washed in PBS, incubated with FITC-con-
jugatedd secondary antibodies for 45 min at 4°C, washed again, and ana-
lyzedd in a FACScan' using Lysys II software (Becton Dickinson) for de-
terminationn of integrin expression levels. Cells were sorted on a FACStar 
Plus""  (Becton Dickinson). 

TranswellTranswell Migration Assays and In Vitro 
WoundWound Healing 
Forr the Transwell migration assay. 3 x ID4 or 10s cells in DME.. 0.5% BSA 
weree seeded in the upper compartment of 8-u.m Transwells (Costar) pre-
viouslyy coated with 10 jig/ml fibronectin on the lower side on the filter, 
andd allowed to migrate for 2 h at 37°C. Cells in the upper chamber were 
removedd with a cotton swab and cells on the lower side of the filter were 
fixedd in methanol and stained with crystal violet. The number of cells that 
hadd migrated was counted on photographs taken from the filters. For each 
filter,, a total of three different 5-mm2 fields were photographed to obtain 
ann average cell count. 

Forr in vitro wound healing assay, cells were seeded for 2 h in DME, 
10%% FCS. After cell spreading, a cross was scratched in the cell monolayer 
too analyze wound closure and facilitate the localization of the same spot in 
time.. Cells were photographed at the indicated time points (magnification 
5(X)x). . 

DetergentDetergent Solubility Assay 
Subconfluentt cell cultures were lysed for 10 min on ice in 1% Triton X-100, 
500 mM Tris. pH 7.6. 150 mM NaCI. 2 mM EDTA in the presence of protease 
inhibitorss and the lysates were centrifuged at 14.000 g for 15 min to obtain 
thee soluble protein fraction. The pellet (the cytoskeletal, insoluble fraction) 
wass resuspended in Laemmli sample buffer. For detection of total protein 
samples,, cells were extracted with radio immunoprecipitation assay (RIPA) 
lysiss buffer. Samples were adjusted to 50 ng of total proteins, separated by 
SDS-PAGE.. and transferred to polyvinylidene difluoride membranes (Im-
mobilon-P:: Millipore). The membranes were incubated for 1 h with ant i-
pan-cadherin.. anti-a-catenin. or anti-p-catenin antibodies and then further 
incubatedd for 1 h with HRP-conjugated secondary antibodies. Immunoreac-
tivee proteins were visualized using enhanced chemiluminescence. 
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RhoA,RhoA, Racl, and Cdc42 Activity Assays 

Thee biochemical activity assays were performed essentially as described 
previouslyy (Sander et al.. 1998). For the RhoA activity assay, a glutathione 
5-tranferasee (GST) fusion protein of the Rho effector protein rhotekin 
(Reidd et al.. 1996) was employed. For the Racl and Cdc42 assavs. we used 
aa GST fusion protein of the binding domain PAK lb, which binds Cdc42 
andd Rac in the GTP-bound form only. The GST-rhotekin or GST-PAK 
precoupledd to Sepharose-glutathione beads (Amersham Pharmacia Bio-
tech)) were used to precipitate GTP-bound RhoA. Racl. or Cdc42 from 
clearedd lysates of cells. 

Forr each measurement, two T75 flasks of subconfluent GE11 or GD25 
cellss were lysed for 5 min at 4°C in 1% NP-40, 50 mM Tris. pH 7.4. 10% 
glycerol.. 100 mM NaCl. 2 mM MgCN. in the presence of protease inhibi-
tors.. Lysates were clarified by centrifugation and the appropriate GST fu-
sionn protein was added for 30 min at 4°C followed by three washes in lysis 
buffer.. The beads were boiled in Laemmli sample buffer and protein sam-
pless were separated by SDS-PAGE and transferred to polyvinvlidene di-
fluoridee membranes (Millipore). The blots were probed with anti-RhoA, 
anti-Racl,, or anti-Cdc42 antibodies and developed by enhanced chemilu-
minescence. . 

Results Results 

ExpressionExpression offilA or filD in pi-deficient Cells Induces 
thethe Disruption of Intercellular Adhesions and 
CellCell Scattering 

GE111 cells were isolated from a (51 integrin subunit 
knockoutt chimeric embryo aged 10.5 d postcoitum and 
theirr ontogeny is unclear. They grow in epithelial colonies 
(Fig.. 1), contain keratin 8. no desmoplakin. and express 
thee neural cell adhesion molecule NCAM-1. Electron micro-
scopicc studies showed that GE11 cells are polarized, have 
microvillii  at their apical surface, and organized tight junc-
tions,, but do not assemble desmosomes (data not shown). 
Together,, these observations suggest that GE11 cells are 
epitheliall  cells of neural origin, possibly the neuroepithe-

lium.. The previously described GD25 cells were obtained 
byy in vitro differentiation and immortalization of (31-
knockoutt ES cells (Fassler et al., 1995). GD25 cells have a 
moree fibroblastic phenotype than GE11 cells, although 
theyy maintain intercellular adhesions (Fig. 1). 

Wee have expressed two cytoplamic splice variants of the 
(311 integrin subunit. pi A and (31D. in GE11 and GD25 
cells,, by retroviral transduction. FACS* analysis revealed 
thatt 9()-95% of the cells express (31 at their plasma mem-
branee 24 h after the start of retroviral transduction (data 
nott shown). Stable transfectants were selected with zeocin. 
Immunoprecipitationn experiments showed that GE11 cells 
expressedd the (53 and (35 subunits in association with av 
(dataa not shown). GE11-(31A cells express several inte-
grinss of the (31 family, including a3(31, a5(31. a6(31, and 
a4(311 at low levels, but not al(31 or u2(Jl (data not shown). 

Infectionn of cells with the empty retroviral vector 
(GE11-- and GD25-control) did not alter the epithelial 
phenotypee of GE11 cells or the intercellular adhesions in 
GD255 colonies (Fig. 1). In both cell types, the expression 
off  the (31A integrin subunit resulted in disruption of cell-
celll  contacts and dissociation of cell colonies. Cells origi-
nallyy present in epithelial cell colonies separated from 
themm and assumed a morphology resembling that of mo-
tilee fibroblasts. These morphological changes were de-
tectedd as early as 24 h after the start of retroviral infection 
(Fig.. 1). Similar effects, although somewhat less pro-
nounced,, were observed after the expression into GE11 
andd GD25 cells of the muscle-specific (31D splice variant 
(Fig.. 1). The lower levels at which (31D was expressed 
(50%% of those of (31 A) probably account for this less pro-
nouncedd phenotype. 

Becausee the effect of (31 expression was most dramatic 
onn intercellular adhesions in GE11 cells, we concentrated 
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FigureFigure I. Morphological 
changess induced by the ex-
pressionn of fil A or (31D in 
GElll  and GD25 cells. GEll 
andd GD25 cells were trans-
ducedd with either the empty 
LZRSS vector (GE11-control 
andd GD25-control). the 
LZRSS vector coding lor the 
full-lengthh P1A (GEl l -p iA 
andd GD25-P1A). or full-
lengthh p lD integrin splice 
variantt (GEl l -p lD and 
GD25-plD).. Photographs of 
cellss stably expressing pi A or 
pIDD were taken by phase-
contrastt microscopy after 
zeocinn selection. 
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ourr studies on stable GE11 cells expressing plA (GE11-
pii  A). The distribution of various proteins associated with 
thee actin cytoskeleton and with intercellular adhesions was 
analyzedd in GE11 and GEl l -p iA cells (Fig. 2). In GE11-
controll  cells, actin filaments were organized in heavy 
peripherall  bundles, which ran parallel to the outer mem-
branee of cells at the periphery of the epithelial cell colo-
nies.. Actin filaments were also present in cortical bundles 
underr the plasma membrane, along cell-cell boundaries, 
andd in stress fibers at the cell basis, where they were at-
tachedd to the plasma membrane at sites of focal contacts 
(Fig.. 2). In GEll-piAcells, peripheral bundles of actin fil -
amentss were absent and stress fibers crossed the entire 
cell.. Intercellular staining of cadherins, typical of epithelial 
cells,, was observed in GEll-control cells, and no staining 
wass found at the free cell border at the periphery of colo-
niess (Fig. 2). a-, p-, and -y-catenins had a similar localiza-
tionn (data not shown). In contrast, cadherins and catenins 
weree more diffusely distributed over the membrane of 
GEl l -p iAA cells, and although there were some residual 
adherenss junctions at high confluency, these proteins were 
alsoo found in regions of the plasma membrane that were 
nott in contact with other cells (Fig. 2, medial plane). In 
GEll-controll  cells, vinculin was found in regions of cell-
celll  contacts, where it was colocalized with cadherins (Fig. 
2,, medial plane). In contrast, although GE11-piA cells de-
velopedd cell-cell contacts at high confluency. vinculin and 
cadherinss were not colocalized in these cells (Fig. 2, me-
diall  plane). Using interference reflection microscopy, we 
foundd that the number and size of focal contacts were dif-
ferentt in GEll-control and GEl l -p iA cells (data not 
shown),, and this was confirmed by the distribution of vin-
culinn (Fig. 2, basal plane) and talin (data not shown) at the 
basall  surface of the cells. Typically, focal contacts were 
smalll  and numerous in GEll-control cells, and distributed 
overr the entire basal cell surface. However, at the periph-
eryy of the colonies they were more concentrated at the 
outerr region of the cell, thus forming a characteristic inter-
ruptedd ring-like structure. In GEl l -p iA cells, focal con-
tactss were thick, and appeared to be arranged in long 
streakss frequently found at the end of actin stress fibers 
(Fig.. 2). In confluent GE11-piA cells, focal contacts were 
alsoo found between two cells and sometimes on their api-
call  surface, as seen by staining for talin and vinculin. Elec-
tronn microscopic analysis revealed that this was likely to 
bee due to the presence and assembly of secreted ECM 
proteinss between cells and on their apical surface (data 
nott shown). Another specialized membrane domain in-
volvedd in intercellular adhesion of epithelial cells is the 
tightt junction. A marker of tight junctions is ZO-1, but in 
celll  types lacking these structures, such as fibroblasts or 
cardiacc muscle cells, ZO-1 is colocalized with cadherins at 
adherenss junctions (Yonemura et al„  1995). Upon expres-
sionn of the plA integrin subunit. ZO-1 became redistrib-
utedd from tight junctions to the adherens junctions formed 
byy GEl l -p iA cells at high confluency (Fig. 2). This re-
localizationn was correlated with the transition from po-
larizedd epithelial cells to fibroblast-like cells. Another 
markerr of tight junctions, occludin, was also found at the 
apicall  lateral border of GE11 cells, and became diffusely 
distributedd in GEl l -p iA cells (data not shown). Further-
more,, EM showed that tight junctions present in GE11-

GE11-controll GE11-01A 

FigureFigure 2. Distribution of F-actin and various adhesion structures 
inn GEll-control and GEll-piA cells. Cells were grown for 2 d 
onn glass coverslips. and after fixation and Triton X-100 permeabi-
lization,, stained as indicated for F-actin with rhodamine-labeled 
phalloidinn or double-stained for plA and F-actin, vinculin and 
cadherin.. vinculin and F-actin. and ZO-1 and F-actin. Cells were 
visualizedd by confocal laser-scanning microscopy. Basal and me-
diall  focus planes are as indicated. Bar. 20 (im. 

controll  cells were no longer present in GEl l -p iA cells 
(dataa not shown). 

Finally,, we have found that pi and the endogenous p3 
integrinn subunits were both present in focal contacts 
formedd by GEl l -p iA cells in the presence of FCS (data 
nott shown). 
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Inn conclusion, these results show that the expression of 
thee pi integrin subunit in GE11 cells induces a reorganiza-
tionn of the actin cytoskeleton and of focal contacts, accom-
paniedd by the disruption of both cadherin-based inter-
cellularr adhesions and tight junctions in epithelial cell 
colonies.. However, adherens junctions of the type formed 
byy fibroblasts (Yonemura et al., 1995) can assemble in the 
presencee of (31 integrins at high cell confluency. 

DisruptionDisruption of Intercellular Adhesions and Cell 
ScatteringScattering Is Dependent on pi 
Integrin-LigandIntegrin-Ligand Interactions 

Whenn GE11 cells were cultured on plastic in the presence 
off  FCS, the mere expression of the pi subunit was suffi-
cientt for inducing the disruption of intercellular adhesions 
andd the dissociation of cell colonies. Because GEll-pJIA 
cellss express several integrins that can bind to fibronectin 
andd vitronectin present in FCS, we investigated whether 
thee change in morphology was due to the expression of (31 
orr whether it was triggered by the interaction of (31 inte-
grinss with their ligands. Although GE11-(31A cells ex-
pressedd the laminin receptor a6(31, we have generated 
GE111 cells expressing a6(31 at higher levels by coexpres-
sionn of the human a6 integrin subunit in GEll-plA cells 
andd by further selection by F ACS®. The overexpression of 
a66 in GEll-a6|31A cells resulted in a strong decrease of 
thee percentage of cells expressing the fibronectin receptor 
a5(311 as well as in a decrease of its average expression lev-
elss (Fig. 3 A), probably because <x6 associated with most 
off  the available (31 subunit. Although these cells could 
spread,, they poorly scattered and developed strong cell-
celll  adhesions when cultured on fibronectin (Fig. 3 B), 
suggestingg that the expression of all fibronectin-binding (31 
integrinss (a5(31 as well as av(31) was reduced. However, 
scatteringg was induced when they were cultured on lami-
nin-coatedd dishes (Fig. 3 B). Together, these results indi-
catee that the interaction of (31 integrins with their ligand is 
requiredd for the disruption of cadherin-based cell-cell ad-
hesionn and cell scattering. They also show that several in-
tegrinss of the (31 family, which bind to various ECM pro-
teinss (a5(31 or av(31 to fibronectin. and a6(31 to laminin). 
cann trigger the described morphological transition. 

ExpressionExpression oflL2R-fllA  Chimera Induces the 
DisruptionDisruption of Cadherin-based Cell-Cell Adhesions and 
RemodelsRemodels Focal Contacts 

Thee localization of a particular integrin in focal contacts is 
regulatedd by its a subunit and requires the binding of the 
integrinn to ligand (Briesewitz et al.. 1993). In contrast, 
whenn chimeric molecules containing the extracellular and 
transmembranee domains of the human IL2R and the cyto-
plasmicc domain of the (31A integrin subunit were ex-
pressedd at relatively low levels, they were colocalized with 
endogenouss integrins in focal contacts and were able to 
transducee signals leading to the phosphorylation of the fo-
call  adhesion kinase (LaFlamme et al., 1992; Akiyama et al.. 
1994).. These properties indicate that IL2R-(31 chimerae 
mimicc endogenous ligand-occupied integrins. We have an-
alyzedd the effects of an IL2R-(31A chimera on the mor-
phologyy of GE11 cells. Fig. 4 shows that expression of the 
IL2RR alone did not either alter the morphology of GE11 
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FigureFigure .?. Scattering of GE11 cells is dependent on [31 integrin-
ligandd interaction. (A) Expression of [31, a5. and a6 integrin sub-
unitss in GE11-[31 and GE1 l-a6(31 cells overexpressing the a6(31 
integrin.. as determined by FACS® analysis. Both the percentage 
off  cells expressing the different subunits and their expression lev-
elss in positive cells in mean fluorescence (arbitrary units) are in-
dicated.. (B) Phase-contrast microscopy of GE1I-Q6(3I grown on 
plasticc in the presence of FCS (FN/VN) or on laminin-1 substra-
tumm (LN-1). 

celll  colonies or cause any changes in the subcellular distri-
butionn of actin, a-catenin, or ZO-1 (Fig. 4, upper panels). 
Expressionn of the IL2R-(31 A chimera, on the contrary, in-
ducedd the disruption of most intercellular adhesions. A 
feww small epithelial-like colonies remained and cell-cell 
adhesionss had a tendency to reform, although they did not 
appearr to be as stable as those between GEll-control 
cells.. IL2R-piA expression induced an alteration of the 
peripherall  bundles of actin filaments and changes in the 
localizationn of cadherins. catenins, and ZO-1 (Fig. 4, lower 
panels),, similar to the full-length pi A subunit. In addition. 
thee IL2R-P1A chimera promoted cell spreading and in-
ducedd a redistribution of vinculin: the ring of focal adhe-
sionss at the periphery of the colonies was no longer assem-
bledd in GEI 1-IL2R-P1A cells and was replaced by thick 
andd long streaks of vinculin at the base of cells. The arrows 
inn Fig. 4 indicate vinculin-positive rings in cells in which 
IL2R-P1AA was not expressed. In cells expressing IL2R-
piA ,, the chimera was colocalized with vinculin (Fig. 4) 
andd the endogenous p3 subunit (data not shown) in focal 
contacts.. Together these results indicate that IL2R-P1A 
inducess both the disruption of intercellular adhesions and 
thee reorganization of the cytoskeleton. thus mimicking the 
effectss of full-length pi A. Whether IL2R-P1A is primarily 
incorporatedd into p3-containing. preexisting focal adhe-
sionss and induces their remodeling, or whether it partici-
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GE11-IL2R R 

GE11-IL2R-P1A A 
FigureFigure 4. Expression of 
IL2R-plAA induces the disrup-
tionn of cadherin-based inter-
cellularr adhesions, and in-
creasess the size of focal 
contactss in GE11 cells. Stably 
transducedd GE11-IL2R and 
GEll-IL2R-plAA cells were 
grownn for 2 d on glass cover-
slips,, and after fixation and 
Tritonn X-100 permeabiliza-
tion,, analyzed by double 
immunofluoresencee for the 
expressionn of either 1L2R to-
getherr with F-actin (revealed 
byy staining with rhodamine-
phalloidin),, a-catenin, vincu-
lin,, or cadherin. or for the ex-
pressionn of ZO-1 together 
withh F-actin. Arrows indicate 
!L2R-piA-negativee cells that 
exhibitt a vinculin-positive 
ringg of focal contacts. Bars. 
200 u.m. 

patess in the formation of new adhesion structures into 
whichh (33 is eventually recruited will be discussed. 

TheThe Expression of/31, but Not That ofIL2R-jH, 
EnhancesEnhances Cell Migration 

Too quantify potential changes in the motility of GE11-
(31AA cells as compared with that of GE11-control cells, we 
havee performed migration experiments using fibronectin-
coatedd Transwells. As shown in Fig. 5 A, although GE11-
controll  cells are able to migrate to some extent on this 
substrate,, the expression of B1A strongly increased cell 
motility.. The expression of IL2R-B1A failed to enhance 
celll  migration in any of the conditions tested. 

Inn addition, we tested random cell migration using an in 
vitroo wound healing system. Fig. 5 B shows that GE11-
(31AA cells spread fast when grown under standard condi-
tionss on plastic, and that they migrate into the introduced 
wound.. GE11 -(31D cells showed similar migration kinetics 
(dataa not shown). In contrast, GE11-control cells main-
tainedd stronger cell-cell adhesions and spread and mi-
gratedd more slowly. 

Together,, these results show that the motility of GE11-
(311 cells is increased. The fact that IL2R-B1A is sufficient 
too trigger the disruption of intercellular adhesions, al-
thoughh it does not increase cell motility, indicates that cell 
migrationn is not simply the cause of the disruption of cell-
celll  adhesions. 

ExpressionExpression of /31 Integrins in GE11 Cells Induces a 
DecreaseDecrease in Cadherin and a-Catenin Protein Levels and 
TheirTheir Redistribution to the Detergent-soluble Fraction 

Becausee the expression of (31 integrins altered the integ-
rityy of intercellular adherens junctions, we compared the 
cadherinn and a- and (3-catenin protein levels as well as 
theirr detergent solubility in GE11-control, and GE11-B1A 
andd -(3ID cells. Immunoblotting of total cellular proteins 
revealedd that GE11-B1A cells contained smaller amounts 
off  cadherin and a-catenin than their control counterparts 
(Fig.. 6). The amount of B-catenin also appeared to be re-
ducedd in GE11-B1A and GEH-B1D cells, but to a lesser 
extentt than the amounts of cadherin and a-catenin. Re-
sultss of a detergent solubility assay, using 1% Triton X-100. 
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FigureFigure 5. (A) Expression of pi A, but not that of IL2R-01A, en-
hancess GE11 cell migration through fibronectin-coated Trans-
welll  filters. Fibronectin was coated on the lower side of the filter. 
andd 3 X 104 or 10s cells were seeded in the upper compartment of 
thee Transwell, after which cells were allowed to migrate for 2 h. 
Cellss that remained on the upper side of the filter were removed 
byy washing, and cells that had migrated to the lower side of the 
filterr were fixed and stained with crystal violet. Cells were 
countedd on photographs taken from three different fields (5 
mm2)) and the results were averaged. Error bars represent SEMs. 
(B)) Scratch assay of GEll-control and GEl l -p lA cells. Cells 
weree seeded at high density on plastic under standard culture 
conditionss for 2 h. Subsequently, a cross was scratched to facili-
tatee the marking of the cells. Phase-contrast micrographs were 
takenn at the indicated timepoints. The white bars represent the 
progressionn of migrating cells. 
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FigureFigure 6. Expression of cadherin, a-, and p-catenin and their as-
sociationn with the cytoskeleton is reduced in GEll-fSIA and 
GEll-fJlDD cells as compared with that in GEll-control cells. 
Cadherinn and catenin Triton X-100 solubility was assayed on im-
munoblotss containing proteins (50 u.g protein) from total cell ly-
satess and from 1% Triton X-100-soluble (S) and -insoluble (I) 
fractionss of GEll-control, GEll-fJlA, and GE l l -p iD cells. 
Immunoblotss were probed for pan-cadherin, a-catenin. and 
p-catenin. . 

indicatedd that the ratios between the insoluble and soluble 
fractionss of cadherin and a-catenin were reduced in GE11-
B1AA cells as compared with GEl l -con t rol cells. Thus, 
smallerr amounts of these two proteins are associated with 
thee detergent-insoluble cytoskeletal fraction in G E l l - p l A 
cells.. Although the amount of p-catenin is reduced in 
G E l l - p l AA cells, its distribution in the cytoskeletal and 
solublee fractions is apparently not affected by pi expres-
sion.. This might be due to the existence of a detergent-
insolublee pool of p-catenin in the nucleus of G E l l - p l A 
cells,, although we could not confirm this hypothesis by im-
munofluorescence. . 

Thesee results indicate that pi integrins might cause the 
disruptionn of intercellular adhesions by inducing a down-
regulationn of cadherin and/or catenin function. Moreover, 
immunofluorescencee studies performed on cells that were 
firstt permea'oilized in Triton X-100 and subsequently fixed 
inn paraformaldehyde showed stainings for cadherins and 
cateninss similar to those obtained with paraformaldehyde-
fixedd cells without prior solubilization (data not shown). 
Thiss suggests that the redistribution of cadherins and a-cat-
eninn from the Triton-insoluble to the -soluble fraction 
uponn pi expression is due to a reduced number of cell-cell 
adhesionss rather than a decrease in their rigidity. 

OverexpressionOverexpression ofa-Catenin in GE11 Cells Prevents 
thethe Morphological Change Induced by jil  Integrins 

Byy providing a link between cadherin complexes and the 
cytoskeleton,, a-catenin plays a major role in the establish-
mentt and maintenance of cadherin-based adhesions (Rö-
diger,, 1998). Moreover, a-catenin has been implicated in 
thee formation of tight junctions (Watabe-Uchida et al„ 
1998).. Because we have found that both the protein level 
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FigureFigure 7. Overexpression of 
a-cateninn prevents the mor-
phologicall  change induced by 
(311 integrins. (A) Immunoblot 
analysiss showing the levels of 
a-,, 3-catenin, and cadherins 
inn cell lysates {50 jxg protein) 
preparedd from GE11 control 
cells,, three GEll-a-catenin 
celll  clones stably expressing 
pii  A (GE clones 3, 4, and 9), 
andd GE11(31 A cells. (B) Cell 
surfacee expression of pi on 
thee same cells as above. Flow 
cytometryy analysis of cells 
wass carried out with the TS2/ 
166 anti-pl mAb, followed by 
incubationn with FITC-conju-
gatedd anti-mouse IgG. (C) 
Phase-contrastt microscopy of 
GE11-a-catenin-pp 1A cell 
clones.. Clones 3 and 9 exhibit 
ann epithelial phenolype. 
whereass clone 4 appeared 
moree fibloblast-like. (D) 
Double-immunofluorescence e 
stainingg of GEll-clone 9 
cells.. Cells were fixed and im-
munostainedd for pi A and 
F-actinn and for vinculin and 
cadherin.. Basal and medial 
focall  planes are as indicated. 
Bar.. 20 \im. 

andd the detergent solubility of a-catenin were affected by 
pii  integrins in GE11 cells, we have investigated the role of 
thiss protein in the pl- induced phenotypic changes. First, 
a-cateninn was retroviratly overexpressed in GE11 cells 
(GE l l - a - ca ten inn cells). The effect of subsequent pi ex-
pressionn in GE l l - a - ca ten in cells was less pronounced 
thann in GE11 cells or in cells previously transduced with 
thee empty LZRS vector. Several clones were isolated in 
whichh the expression of pi and a-catenin was analyzed by 
FACS'' and immunoblotting, respectively. Fig. 7 shows the 
resultss obtained with three of them. The expression levels 

off  a-catenin were higher in GEl l -con t rol cells and in cells 
fromm clones 3. 4, and 9, than in GE11-pi A cells (Fig. 7 A) . 
Inn addition, p-catenin and cadherin protein levels were 
greaterr in GE11-coj i t rol cells and in the three G E 1 1-
a-ca ten in -p lAA clones than in G E l l - p l A cells. Thus, 
whenn a-catenin is overexpressed in GE11 cells, protein 
levelss of p-catenin and cadherin are not decreased by the 
expressionn of pi integrins. 

Althoughh the surface expression levels of pi integrins in 
cloness 3 and 9 were similar to those in G E l l - p l A cells 
(Fig.. 7 B). cells from these clones remained clustered in 
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epitheliall  cell colonies (Fig. 7 C), indicating that overex-
pressionn of a-catenin prevented the pi-induced morpho-
logicall  change. In spite of pi expression, cells from clone 9 
exhibitedd the peripheral bundles of actin filaments and the 
vinculin-positivee ring found in GEll-control cells but not 
inn GEl l -p iA cells. In addition, these cells presented well-
developedd intercellular adhesions containing both vinculin 
andd cadherins (Fig. 7 D). However, results obtained with 
clonee 4 showed that a further increase of (31 levels could 
overcomee the inhibitory effect of a-catenin and allow cell 
scattering. . 

Thesee results suggest that there is a tight balance be-
tweenn intercellular adhesion and pi-mediated attachment 
too ECM proteins, which can be regulated at the level of 
a-catenin. . 

ExpressionExpression of fil  Integrins Induces Activation ofRhoA 
andand Racl 

Smalll  G proteins of the Rho family are involved in the reg-
ulationn of the actin cytoskeleton, the turnover of focal ad-
hesions,, in cell migration, and in the assembly of intercel-
lularr adhesions (Mackay and Hall. 1998). Therefore, we 
havee studied their role in the cell scattering induced by (31 
integrins.. GST-rhotekin and GST-PAK fusion proteins 
weree used to precipitate the active form (GTP-bound) of 
RhoA,, and of Racl and Cdc42, respectively, from cell ly-
satess of stably transfected GE11 cells expressing either 
(31A.. (31D, IL2R. or IL2R-(31A. The total amounts of 
GTPasess (guanosine diphosphate (GDP)- and GTP-bound) 
weree measured in parallel in the same lysates. Increased 
amountss of GTP-RhoA were precipitated from the lysates 
off  cells expressing either (31A or pi D, when compared with 
vectorr controls (Fig. 8). Experiments performed with trans-
ducedd GD25 cells confirmed the activation of RhoA by 
(31A,, and to a lesser extent, by the [31D integrin splice vari-
ant.. Similarly, the expression of either splice variant of the 
(311 integrin subunit induced the activation of Racl in both 
GE111 and GD25 cells. Fig. 8 also shows that the activation 
off  RhoA and Racl mediated by IL2R-(31A was less effi-
cientt than that observed with full-length (31 A. Finally, in 
contrastt to RhoA and Racl, the activity of Cdc42 was not 
significantlyy increased upon expression of pi integrins. 
Thesee data demonstrate that expression of either the pi A 
orr the piD integrin splice variant activates RhoA and Racl 
inn both GE11 and GD25 cells. 

DominantDominant Negative Mutants of Small G Proteins of the 
RhoRho Family Inhibit and Reverse the jil-Induced 
PhenotypicPhenotypic Changes and Migration 

Next,, we investigated whether the activation of RhoA and 
Racll  is required for the phenotypic conversion induced by 
pii  integrins. We first transduced dominant negative mu-
tantss of RhoA, Racl, and Cdc42 in GE11 cells, and 2 d 
later,, we introduced piA. Because the same retroviral 
vectorr was used for both proteins, the clones expressing 
piAA could not be selected with antibiotics. Therefore, we 
isolatedd the cells expressing pi at high levels by FACS® 
analysiss and sorting. In the second step, several individual 
cloness were isolated from this pl-positive cell population. 
Thee expression of both N17Racl (Fig. 9 A) and pi (data 
nott shown) was finally measured in these clones. We show 
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FigureFigure 8. Expression of pi integrins in GE11 and GD25 cells ac-
tivatess RhoA and Racl but not Cdc42. Lysates of GE11 and 
GD255 cells expressing either the control vector alone, pi A, piD. 
IL2R.. or IL2R-P1A were incubated with GST-rhotekin fusion 
proteinn for the RhoA assay, or with GST-PAK fusion protein for 
thee Racl and Cdc42 assays. The presence of active. GTP-bound 
RhoA.. Racl. or Cdc42 was analyzed by immunoblotting. Total 
amountss of RhoA. Rac l, and Cdc42 were determined in total cell 
lysates. . 

thatt even when pi was strongly expressed at the cell sur-
face,, substoichiometric amounts of N17Racl inhibited the 
disruptionn of cell-cell adhesion and cell scattering (Fig. 9 
B).. It has been reported previously that amounts of RhoA 
orr Racl mutants well below those of endogenous RhoA 
andd Racl levels caused changes in the cellular organi-
zationn (Jou and Nelson. 1998), presumably because 
theirr ability to rapidly bind and dissociate from guanine-
exchangee factors is impaired by the mutation. The pi-pos-
itivee clones that displayed a more fibroblast-like pheno-
typee did not express N17Racl at detectable le-'els (data 
nott shown). Fig. 9 C shows that N17Racl was associated 
withh the entire plasma membrane of GE1 l-N17Racl-piA 
cells,, but that it was especially concentrated in regions 
off  cell-cell contacts. Cadherins and catenins remained 
presentt in intercellular junctions (Fig. 9 C). Pictures taken 
att both the basal and medial plane of the cell show that the 
piAA subunit was found in both focal contacts and in re-
gionss of cell-cell contacts (Fig. 9 C). This indicates that 
N17Racll  prevented pi-mediated disruption of cadherin-
basedd adhesion and further scattering. 

Wee have not been successful in isolating GE11 clones 
expressingg detectable levels of dominant negative forms of 
RhoAA and Cdc42. probably because these constructs have 
aa toxic effect. This was most obvious for N19RhoA. of 
whichh expression induced cell rounding and detachment 
22 d after the retroviral transduction. Therefore, we fol-
lowedd another approach in which the dominant negative 
mutantss were expressed subsequently to the pi integrin 
subunit.. All three RhoA, Racl, and Cdc42 mutants inhib-
itedd cell scattering, but the morphology of the cells in the 
coloniess was different from that of untransfected GE11 
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FigureFigure 9. Dominant negative Racl (N17Racl) prevents the dis-
ruptionn of intercellular adhesions and cell scattering induced by 
(311 integrins. (A) Total amounts of endogenous Racl in GE11-
control,, GE11-31A, and of Racl and N17Racl in GE11-
N17Racl-(31AA cells were determined by immunoblotting. Blots 
weree probed with anti-Racl mAb. The open arrow indicates 
myc-N17Racll  and the closed arrow indicates endogenous Racl. 
(B)) Phase-contrast microscopy of GE1 l-N17Racl-|31A cells. (C) 
Immunofluorescencee staining of GEll-N17Racl-(31A cells for 
expressionn of myc epitope-tagged N17Racl, (3-catenin, and (31 in-
tegrins.. Basal and medial focal planes are as indicated. Bar. 20 pun. 

cellss (Fig. 10 A). In particular, the morphology of the cells 
inn which N17Racl had been expressed after pi was clearly 
differentt from that of the cells that were first retrovirally 
transducedd with N17Racl (compare with Fig. 9 B). The 
expressionn of all three mutants N19RhoA. N17Racl, and 
N17Cdc422 in GE11 cells subsequent to (31 correlated with 
thee localization of cadherins (data not shown), a-catenin, 
andd vinculin at cell-cell junctions (see Fig. 10 B for the 
GEll-|31A-N17Rac).. The inhibition of cell scattering 
wass directly dependent on the amount of dominant nega-
tivee GTPases: cells expressing N19RhoA, N17Racl, or 
NN 17Cdc42 at high levels formed islands, whereas cells with 
loww expression levels maintained a fibroblastic morphol-
ogyy and remained scattered (Fig. 10 B). As a control, im-
munofluorescencee staining for (31 (Fig. 10 B) and FACS® 
analysiss (data not shown) demonstrated that the inhibition 
off  cell scattering by dominant negative mutants of the 

Rho-likee GTPases was not due to a decrease in the lev-
elss of surface expression of (31 integrins. Finally, we 
havee found that both N17Racl and N17Cdc42, but not 
N19RhoA,, were enriched at cell-cell contacts (Fig. 10 A). 
Thiss localization of N19RhoA (Jou and Nelson, 1998) and 
N17Racll  (Takaishi et al., 1997; Jou and Nelson, 1998) in 
epitheliall  cells has been described previously. 

Itt is now well-established that RhoA plays a role in actin 
stresss fiber and focal contact formation (Mackay and Hall, 
1998).. As expected, strong expression of N19RhoA inhib-
itedd the formation of actin stress fibers in GE11 cells (Fig. 
11).. Moreover, in those cells that developed stable inter-
cellularr adhesions, vinculin remained diffusely distributed, 
indicatingg that focal contact formation is inhibited by 
N19RhoAA (Fig. 10, lower panel). These results suggest 
thatt under conditions in which the formation of stress fi-
berss and focal contacts is inhibited by N19RhoA, GE11-
(31AA cells can still form intercellular adhesions. 

Too determine whether the activation of Racl or RhoA 
byy pi integrins was sufficient for inducing the morphologi-
call  change, dominant active mutants of RhoA (V14RhoA) 
orr Racl (V12Racl) were retrovirally expressed in GE11 
cells.. Although V14RhoA cells appeared to be more con-
tractedd and V12Racl cells displayed larger lamellipodia, 
neitherr of the constitutively active mutants separately nor 
whenn they were combined induced cell scattering (data 
nott shown). Taken together, these results suggest that 
Rac,, RhoA, and Cdc42 are required but not sufficient for 
thee morphological changes induced by the expression of 
thee piA integrin subunit. 

Discussion Discussion 

Inn this study we have shown that the expression of either 
(31AA or (31D integrin splice variants in two different (31-
deficientt cell lines, GE11 and GD25 cells, induces the dis-
ruptionn of intercellular adhesions followed by cell scatter-
ing.. This phenotypic conversion, which depends on the 
interactionn of pi integrins with their respective ligands, is 
accompaniedd by the reorganization of the actin cytoskele-
tonn and of focal contacts, and an increased ability of cells 
too migrate. However, loss of cell-cell adhesions and the re-
organizationn of the cytoskeleton does not require cell mi-
gration,, since the expression of an IL2R-P1A chimera had 
bothh these effects on cell morphology without stimulating 
celll  motility. 

Disruptionn of cell-cell adhesions by pi integrins was 
correlatedd with a decrease in cadherin and ct-catenin pro-
teinn levels and with their redistribution from the cytoskel-
eton-associatedd fraction to the soluble fraction. When the 
levelss of a-catenin were increased in GE11 cells by retro-
virall  transduction, the pi-induced phenotypic changes did 
nott occur, suggesting an important role for this catenin in 
thee regulation of cadherin-based adhesions by pi inte-
grins. . 

Wee have also found that the activity of RhoA and Racl, 
butt not that of Cdc42. was enhanced upon expression of 
plA ,, piD, or IL2R-P1A in both GE11 and GD25 cells. 
Thesee findings suggest that activation of these two Rho-
likee GTPases by pi integrins contributes to the loss of 
cell-celll  adhesions. Indeed, expression of either N17Racl 
orr N19RhoA prevented the morphological transition in-
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FigureFigure 10. Expression of 
dominantt negative mutants 
off  Cdc42 (N17Cdc42), Racl 
(N17Racl).. or RhoA 
(N19RhoA)) in GE11-(31A 
cellss inhibits cell scattering 
andd partially restores cad-
herin-basedd cell-cell adhe-
sions.. (A) Phase-contrast 
andd fluorescence micro-
graphss of GEl l -p iA cells 
expressingg either N17Cdc42, 
N17Racl.. or N19RhoA. 
Cellss were photographed 3 d 
afterr infection. Double-immu-
nofluorescencee staining of 
cellss was for myc-tagged 
N17Cdc42,, N17Racl. "and 
N19RhoAA using anti-myc 
mAbb and rhodamine-phalloi-
dinn for detection of F-actin 
distribution.. (B) Double-
immunofluorescenccc stain-
ingg of GEll-plA-N17Racl 
cells.. GE11-01A cells were 
grownn on coverslips and 
N17Racll  was introduced by 
retrovirall  transduction. 3 d 
afterr infection, cells were 
fixedd and analyzed by dou-
ble-immunfluorescncee for 
expressionn of myc-tagged 
N17Racll  together with ei-
therr vinculin. (51 A. or a-cate-
nin.. Basal and medial focal 
planess are as indicated. Ar-
rowss indicate the localization 
off  vinculin or (31 in N17Racl-
positivee cells. Bar, 20 u.m. 

ducedd by pi integrins. However, additional pi-induced in-
tracellularr signals are required for the phenotypic change, 
sincee constitutively active mutants of' cither RhoA or Racl 
orr both could not induce the disruption of cell-cell con-
tactss in GE11 cells. 

EffectsEffects of the Interaction of/31 Integrins with Their 
RespectiveRespective ECM Ligands 

Thee pi-deficient GD25 cells, which have been described 
previouslyy as fibroblast-like cells (Wennerberg et al.. 
1996).. develop intercellular adhesions but scatler upon ex-
pressionn of the pi integrin subunit. GE11 cells, on the 
otherr hand, displayed several features of a simple epithe-
lium,, including their morphology, polarization, the pres-
encee of apical microvill i and tight junctions, and the ex-
pressionn of keratin-8. Both adherens and tight junctions 
weree disrupted upon the expression of full-length pi A. 
Thee interaction of pi integrins with their ECM ligand ap-

pearedd to be required for the disruption of cell-cell adhe-
sions,, since GE11 cells expressing a6pi a s t h e m a j o r pl in-
tegrin,, scattered only when laminin-1 was provided as a 
substrate. . 

Thee 1L2R-P1A chimera is distributed to focal contacts, 
triggerss phosphorylation signals independently of binding 
too the ligand. and functions as a constitutively active inte-
grinn when expressed at relatively low levels (LaFlamme et al.. 
1992,, Akiyama et al„  1994). The expression of IL2R-P1A 
inn GE11 cells caused the disruption of intercellular adhe-
sionss and a dramatic reorganization of the ECM cell adhe-
sionn structures, similar to those induced by the intact pi 
subunit.. The characteristic ring of focal contacts at the pe-
ripheryy of the colonies of GE11 cells was replaced by more 
prominent,, streak-like focal adhesions in which 1L2R-P1A 
wass colocalized with p3 integrins. The incorporation of 
IL2R-P1AA into preexisting. p3-containing focal contacts, 
mightt lead to the recruitment of larger amounts and/or 
otherr cytoskeletal proteins, ultimately causing the remod-
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FigureFigure 11. Loss of actin stress fibers and focal 
contactss in GEll-plA cells expressing N19-
RhoA.. Double-immunofluorescence staining of 
GE11-01AA cells, 3 »̂ d after N19RhoA retroviral 
transduction.. Cells were fixed and double-
stainedd for either myc-tagged N19RhoA (upper 
panels)) or vinculin (lower panels) with F-actin. 
Notee that the cluster of four cells in the upper 
panelss that express N19RhoA at high levels does 
nott exhibit actin stress fibers, in contrast to the 
cellss expressing no or little N19RhoA. The clus-
terr of seven cells shown in the lower panels dis-
playss no vinculin-positive focal contacts. Basal 
andd medial focal planes are as indicated. Bar, 
200 u.m. 

elingg of these adhesion structures. However, it is also pos-
siblee that IL2R-B1A participates in the formation of com-
plexess of cytoskeletal proteins at the basal membrane in a 
ligand-independentt manner. (33 integrins could eventually 
bee incorporated in these complexes and stabilize them by 
interactionss with ECM proteins. Such ligand-independent 
formationn of cytoskeletal complexes by the cytoplasmic 
domainn of integrins have been reported previously (Mar-
tin-Bermudoo and Brown, 1996; Homan et al., 1998; Nie-
verss et al., 1998). Although the expression of IL2R-B1 A led 
too the disruption of intercellular adhesions, it did not pro-
motee cell migration, probably because the ligand-binding 
domainn of the Bl integrin subunit is not present in the chi-
mera.. This indicates that the disruption of cell-cell adhe-
sionn is not merely the consequence of the stimulated cell 
migration. . 

Inn many epithelial cells, and in particular those forming 
desmosomes,, the mere expression of Bl integrins is not 
sufficientt to induce cell scattering. However, it has been 
shownn previously that specific ECM-integrin interactions 
mayy lead to such changes in MDCK cells (Sander et al., 
1998).. In addition, EMT, which occurs during normal de-
velopmentt and in epithelial tumorigenesis, is often corre-
latedd with an increase in the expression of Bl integrins and 
functionall  studies using inhibitory antibodies or chimeric 
proteinss containing the cytoplasmic domain of Bl have in-
dicatedd a role for these receptors in EMT (Monier-Gav-
ellee and Duband, 1997; Weaver et al., 1997; Faraldo et al., 
1998;; Ki l et al., 1998). We show here that expression of the 
Bll  integrin subunit induces an EMT-like transition in 
GE111 cells. However, it is likely that Bl integrins are in-

volvedd in some but not all stages of EMT, because keratin 
8,, an epithelial marker, remained expressed in GE11-01 
cells,, whereas vimentin, a mesenchymal marker, was ex-
pressedd in both GEll-control and GE11-B1 cells (data not 
shown). . 

Monier-Gavellee and Duband (1997) have suggested pre-
viouslyy that Bl integrins are not involved in the regulation 
off  cadherin activity during EMT of neural crest cells. 
Rather,, they might potentiate avB3-mediated cell migra-
tionn by an unknown mechanism. In contrast, our results 
suggestt a requirement for Bl-mediated effects for the reg-
ulationn of cadherin activity, at least in some cell types. 
avB33 has been shown previously to be involved in cell mi-
gration,, and it is not clear why it does not efficiently sup-
portt the motility of GE11 cells, given the strong homology 
betweenn the cytoplasmic domains of Bl and B3 subunits. 
Onee possibility could be that the surface levels of avB3 are 
tooo low to induce migration. 

WhatWhat Are the Molecular Mechanisms Responsible for 
thethe Disruption of Intercellular Adhesions Induced by fil 
IntegrinIntegrin  Clustering? 

Ourr results suggest that a decrease in cadherin and a-cate-
ninn protein levels, together with their redistribution from 
thee cytoskeleton-associated, Triton X-100-insoluble to the 
-solublee fraction play a major role in the Bl-induced phe-
notypicc changes. This was further supported by our finding 
thatt high levels of a-catenin expressed by retroviral trans-
ductionn could inhibit cell scattering. Cadherin protein lev-
elss were increased in GEll-a-catenin-BIA cells as com-
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paredd with those in GEl l -p iA cells, probably because 
overexpressionn of a-catenin stabilizes cadherin-based ad-
hesionss and prevents protein degradation. In addition, be-
causee a-catenin is also involved in the formation of tight 
junctionss between epithelial cells (Watabe-Uchida et al., 
1998),, its downregulation by pi integrins might be respon-
siblee for the disassembly of these structures between 
GE111 cells. 

Althoughh our results clearly show that intercellular ad-
hesionss can be regulated by pi integrins via a-catenin, the 
molecularr mechanisms of this regulation remain to be elu-
cidated.. Integrin ligation triggers multiple intracellular 
events,, among them the activation of various protein ki-
nasess (Howe et al.. 1998). Although the physiological rele-
vancee of catenin phosphorylation in the regulation of ad-
herenss junction has been questioned previously (Takeda 
ett al.. 1995), other studies have shown that changes in cate-
ninn phosphorylation correlated with the regulation of cad-
herin-basedd adhesions (for reviews see Daniel and Rey-
nolds,, 1997; Monier-Gavelle and Duband, 1997: Serres et al., 
1997;; Calautti et al., 1998: Ozawa and Kemler, 1998: Soler 
ett al., 1998). We have not observed any changes in the ty-
rosinee phosphorylation of catenins in GEl l -plA stable 
transfectantss versus GEll-control cells (our unpublished 
data).. Phosphorylation generally occurs on 0- and -y-cat-
eninss and not on a-catenin, leading to their dissociation 
fromm the cytoskeleton. However, if the disruption of inter-
cellularr adhesions by pi integrins would be the result of p-
orr -v-catenin phosphorylation, we would not expect that 
a-cateninn could compensate for such an effect, which sug-
gestss another type of regulation by pi integrins. It is also 
possiblee that pi-induced phosphorylation of a-catenin-
bindingg proteins other than p- or n contributes to 
thee disruption of intercellular adhesions. 

Alternatively,, overexpression of a-catenin might stabi-
lizee adherens junctions by compensating for the redistribu-
tionn of structural proteins. While many components of 
intercellularr adherens junctions and focal contacts are spe-
cificc to one or the other structure, other proteins such as 
vinculinn and a-actinin, are found in both complexes. Previ-
ouss studies have suggested that a-actinin and vinculin plav 
ann important role in the establishment and maintenance of 
intercellularr adhesions. Notably, vinculin, which shares 
homologyy with a-catenin (Rödiger. 1998). mediates an-
choragee of the cadherin complexes to the actin cytoskele-
tonn in certain cell types by direct binding to fi-catenin 
(Hazann et al., 1997). In addition, the binding of vinculin to 
a-cateninn might provide alternative and possibly stronger 
linkss between cadherins and the actin cytoskeleton (Weiss 
ett al.. 1998). The redistribution of vinculin from adherens 
junctionss to well-developed focal contacts that we ob-
servedd in GE11 cells upon pi expression might thus 
contributee to the disassembly of cell-cell adhesions and 
overexpressionn of a-catenin might compensate for this 
redistribution.. However, this hypothesis implies that the 
amountt of vinculin in the cell is a limiting factor, which 
doess not seem to be the case, since it was found to reasso-
ciatee with intercellular junctions in GEll-a-catenin-plA 
cells. . 

Ourr data show that in addition to a-catenin. Rho-like 
smalll  G proteins also play a major role in the regulation of 
celll  scattering by pi integrins. Recently, cell adhesion was 

foundd to regulate the activity of RhoA (Ren et al., 1999) 
andd that of the Racl and Cdc42 downstream effector, PAK 
(Pricee et al.. 1998). We show in this report that the stable 
expressionn of pi A or p lD in either pl-deficient GE11 or 
GD255 cells induces an increase in RhoA and Racl activity 
thatt is correlated with enhanced cell motility. That the 
stimulationn of RhoA and Racl activity by IL2R-01A does 
nott correlate with increased cell migration is due to the ab-
sencee of the ligand-binding domain of the pi integrin sub-
unitt in the IL2R-plA chimera. Results of experiments 
performedd with dominant negative mutants of RhoA, 
Racl,, and Cdc42 indicated that all three GTPases are in-
volvedd in GE11 cell scattering induced by pi expression. 
Inn addition, our data confirm previous findings that Rho-
likee GTPases regulate the formation of focal contacts and 
focall  complexes (Hotchin and Hall, 1995: Clark et al., 
1998).. Together, these results indicate that RhoA and 
Racll  act simultaneously upstream and downstream of in-
tegrins,, and that positive feedback mechanisms probably 
regulatee the relationship between integrins and Rho-like 
GTPases. . 

Thee finding that pi integrin-mediated adhesion acti-
vatess both RhoA and Racl is consistent with the changes 
inn the organization of the cytoskeleton and in cell behavior 
thatt we have observed in GE11 cells. Upon pi expression. 
GE111 cells developed extensive lamellipodia and started 
too migrate. Whereas Racl stimulates the formation of 
lamellipodiaa and small focal complexes at the leading edge 
off  migrating cells, RhoA stimulates the formation of new 
focall  contacts and regulates the interaction of myosin-
basedd motors with actin filaments to generate contractile 
forcess required for cell motility. Although previous work 
suggestedd that cell adhesion induces the activation of the 
Cdc422 and Rac downstream effector PAK (Price et al., 
1998).. pi integrins did not significantly activate Cdc42 in 
ourr cells. Nevertheless, basal levels of Cdc42 activity seem 
too be required for scattering of GE11 cells, since expres-
sionn of N17Cdc42 in GE11-pi cells inhibited their scatter-
ingg and partially restored intercellular adhesions. A role 
forr Cdc42 in cell migration has been documented for cor-
rectt cell polarization during migration, but not for random 
migrationn (Allen et al., 1998: Nobes and Hall, 1999). Alter-
natively,, the effects of N17Cdc42 might be mediated by 
unspecificc inhibition of the Racl signaling pathway, by 
bindingg to guanine-nucleotide exchange factors common 
too both Racl and Cdc42. 

Immunofluorescencee microscopy revealed that cad-
herinss and catenins are redistributed to intercellular adhe-
renss junctions in GEI 1-pi A cells upon expression of dom-
inantt negative mutants of RhoA. Racl. and Cdc42. This 
indicatess that in these cells, Rho-like GTPases are not 
strictlyy required for the assembly of cadherin-based adhe-
sions.. These observations are in contrast to previous stud-
iess that reported decreased staining intensity of cadherins 
andd catenins induced by N17Racl or the RhoA inhibitor 
C33 in keratinocytes (Braga et al.. 1997). MDCK cells (Ta-
kaishii  et al.. 1997). and a mammary epithelial cell line 
(Zhongg et al.. 1997). However, other investigators showed 
thatt dominant negative mutants of Rho-like GTPases af-
fectt cadherin distribution in MDCK at low. but not at high 
celll  density (Jou and Nelson. 1998). Finally, inhibition of 
thesee GTPases had no effect on the organization of adher-
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enss junctions in intestinal epithelial cells (Nusrat et al., 
L995). . 

Thesee discrepancies might reflect specific regulation 
mechanismss in different cell types, but also different meth-
odss used for the expression of dominant negative mutants, 
i.e.,, microinjection of recombinant proteins versus induc-
iblee expression systems. An explanation we favor is that 
thee amounts of dominant negative mutants of Rho-like 
GTPasess expressed by retroviral transduction are suffi-
cientt to prevent the migration of cells derived from the 
originallyy transduced single cell, which results in the for-
mationn of small epithelial-like colonies but still allows 
cell-celll  contacts to be formed. 

Whenn expressed before pi, N17Racl was able to pre-
ventt GE11 cell scattering. Expression of N17Racl did not 
appearr to affect the distribution of cadherins and catenins, 
andd cells remained tightly attached to each other even in 
thee presence of high levels of pi. This suggests that Racl 
activationn is required not only for cell migration but also 
forr the disruption of cadherin-based adhesions in these 
cells.. However, expression of either constitutively active 
RhoA,, Racl, or their simultaneous expression was not suf-
ficientt for dissociating the cells in GE11 colonies, suggest-
ingg that pi integrins trigger additional types of signals in-
volvedd in the disruption of cell-cell adhesions. Moreover, 
thee phenotypic reversion induced by the dominant nega-
tivee mutants of small GTPases was only partial, and the 
morphologyy of both cells and colonies was different from 
thatt of control GE11 cells. This suggests either that the 
priorr expression of pi integrins induces irreversible mor-
phogeneticc events or that pi integrins continue to trans-
ducee GTPase-independent signals that modify the cell 
phenotype. . 

Inn conclusion, we have shown that the expression of pi 
integrinss in two different pi-deficient cell lines downregu-
latess intercellular adhesions and stimulates cell scatter-
ingg by inducing intracellular events involving both a-cate-
ninn and Rho-like GTPases. Further studies are now in 
progresss to elucidate the molecular mechanisms underly-
ingg this regulation. 
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Abstract t 
Filaminss are a family of high molecular weight cytoskeletal proteins that organize filamentous 

actinn in networks and stress fibers. Over the past few years it has become clear that filamins anchor 
variouss transmembrane proteins to the actin cytoskeleton and provide a scaffold for a wide range of 
cytoplasmicc signaling proteins. The recent cloning of three human filamins and studies on filamin 
orthologuess from chicken and Drosophila revealed unexpected complexity of the filamin family, the 
biologicall  implications of which have just started to be addressed. Expression of dysfunctional 
filamin-AA leads to the genetic disorder of ventricular hyperplasia and gives reason to expect that 
abnormalitiess in the other isogenes may also be connected with human disease. In this review 
aspectss of filamin structure, its splice variants, binding partners and biological function will be 
discussed. . 
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11 Introductio n 
Thee actin cytoskeleton plays a central role in many cell functions such as the maintenance of 

celll  shape, cell division, adhesion, motility, signal transduction and protein sorting. Assembly and 
disassemblyy of the dynamic actin cytoskeleton is regulated by a variety of actin severing and 
sequesteringg molecules [1]. The localization and cross-linking of filamentous actin (F-actin) into 
bundless and networks is mediated by multiple families of cytoskeletal proteins [2], of which several 
sharee an a-actinin-like conserved F-actin binding domain (ABD) [3, 4]. Generally, cross-linkage of 
F-actinn requires at least two of these ABDs and the capacity to dimerize or even to multimerize is 
providedd by the rod domain that follows the amino-terminal ABD. Furthermore, the rod domain 
determiness the orientation, flexibility  and spacing of the F-actin cross-linkage. For example, 
spectrinn assembles into tetramers [5], while the spectrin family member ct-actinin forms anti-
parallell  homodimers and dystrophin is thought to be monomeric [6]. The calmodulin-like domain 
off  a-actinin and spectrin regulates the calcium-dependent actin binding and the carboxy-terminal 
proteinn domain mediates interactions with other proteins. Filamins lack a calcium-responsive 
domainn and their repeats show an immunoglobulin-like folding in contrast to the flexible, triple-
helicall  coiled-coils of spectrin repeats. Fimbrin, plastin and ABP-67 form an exception within this 
ABD-familyy as they contain a tandem ABD in the same polypeptide chain and thus give rise to tight 
actinn bundles. Members of the plakin protein family, including plectin and dystonin (the neuronal 
isoformm of BPAG1) combine the ABD with an intermediate filament-binding domain and thereby 
connectt intermediate filaments to the actin cytoskeleton [7, 8]. Similarly, the most recently 
identifiedd plakin member, ACF-7/MACF connects actin filaments to microtubules [9] 

Inn this review, we will focus on the structural and functional studies of the filamin-actin 
cross-linkerr family. The recently cloned filamin isoforms and the potential role of alternative 
mRNAA splice variants will be discussed. 

22 Overall structure of filamin 
Thee name filamin refers to its filamentous colocalization with actin stress fibers [10]. 

Filaminss assemble into tail-to-tail, non-covalently associated dimers. Their amino-termini encode 
ann ABD, which is followed by a rod-domain composed of 4 to 24, 100-residue repetitive segments 
includingg a carboxy-terminal dimerization domain [11, 12] (see also Fig. 2). 
Rotaryy shadowing electron microscopy of purified human filamins showed that the dimers are 
elongated,, V-shaped, flexible structures connected to each other at one end [11, 13]. The filamin 
dimer,, composed of two 250 kDa subunits, forms a 160 nm extended structure. Structures of 80 nm, 
whichh are also seen in the electron microscope, likely represent filamin monomers or tightly 
associatedd dimers. Negative staining of purified filamin and filamin-actin networks showed a -200 
AA ellipsoid shape of filamin [14, 15]. 

2.11 Structure of the actin-binding domain 
Thee ABD of filamin is composed of two calponin homology (CH) domains: the amino- and 

carboxy-terminall  CHI and CH2 domains conform to all a-actinin-like ABDs. The CH domain is a 
regionn of 110 residues, initially recognized in calponin and also present in signal transduction 
proteinss such as Vav and IQGAP [16]. Molecular modeling of a-actinin bound to F-actin suggests 
thatt the tandem organization of CH domains determines the binding capacity of two adjacent actin 
moleculess and thus may determine the binding specificity towards F-actin of this class of ABDs. 
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Basically,, a CH domain consists of four main a-helices, each composed of 11-18 residues, 
connectedd by long loops, and two or three shorter, less regular a-helices, as shown for the ABD of 
dystrophinn in Fig. 1A [16, 17]. Three dominant a-helices form a triple helical bundle, against which 
thee amino-terminal a-helix packs in a perpendicular orientation. The relative spatial orientation of 
thee two adjacent CH domains of the ABD is determined by the long carboxy-terminal a-helix of the 
firstt domain that connects the two domains (Fig. 1 A). 

Analysiss of deletions and point mutations combined with peptide binding studies of various 
a-actinin-likee ABD family members, has led to the identification of three potential actin-binding 
sitess (ABS1, 2 and 3). Most of the available data suggest that a conserved hydrophobic region 
(ABS2),, corresponding to the last a-helix of the CHI domain, is crucial for binding (Fig. 1A). This 
regionn consists of amino acids 121-147 of filamin, or the homologous residues in a-actinin or 
gelationn factor, residues 108-134 and 89-115, respectively [18-20]. The first a-helix of the CH2 
domainn (ABS3) contributes to F-actin binding in such a way that the CHI and CH2 domains in 
concertt bind to F-actin with a higher affinity than the CHI domain alone. Filamin binds all actin 
isoformss and the binding sites on actin have been shown to reside at residues 105-120 and 360-372, 
inn the actin subdomain-1 [21]. These sites overlap with those of several other actin binding proteins 
includingg a-actinin, myosin, tropomyosin and caldesmon [22], which could explain that filamin 
inhibitss actomyosin Mg2+-ATPase activity in vitro by competing for binding to actin with other 
proteinss [23-28]. Differences in the binding characteristics of these F-actin binding proteins could 
bee due to amino acid substitutions, variations in the relative orientation of two CH domains as well 
ass to differences in intermolecular interactions. Variations observed in the relative orientation of the 
individuall  CH domains within the ABDs suggest a mechanism in which both the ABD and actin 
undergoo structural rearrangements upon binding to each other [29, 30]. This implies that binding of 
ann ABD could affect the shape of F-actin. 

2.22 Filamin repeat structure 
Historically,, the repeating segments of filamin were designated by sequence alignments [11, 

31].. Secondary structure algorithms indicated that the filamin rod-domain consists of 100-residue 
repetitivee units containing several p-strands of 6-9 amino acids separated by stretches of 3-4 amino 
acidss [11,31]. Recently, the assignment of these filamin repeats was adjusted after the structure of 
threee repeating segments from gelation factor/ABP-120, the short filamin homologue of 
DictyosteliumDictyostelium was determined [32-34]. This analysis showed that the proposed filamin-repeats had 
beenn placed out of phase. Compared to the proposed structure [11, 31], the boundaries of the repeats 
aree shifted towards the amino terminus by five and ten residues for filamin-A and gelation factor, 
respectivelyy [32, 34]. 

Thee filamin repeat consists of a |3-sandwich, which resembles the topological subtype CI 
foldd of the immunoglobulin family [35] (Fig. 1). The 4,h and 5,h repeat of gelation factor consists of 
sevenn p strands (A-G), which are arranged in two p-sheets of three and four p-strands, respectively 
(Fig.. IB). The 6th dimerization domain of gelation factor has a slightly different fold: its A-strand is 
missing,, while the B-strand is interrupted and a carboxy-terminal H strand has been added. The G 
strand,, together with strand B, forms the dimerization interface, as it associates with the opposed 
anti-parallell  orientated B and G strands of repeat 6, with the 5,h repeat domains extending in 
oppositee directions away from the center of the dimer (Fig. 1C). These findings, combined with 
additionall  biochemical data indicate a similar tail-to-tail dimerization of gelation 
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IA A IB B 
ABS2 2 

.. . ' - . , . 

CHI I 

repeatt 6B repeatt 5B 

Figur ee 1. The three-
dimensionall  structures of 
thee modular  domains of 
filami n n 
Alll  structures are taken from the 
Proteinn Data Base (Brookhaven 
Nationall  Laboratory) and the 
ribbonn drawings were generated 
usingg MolViewl.5 [137]. (A) 
Actinn binding domain of 
dystrophinn (ID code: 1DXX, 
[17]).. Indicated are the two 
caiponinn homology domains 
(CHII  and CH2) and the three 
actin-bindingg sites (ABS1, 2 and 
3).. (B) Filamin repeat four of 
gelationn factor (ID code: 1KSR, 
[32])) (C) Filamin repeats five and 
sixx of gelation factor. 
Dimerizationn is mediated by the 
carboxy-terminall  filamin repeat 
six.. (ID code: 1GFH, [34]) 

factorr [36] as has been proposed for filamin [11]. Thus, the current model for gelation factor does 
nott show the complete or partial overlap of repeats between the anti-parallel orientated chains as has 
beenn suggested previously [37, 38]. The discrepancies between the measured dimensions of the 
gelationn factor -35 nm rod-like structures [23, 37] and the calculated length of the dimer could be 
nullifiedd by the tilting of the repeats. 

33 Filamin protein family 
3.11 Filamin-isoforms and their  expression 

Inn humans three filamin genes have been identified: FLNA, FLNB and FLNC (Table I). The 
threee encoded filamin proteins (filamin-A, B and C) show strong homology over their entire 
sequencee (~ 70% homology), with the exception of two -30 amino acid flexible loops, hinge-1 (HI) 
andd hinge-2 (H2) (45% homology) (Fig.2). Furthermore, filamin-C contains an 81 amino acid 
insertionn in repeat 20, not present in filamin-A or -B. The genomic organization of the three human 
isogeness is highly conserved. There is no clear correlation between the intron-exon organization and 
thee repeated protein domains [39]. Mouse and chicken orthologues of both human filamin A and C 
havee also been identified (Table I). The Drosophila, Dictyostelium and Entamoeba histolytica 
orthologuess have shorter rod domains: fruitfly filamin-240 has a rod domain of twenty repeats, 
whilee gelation factor/ABP-120 contains six repeats and EhABP-120 is made of only four repeats 
(Fig.. 2). The number of repeats of other members of the filamin family, including two fruitfly 
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filamins,, slime mold ABP-240 [40] and Caenorhabditis elegans filamin have not yet been 
determinedd (Table I). 

Tablee I 
Filaminn protein family and effects of mutations in various species 

Filaminn Synonym 

HumanHuman (Homo sapiens) 
Filamin-AA ABP-280 [11], Filamin-I 

a-Fitamin n 
Filamin-BB ABP-278/276 [45], 

Fhll  [80], Filamin-3, 
(3-Filaminn [47] 

Filamin-CC ABPL [46], 
Filamin-22 [52],y-Filamin 

MouseMouse (Mus musculus) 
Filamin-AA Blastocyst filamin [62] 
Filamin-CC Myotube filamin [62] 

ChickenChicken (Gallus gallus) 
Filamin-AA Chicken filamin [41] 

Filamin-CC chABP260[61] 

FruitjlyFruitjly  (Drosophila melangaster) 
Filamin-240d|| Filamin-A, (sko. cher) 

[42-44) ) 
Filamin n 
Filamin-like e 

RoundRound worm (Caenorhabiditis elegans) 
Filamin-like e 

SlimeSlime mold (Dictyostelium discoidum) 
Gelationn factor ABPI20 [31], ABPC 

ABP-2400 [40] 

Chromosome e 

Xq28[132,, 138] 

3pl4.33 [139, 140] 

7q32-355 [139, 140 

chrX[140] ] 
chr6[140] ] 

nd d 

nd d 

3R.. 89E10-89F4 

2R,, 58F8-59A2 
3R,97F4 4 

chrlV V 

chrl l 

nd d 

Phenotype e 

Perivertricularr heterotopia 

Defectt in oocyte 
ringg canals 

Defectss in pseudopod 
formationn and migration 

Accession n 
Number r 

NM_00I456a a 

L44140b b 

NMM 0014573 

AH0009377b b 

NM_001458a a 

AH009284" " 

AF119149C C 

AF119I48C C 

U00l47a a 

AB000832C C 

AFF 174492* 
CGG 3937b 

CGG 1I605C 

CG_5984C C 

AF100673C C 

XI5430* * 
NCC 000968" 
nd d 

ParasiteParasite (Entamoeba histolilica) 

EhABPI20[141] ] nd d U705603 3 

a)fulll  length cDNA clones ,b) genomic sequences,c' partial cDNA clones,d) truncated variant of filamin-240 is 
filamin-90<orr filamin-B), nd: not determined 

Thee regulation of the expression of filamin genes is complex. Alternative promoters in the 
geness of both chicken filamin [41] and fruitfly filamin-240 have been identified [42]. Interestingly, 
studiess on fruitfly filamin-240, also known as cheerio (cher) and shi kong (sko), showed the 
existencee of both amino- and carboxy-terminal truncated variants [42-44]. Alternative promoter 
usagee gives rise to the amino-terminal truncated filamin-90 variant, starting directly after the first 
hingee and whose function is currently unknown (Fig. 2). In fruitfly filamin-240 four domains, which 
correspondd to human repeats 6-9, have been deleted. The two hinge regions HI and H2 are present 
andd the repeat domains show 34-52% identity with their corresponding human domains (Fig. 2). 
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Thee diversity of the filamin family is increased by alternative splicing of filamin mRNA. 
Alternativee polyA signals are employed [41, 45] and in some variants, there are internal deletions in 
somee of the domains (Fig. 2). The H2 region between repeats 23 and the carboxy-terminal repeat 24 
iss present in all human filamin isoforms, while HI between repeat 15 and 16 is absent in chicken 
filaminn [41] and in some splice-variants of human filamin-B (AH1) and human filamin-C (AH1) 
[46,, 47]. In addition, alternative splicing of sequences encoding a region of 8 amino acids in repeat 
155 of filamin-A has been reported [11]. Both filamin-Avar_, and -BvaM have an internal deletion of 41 
aminoo acid between repeats 19 and 20. These two variants are widely expressed at low levels (van 
derr Flier, manuscript in preparation). In two cardiac-specific filamin-B splice variants, filamin-Bvar.2 

andd filamin-Bvar.3, the four carboxy-terminal repeat domains, including the putative dimerization 
domainn are absent (van der Flier, manuscript in preparation). These variants resemble the referred 
fruitfl yy filamin variants. 

HumanHuman filamin- A 
|| ABD | 1 |2|3|4|5|6|7|8|9|10| l l |12|13|14|15|Hl|16| l7|18|19|20|21|22|23|H2|24l 2647 aa 

HumanHuman filamin- B 
II  ABD | l l 2 | 3 | 4 | 5 | 6 l 7 | 8 |9 |1Q|11|12|13|14|15|H1|16|17|18|19|20|21 |22j23|H2|24| 2602 aa 

m i ll

HumanHuman filamin- C 
II  ABD | l | 2 |3 |4 |5 |6 |7 |8 |9 |10 | l l | 12 |13 |14 |15 |H l |16 |17 |18 |19| 20 |21|22|23|H2|24l 2705 aa 

DrosophilaDrosophila filamin-240 
II  ABD | I |2|3|4|5|6|7|8|9|10|M|H1|12|13|14|15|16| I7|18|19|H2^Ö| 2210 aa 

DrosophilaDrosophila filamin-90 
|12|13|14|15|16|17|18|19|H2l2011 838 aa 

DictyosteliumDictyostelium gelation factor 
[[  ABD | l l 2 | 3 | 4 | 5 | 6| 857 aa 

Figur ee 2. Schematic representation of the modular  domain composition of the three human filami n 
proteins,, the fruitfl y fdamin variant s and gelation factor 
Indicatedd are the actin-binding domain (ABD); hinge-1 (HI) and hinge-2 (H2) regions. Dotted lines indicate at which 
sitess alternative mRNA splicing occurs. 

Thee unusual presence of internal promoters in the fruitfly filamin gene is not unique for cytoskeletal 
linkerr proteins. The dystrophin gene also uses this strategy to encode shortened proteins without 
ABDD [48]. Furthermore, the recent identification of truncated-variants of several other high 
molecularr weight proteins that cross-link actin, i.e. dystrophin, utrophin, plectin and BPAG1 [8, 49-
51],, raise the interesting possibility that these variants play an as yet unprecedented role in the fine 
regulationregulation of actin dynamics and modification of actin organization. 

3.22 Tissue distributio n and cellular  localization of filamin isoforms 
Severall  studies have revealed overlapping cellular and tissue expression patterns of human 

filamin-A,, B and C. Filamin-A and B are the most ubiquitously expressed filamin isoforms, 
althoughh the level of expression of the filamin-B variant (filamin-B ) is different in each 
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tissuee [11, 45, 47], Expression of filamin-C is largely restricted to skeletal and cardiac muscle [52], 
inn which the mRNA encoding the filamin-C (AH1) splice variant dominates [46]. 

Thee expression and localization of filamin during myogenesis has been most extensively 
studied.. However, the results are difficult to interpret because they do not discriminate between the 
variouss filamin genes and their splice-variants. The disappearance and reappearance of a large 
filamin,filamin, during chicken myoblast differentiation [53], as well as the detection of muscle-type 
specificc filamins by cryptic peptide mapping analysis studies [54-56] is probably caused by an as 
yett unspecified switching of isoforms or alternative mRNA splicing during myogenesis. In addition, 
thee unusual localization of filamin at the ends of stress fibers in chicken fibroblasts is almost 
certainlyy due to a filamin-isoform [57]. Detailed information about the expression patterns of the 
differentt filamin isoforms and variants during myogenesis and embryogenesis is essential, as we 
recentlyy found that different filamin-B variants can have different effects on the differentiation and 
morphologyy of myoblasts fusion (van der Flier, manuscript in preparation). 

Itt is clear from all studies that filamin is localized at sites of cell adhesion: i.e. at the Z-lines 
andd myotendinous junctions in skeletal muscle and at Z-lines and intercalated discs in cardiac 
musclee [52-54, 57-60]. Indeed, in chicken smooth muscle cells filamin-C-like proteins are found in 
thee dense plaques and dense bodies [61]. Furthermore, in cultured cells filamin is localized along 
actinn stress fibers, cortical actin networks and occasionally it is found at the base of membrane 
ruffless of migrating cells [60, 62]. In dividing cells filamin is often found concentrated in the 
cleavagee furrow, where it remains associated at the midbody region at the completion of cell 
divisionn [63, 64] 

44 Biological function of filamins 
4.11 Actin organization and membrane stabilization 

Filaminss isolated from various sources such as macrophages, platelets and chicken gizzard 
differr in their actin cross-linking activity. For instance, filamin from macrophages forms more rigid 
actinn gels than filamin from chicken gizzard [65]. It was also demonstrated that the application of 
shearr stress leads to the irreversible breakage of actin-filamin networks formed in vitro, resembling 
thee breakage of covalent, cross-linked actin networks [66]. The in vitro binding affinity of filamin to 
F-actinn (Kd ~2xl O"6 M) [11, 67] and saturation levels (8-12 actin monomers/filamin dimer) are 
comparablee to those found for other actin binding proteins, such as a-actinin and tropomyosin [11, 
15]. . 

Inn melanoma cells, the overall ratio of filamin to actin has been estimated to be in the range 
off  1:80-140 [68]. Interestingly, the type of actin filament organization depends on the filamin to 
actinn ratio. Increasing the ratio of filamin to actin leads to tighter networks [69]. The formation of 
parallell  bundles of actin filaments is promoted when the molar ratio of filamin to actin is high 
(1:10-50),, while a stoichiometry of 1:150-740 leads to the formation of orthogonal actin networks, 
dependingg on the source of filamin (Fig. 3) [24, 65]. 

Thee resemblance between the orthogonal actin networks of macrophage lamellae and the 
networkss of filamin/actin gels generated in vitro is striking [70]. Filamin is located at points where 
thee filaments intersect or where they are in contact with the membrane. However, the network 
organizationn in vivo is more tightly packed and is not solely dependent on filamin or gelation factor 
ass in gels formed in vitro. Different networks or stress fibers are also influenced by the combination 
off  different types of actin cross-linking proteins. Indeed, it has been found that in vitro a mixture of 
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a-actininn and filamin results in the formation of dense actin cables, resembling those found in 
pseudopods,, while, when either actin cross-linking protein was added separately to actin, it leads to 
thee formation of orthogonal networks [71]. 

Thee organization of actin filaments into either orthogonal networks or parallel fibers is 
probablyy not solely caused by the local concentration of filamin-mediated cross-links, but also by 
thee structure of the filamin variant. Filamin variants lacking the first hinge region, particularly seen 
inn muscle filamins, could restrict the flexibility  of the filamin rod domains with respect to each 
otherr and thereby lead to packed filamin dimers which form rigid actin fibers instead of orthogonal 
actinn networks (Fig. 3; van der Flier, manuscript in preparation). 

4.22 Anchoring of transmembrane proteins 
Inn the last decade, it has been found that several repeat domains of filamins bind to a wide 

varietyy of proteins, including transmembrane receptors and signaling molecules, such as small 
GTPasess and kinases (Table II). Several of them will be discussed in relation to their function. Most 
off  these protein-protein interactions have been shown to involve one or several repeats of the 
carboxy-terminall  part of filamin (see Table II). There is no basic homology between the diverse 
bindingg domains that associate with the same or different filamin repeats. Therefore it remains to be 
resolvedd what determines the specificity of these interactions and by what mechanisms they are 
regulated.. This point will be discussed in paragraph 4.4. 

Glycoprotein-IbGlycoprotein-Ib a 
Severall  transmembrane proteins bind to the carboxy-terminal region of filamin. The best 

characterizedd interaction is that of filamin-A and -B with the glycoprotein (GP)-Ibot subunit of the 
vonn Willebrand factor (vWF) receptor. This heterotrimeric GP-Ib-IX complex consists of two 
disulfide-linkedd subunits, GP-Iba and GP-Ibp, non-covalently associated with GP-IX. The binding 
off  vWF to this platelet-specific receptor complex rapidly induces platelet activation, leading to 
cytoskeletall  rearrangements, cell shape changes and to secretion of a-granules which results in 
platelett aggregation. The binding of GP-Iba to filamin has initially been demonstrated in co-
immunoprecipitationn assays [72, 73] and has been confirmed by yeast two-hybrid analysis and pull-
downn assays [45, 47, 74]. These studies have identified repeats 17-19 of filamin-A and filamin-B as 
thee minimal binding domain for residues Thr536-Phe568 of GP-Iba [75]. 

Filaminn expression has been reported to increase the cell surface levels of GP-Iba in 
filamin-A-deficientt melanoma cells [76], However, this appeared to be independent of a direct 
interaction,, since a carboxy-terminal truncated filamin-A (repeats 1-18), lacking the GP-Iba binding 
domain,, also increased GP-Iba surface expression levels and acted like wild-type filamin-A, 
whereass a carboxy-terminal construct encoding repeats 20-24 had no effect on surface expression 
[76]. . 

Integrins Integrins 
Similarly,, interaction of filamin with the cytoplasmic tails of the integrin pi and [52 subunits 

hass been detected in biochemical and yeast two-hybrid experiments [76-79]. Yeast two-hybrid 
interactionn mapping revealed that the carboxy-terminal 3'/2 repeats of filamin-A are required for the 
interactionn with the complete pi A cytoplasmic domain [79]. A new splice variant, filamin-Bvar.„ 
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whichh has a deletion of 41 residues between repeats 19 and 20, interacts specifically with the 
integrinn piD subunit and shows increased binding activity with pi A. Interestingly, such a splice 
variantt has also been found of filamin-A (Fig. 2; van der Flier, manuscript in preparation). These 
findingsfindings indicate that filamin splice-variants can interact specifically with transmembrane receptors. 
Likee for GP-Iba, the cell surface level of pi integrins is increased by the expression of filamin in 
filamin-A-deficientt melanoma cells [76]. Thus, filamin may support the stabilization of several 
transmembranee receptors at the cell membrane. 

OtherOther membrane proteins 
Filamin-CC specifically binds to y- and 8-sarcoglycans [52]. Interestingly, in filamin-C there 

iss an insertion of 81 residues in the homologous region where filamin-Bvar., has an internal deletion 
(Fig.. 2). Other transmembrane proteins which were found to interact with filamin include the 
neuronall  transmembrane peptidases, the presenilins [43, 80], furin [81], FcyRJ [82], tissue factor 
[83]]  and probably also the acetylcholine receptor because it has been found to be co-localized with 
filaminfilamin [84]. 

Severall  studies used the previously mentioned filamin-A-deficient human M2 melanoma 
cellss to explore the importance of filamin-A for the structural interactions of the cortical 
cytoskeletonn with ion-channels. These cells, selected for the absence of actin bundles [68], showed 
prolongedd cell surface blebbing and reduced cell migration. This effect has been attributed to a 
reducedd gelation of cortical actin, a phenotype that could be rescued by the ectopic expression of 
filamin-Afilamin-A [85]. Examination of these cells has indicated that filamin plays an essential role in 
determiningg the activity of potassium ion channels in the hypotonic volume regulatory response 
[86],, for chloride conductance by the cystic fibrosis ion channels [87] and for the desensitization of 
stretch-activatedd (mechanical) calcium channels [88]. 

Experimentss with the M2 cells have also demonstrated that signaling by the dopamine D2 
receptorr as well as the cycling of the furin receptor depends on filamin-A [81, 89]. The latter might 
bee due to defective cellular organization, which affects trans-golgi network and endosomal sorting 
off  furin but not the biosynthetic or endocytotic pathways [81]. 

4.33 Scaffolding of signaling molecules 
Severall  GTPases of the Ras superfamily were found to bind to the carboxy-terminal repeats 

off  filamin and GTPase activity has been demonstrated in immunoprecipitates of filamin [90]. The 
GTPasess RalA [91] and Rab22B (F. Opdam, personal communication) bind filamin only in a GTP-
dependentt manner, while binding of the Rho-like GTPases, Cdc42 and Racl is GTP-independent 
[91].. In addition, Trio, a tandemly organized guanidine exchange factor for RhoG, Rac and RhoA, 
bindss by its pleckstrin homology (PH) domain [92]. These data suggest that the carboxy-terminal 
partt of filamin serves as a GTPase docking site, which ensures correct localization of GTPases and 
otherr regulatory factors for actin nucleation, actin dynamics and vesicle transport. Indeed, studies 
usingg the filamin-A-deficient M2 melanoma cells, showed that RalA- and Cdc42-mediated 
filopodiafilopodia formation and cell migration are dependent on the expression of filamin-A, while RhoA 
andd Racl induced responses are not. Injection into cells of the carboxy-terminal region of filamin-
A,, containing the RalA binding site, inhibited RalA-induced pseudopodia formation. However it did 
nott affect Rho/Rac-mediated stress fiber- or ruffle-inducing capacities, neither did it affect gelling 
activityy of filamin-A in vitro. Furthermore, it was shown that, although cells expressing dominant 
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Tablee II 
Intracellularr proteins associ 

Protein n 

TransmembraneTransmembrane proteins 
GP-Iba a 
(311 A, (3 ID, (32 Integrin 
FcyRl l 
y,8-Sarcoglycan n 
Tissuee factor 
Dopaminee D2, 3 receptor 
Toll-receptor r 
(D)Presenilinl,2 2 

Furinn receptor 
Calveolinn 1 

SignalingSignaling proteins 
RalA,, RhoA, Racl, Cdc42 
Rab22Bl ) ) 

SEK11 (MEKK, JNKK) 
TRAF2 2 
Trio o 

atingg with filamins 

Filamin n 

FLN-A/B B 
FLN-A/B B 
FLN-A A 
FLN-C C 
FLN-A A 
FLN-A A 
DFLN N 
FLN-A/B B 
DFLN N 
FLN-A A 
FLN-A A 

FLN-A A 
FLN-B B 
FLN-A A 
FLN-A A 
DFLN N 

CytoskeletalCytoskeletal and other proteins 
FATZ Z 
Myotili n n 
cvHSP P 
HBV-coree protein (viral) 

FLN-C C 
FLN-C C 
FLN-A A 
FLN-B B 

Repeat t 

17-19 9 
20-24 4 
nd d 
21-24 4 
23-24 4 
16-19 9 
C-term. . 
21-24 4 
15-20 0 
13-14 4 
22-24 4 

24 4 
24 4 
22-23 3 
15-19 9 
nd d 

20-24 4 
19-21 1 
23-24 4 
23-24 4 
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nd:: not determined; C-term: carboxy-terminal; n F. Opdam, personal communication 

activee RalA acquire the capacity of constitutively inducing filopodia, active RalA failed to perform 
thiss function in M2 melanoma cells, expressing a filamin-A construct incapable of dimerization. 
Thiss demonstrates that both actin cross-linkage and RalA-binding activity are needed for the 
formationn of pseudopodia. 

Filamin-AA has also been shown to serve as a docking molecule for MKK-4 (SEK-1 or 
JNKK),, a kinase that activates several stress-activated protein kinases (SAPKs) [93]. Although most 
stimulii  in M2 melanoma cells result in normal activation of several SAPKs, their activation is 
reducedd by TNFoc and lysophosphatic acid (LPA). Expression of a filamin-A protein incapable of 
dimerizationn and thus unable to cross link actin filaments, restored only the TNFa-mediated 
activationn of SAPK but not the LPA response in M2 cells. This implies that the absence of the 
TNFa-responsee is attributable to the lack of filamin-A itself rather than to the disordered actin 
cytoskeletonn that results from the deficiency of filamin-A [93]. Similar studies have implied the 
interactionn of filamin-A and TRAF2 (Tumor Necrosis Receptor-Associated Factor-2), which has 
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beenn identified in the yeast two-hybrid system, to be important for TNFcc receptor-mediated 
activationn of both SAPKs and transcription factor NF-KB. Again, TNFa-mediated signaling was 
shownn to depend on the expression of filamin-A in M2 melanoma cells. Furthermore, it was shown 
thatt ectopic expression of filamin inhibits TNF-a, TRAF2 and IL-1 induced activation of NF-KB 

andd SAPK [94]. Studies in Drosophila confirmed the role of filamin in the signal transduction by 
thee TNF receptor superfamily [95]. Toll-mediated signaling determines dorsal-ventral polarity in the 
fruitfly .. Binding of spatzle, the ligand of the toll-transmembrane receptor, triggers a signaling 
pathwayy that involves various downstream cytoplasmic effectors, such as the adapter protein tube, 
pelle-kinase,, cactus, and the NF-KB family transcription factor, dorsal. The interaction of filamin 
withh both toll and tube suggests that filamin provides a scaffold for a variety of signal transduction 
complexes. . 

Thee muscle specific filamin-C has recently been shown to interact with two unrelated ce-
actininn binding proteins that are localized at the Z-lines in muscle: myotilin [96], a protein that 
containss two IgG domains, and a 32 kDa protein, FATZ [97]. The function of these two proteins is 
unknown.. Interestingly, mutations in either myotilin [98, 99] or telethonin, a third binding partner 
off  FATZ [100, 101], lead to limb-girdle muscular dystrophies, suggesting a potential role of 
filamin-Cfilamin-C in these diseases as well. 

Figur ee 3. Schematic 
modell  of filami n 
functionn in F-actin 
cross-linking,, receptor 
anchoringg and cell 
signalingg Filamin dimers 
linkk actin-filaments in 
orthogonall  networks and 
parallell  bundles depend-
ingg on actin-filamin ratio 
andd the flexibility  of the 
filaminn isoform. 
Inn addition, filamin links 
transmembranee receptors 
too the F-actin cytoskeleton 
andd serves as a scaffold 
forr several signaling 
moleculess (indicated by a 
thunderbolt). . 

4.44 Regulation of filamin interaction 
ReceptorReceptor occupancy 

Howw the interactions of filamin with actin and transmembrane proteins are regulated is 
largelyy unknown. Receptor occupancy has been reported to influence the association of filamin with 
transmembranee receptors. For instance, occupancy of the FcyRI receptor by immunoglobulins 
decreasess the interaction of it with filamin-A [82]. This observation has led to the hypothesis that 
non-occupiedd FcyRI is linked by filamin to the cortical actin cytoskeleton, which provides stability 

Anchoringg of 
corticall  actin to 
transmembrane e 

receptors s 

Crosss linking of 
actinn filaments 

Scaffoldingg of 
signalingg complexes 

Anchoringg of actin 
stresss fibers to 
transmembrane e 

receptors s 

Parallell  bundling 
off  actin filaments 
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too the surface of spread cells. Subsequent receptor occupancy leads to a release of the receptors 
fromm their anchors resulting in a reorganization of the cytoskeleton. In contrast, ligation of tissue 
factorr is necessary for filamin-A binding [83]. 

Phosphorylation Phosphorylation 
Filaminn is strongly phosphorylated in cells which affects its interaction with several proteins 

suchh as GTPases [90, 102]. Phosphorylation also affects the binding capacity and cross-linking 
activityy of filamin for actin, although opposing effects have been reported [103, 104]. In fibroblasts, 
severall  growth factors such as epidermal growth factor and LPA induce the phosphorylation of 
filaminfilamin on serine/threonine residues. One of these protein kinases is p90 RSK2 (p90 ribosomal S6 
proteinn kinase-2) [105]. Other serine-threonine kinases that phosphorylate filamin in vitro are 
cAMP-kinase,, PKC and CaM-kinase II [104, 106-108]. Also, changes in the degree of filamin 
phosphorylationn have been observed after activation of platelets [109] and increased serine-
phosphorylationn of filamin has been demonstrated after force was induced at cell adhesion-sites by 
collagen-coatedd magnetic beads [88]. 

Interestingly,, in the regulation of filamin-protein interactions phosphorylation of the 
interactingg proteins has also been implicated. Point mutations which mimic serine phosphorylation 
inn the cytoplasmic tails of both the cytoplasmic domains of tissue factor (Ser"248Asp) [83] and the 
dopaminee D2 receptor (Ser35SAsp) [89] were found to increase or diminish their interaction with 
filamin,, respectively. 

Proteolysis Proteolysis 
Filaminss are highly susceptible to proteolysis. Biochemical studies using filamin-A have 

revealedd two calpain cleavage sites: one in the HI region and a second in H2, the precise position of 
thee latter, not having been accurately defined. Calpain-mediated cleavage of the latter site leads to 
thee formation of a 240 kDa amino-terminal heavy merofilamin fragment and a 10 kDa carboxy-
terminall  light merofilamin fragment, causing the disruption of the actin cross-linking activity of 
filaminfilamin [11, 27]. 

Theree is ample evidence suggesting that the proteolysis of filamin is regulated by its 
phosphorylation.. Phosphorylation of filamin modulates the susceptibility of filamin for cleavage by 
calpainn [11, 107, 110, 111]. Filamin A, B and C contain a conserved cAMP-kinase consensus site 
(Serr 2152, 2107 and 2126, respectively) that when phosphorylated in filamin-A renders the protein 
stablee and resistant to cleavage by calpain at residues 1671-1672 in the HI region [11, 111]. 
Furthermore,, Wang et al. [112] showed that a peptide mimicking the filamin-A CaM-kinase II site 
blockss bradykinin-mediated release of filamin from the membrane to the cytosol [113, 114]. 

Filaminn cleavage has also been noticed to occur in platelet activation and myogenesis. For 
instance,, the interaction of filamin-A with GP-Iba is disrupted when platelets are activated due to 
cleavagee of filamin by a calcium-dependent protease [115]. Also, the in vitro differentiation of 
chickenn myoblasts into myotubes is correlated with increased m-calpain activity and cleavage of 
filamin.filamin. This fusion process of myoblasts is reduced upon the inhibition of calpain, which might be 
duee to an altered organization of the cytoskeleton required for myotube formation [116, 117]. 
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4.55 Genetic model systems 
Dictyostelium Dictyostelium 

Twoo groups have independently deleted the gene encoding gelation factor, the filamin 
orthologuee in the slime mold, but have obtained different results. Studies on a gelation factor-
negativee cell line, obtained by chemical mutagenesis showed negligible effects [37], while studies 
withh another gelation factor-negative strain, generated by homologous recombination, showed 
reductionn in cell growth, motility, pseudopod formation and phagocytosis [118-120]. Electron 
microscopicc studies on cells derived from the latter strain revealed that the actin cytoskeleton 
networkk had collapsed [119]. Although the reasons for the different results of the two research 
groupss [121] remain unresolved, the lack of abnormal phenotypes upon the disruption of a given 
actin-bindingg protein may be caused by limitations of experimental procedures [122]. However, 
photosensoryy and thermosensory responses were found to be affected in the two gelation factor-
deficientt strains, while these responses were normal in several single knock out strains of other actin 
cross-linkingg proteins, including a-actinin, fimbrin, severin and the 34 kDa actin-bundling protein 
[123].. It has been suggested that the filamin repeats of gelation factor may provide crucial protein-
proteinn interaction sites for components of the photo- and thermosensory signal transduction 
pathways. . 

Losss of a-actinin also results in a mildly abnormal phenotype in Dictyostelium [124-128]. 
However,, there are strong effects in double mutants for gelation factor and a-actinin, indicating that 
thesee actin organizing molecules can partly replace each other functionally in vivo [121, 128, 129]. 
Thee effects included a reduction in cell size, growth motility and an arrest in morphogenesis. The 
cellss also appeared to be more sensitive to osmotic shock. Furthermore, about 5% of the cells were 
multinucleatedd indicating a role of gelation factor in cell division. In conclusion, slime mold cells 
aree viable without gelation factor although they have defects in phototaxis and thermotaxis, 
migrationn and probably also in cell growth and morphogenesis. 

Drosophila Drosophila 
Twoo groups defined a role of fruitfly filamin-240 in oogenesis [42, 44], Oogenesis in flies 

beginss with four incomplete divisions of cystoblasts giving rise to a cyst of 16 germline cells that 
aree interconnected by cytoplasmic bridges, or ring canals. One cell will become the oocyte, while 
thee remaining 15 cells differentiate as polyploid nurse cells that synthesize and transport 
cytoplasmicc components through the ring canals to the developing oocyte. The initial intercellular 
bridgess are fortified as ring canal structures during a highly orchestrated process. Glycoprotein D-
mucinn and the actin binding protein, annilin, stabilize actin in the arrested cleavage furrow. As the 
ringg canal grows, several proteins are recruited: the hu-li tai shao (hts) gene product, which recruits 
actinn microfilaments to the inner rim of the canals, and kelch, a protein which is proposed to bundle 
andd cross-link actin in a compact ring. Two protein kinases, the products of the Tec29 and Src64 
genes,, regulate the expansion of the canals. Cytoplasmic transport of constituents requires actin 
transportt through the cytoplasm. 

Mutationss in fruitfly filamin-240 were found in two screens for female sterile mutation 
genes:: shi kong {sko) and cheerio (cher) [42, 44]. Both these mutations led to a reduced and 
defectivee organization and stabilization of actin in the ring canal structures. The effects of these 
mutationss on the overall organization of the actin cytoskeleton remains unclear as in one study 
stresss fibers were found to be destabilized while in the other they were not. Neither formation of the 
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ringring canals nor the location of the other ring canal constituents was affected. Since the ring canals 
becamee disrupted in time and showed reduced growth, it was concluded that filamin is required for 
thee proper assembly of the inner rim and/or its stability and growth during development. No effect 
hass been found on intercellular transport. Perhaps, filamin plays an instrumental role at the ring 
canall  by bringing together both structural and regulatory components. 

Geneticc studies have also indicated an interaction between filamin and the transmembrane 
endoproteasee presenilin in the fruitfly . The overexpression of filamin could suppress dominant 
negativee effects of presenilin overexpression on notch signaling during development, probably by 
restoringg the balance between the amount of the associated proteins [43]. 

4.66 Role of filamins in human disease 
Previously,, it has been suggested that the filamin-A gene is a candidate gene for two 

myopathiess that map to Xq28, Emery-Dreyfuss muscular dystrophy (EDMD) and Barth syndrome 
[11],, both based upon potential linkage and structural similarities of filamin with dystrophin. 
However,, mutations in the emerin gene, which is adjacent to the filamin-A gene, were shown to 
causee EDMD. The emerin- and the filamin-A gene are flanked by inverted repeats, which are 
responsiblee for the two alternative orientations of the genomic segment, containing these two genes, 
inn the human population [130, 131]. Notably, all large-scale rearrangements of emerin associated 
withh EDMD failed to include filamin-A, suggesting that loss of filamin-A function might be 
embryonicallyy lethal. The latter has indeed been shown to be the case in another inheritable disease, 
periventricularr heterotopia, in which mutations in the FLNA gene have been found [132]. 
Periventricularr heterotopia is an X-linked dominant disorder in which neurons fail to migrate into 
thee cerebral cortex. They remain as nodules lining the ventricular surface. In heterozygous females 
thesee neurons presumably represent those cells that, after X chromosome inactivation, contain the 
activee X chromosome with the filamin mutation. Most hemizygous affected males die early during 
embryogenesiss [133], whereas most heterozygous females have normal intelligence but suffer from 
seizuresseizures and various manifestations outside the central nervous system, especially related to the 
vascularr system. The studies imply that filamin-A, which is required for the locomotion of M2 
melanomaa cells, is also required for neuronal migration to the cortex and is essential for 
embryogenesis.. In one male patient with a severe, albeit nonlethal, phenotype of periventricular 
heterotopiaa the FLNA gene was duplicated [134]. It was concluded that this duplication itself is 
responsiblee for the disorder, since no additional mutations have been found in other patients with 
periventricularr heterotopia. Analysis of the pattern of X inactivation in nucleated peripheral blood 
cellss obtained from females with filamin-A mutations indicated that filamin-A is not required in a 
cell-autonomouss fashion for survival, a finding similar to that found for filamin-A-deficient 
melanomaa cells and slime moid devoid of gelation factor. 

Otherr studies have implicated that filamin might be involved in some autoimmune diseases. 
Highh anti-filamin antibody titers have been found in sera from patients with myasthenia gravis 
[135].. Screening of a human thyroid follicular carcinoma expression library with serum from a 
patientt with Graves disease resulted in the cloning of a carboxy-terminal fragment of filamin-B 
[136].. However, a direct link between filamin and Graves disease is unclear, since only three out of 
tenn patients with Graves disease had autoantibodies that recognized the cytoplasmic filamin-B. 
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55 Conclusions and futur e directions 
Besidess the fact that fiiamins organize F-actin into bundles and networks it has now become 

clearr that they also link transmembrane receptors to the cytoskeleton and provide a scaffold for a 
varietyy of cytoplasmic signaling proteins. The current challenge is to understand which role fiiamins 
playy in the organization of the actin cytoskeleton and signaling, and to identify the biochemical 
mechanismss that regulate these interactions. Since different isoforms and variants of filamin exist 
andd abnormalities in the filamin-A gene cause periventricular heterotopia, it is expected that 
abnormalitiess of the other isogenes may also be connected with human disease. 
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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). 
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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. 

110 0 



Filamin-BFilamin-B splice variants 

FLN-B B 
19-24 4 

+ + 
--
--
+ + 
--
— — 

FLN-Bvar-1 1 
19-24 4 

+ + 
--
--
--
+ + 
+ + 

FLN-A A 
20*-24 4 

+ + 

--
+ + 
+ + 

pl AA  752KLLMIIHDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYEGK 798 

P1AN11
 7S2KLLMIIHDRRE 762 

P1AN22
 752KLLMIIHDRREFAKFEKEKMNAKWDT 777 

p l A N 33
 752KLLMIIHDRREFAKFEKEKMNAKWDTGENPIYKSAVTT 789 

p l A N 44
 763FAKFEKEKMNAKWDTGENPIYKSAVTTWNPKYEGK 79S 

P1AN55
 778GENPIYKSAVTTVVHPKYEGK 798 

P1AN66
 790WNPKYEGK 798 -

pl DD 752KLLMIIHDRREFAKFEKEKMNAKWDTOENPIYKSPIHNFKNPHYGRKAGL 801 - + -
P1DN 55

 778QENPIYKSPINNFKNPNYGRKAGL 801 -

p l A / D 7 9 66 KLLMIIHDRREFAKFEKEKMNAKWDTGENPIYKSAVTTVVNPKYGRKAGL 801 + + + 
p l A / D 7 9 44 KLLMIIHDRREFAKFEKEKMNAKWDTGENPIYKSAVTTWNPNYGRKAGL 801 + + + 
p l D / A 7 788 KLLMIIHDRREFAKFEKEKMNAKWDTQENPIYKSPVTTWNPKYEGK 798

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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Figur ee 4. Carboxy-terminal 
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  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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filamin-Bfilamin-B var iants 

constructss and expression 

(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. 

116 6 



Filamin-BFilamin-B splice variants 

O O 
X X 

ü ü 
1— — 

CO O 

Ü Ü 
X X 

d d 
cd d 
en n 

^LN-B;(AHI) ) FLN-Bvar-1(AH1) ) 

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 
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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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Integrinss are a family of heterodimeric cell adhesion molecules that associate with the 
cytoskeleton.. Besides their ability to mediate cell-cell and cell-matrix adhesion, integrins have a 
rolee in signaling. The specificity of integrin adhesion and signaling is determined by the 
combinationn of an integrin a and p chain. The complexity of the more than twenty different 
heterodimers,, which are assembled from 18 a and 8 p subunits, is increased by alternative mRNA 
splicing.. While variations in the extracellular domain are thought to modulate the affinity and/or the 
specificityy of ligand binding, those in the cytoplasmic domain may provide alternative means for 
associationn of the integrin with cytoskeletal and signaling proteins. The pi-integrins are the most 
ubiquitouslyy expressed integrin subclass in adherent cells. There are five different variants of the 
pi-integrinn cytoplasmic domain, of which pi A is the major form. 

Inn this thesis, the cloning of the piD variant of pi is described and it is shown that the 
expressionn of piD is restricted to skeletal and cardiac muscle. Furthermore, we studied the effects 
off  the expression of piA or piD in a pi-deficient epithelial cell line. Finally, we identified a novel 
variantt of the actin cross-linker protein, filamin-B that binds to the cytoplasmic domains of both 
piAandpiD. . 

Inn chapter  1 the integrin family with its splice variants is introduced. Several aspects of 
integrinn signaling, protein-protein interactions and myogenesis are discussed in this chapter. 

Cloningg and expression pattern of the piD integrin subunit 
Chapterr  2 describes the cloning of a novel variant of the cytoplasmic domain of the p 1 

subunit,, whose expression is restricted to skeletal and cardiac muscle. The integrin subunit has been 
namedd piD, since it was the fourth cytoplasmic variant described. The amino acid sequence of piD 
iss very homologous to that of the ubiquitously expressed piA subunit. The first 26 membrane 
proximall  amino acids of pi A and piD are identical and of the 24 carboxy-terminal residues they 
sharee 11 amino acids, including the two conserved NPXY motifs, which have been shown to be 
cruciall  for the localization of integrins at focal contacts and for signaling. Six of the in total 13 
differencess that are found between pi A and p ID are located between the two NPXY motifs, a 
regionn that in piA has been implicated in the regulation of integrin activity. Determination of the 
genomicc organization of the pi gene revealed that the 24 carboxy-terminal amino acids of pID are 
encodedd by a separate exon and thus that piD is the product of alternative splicing of mRNA. In 
contrastt to piD whose sequence is conserved in man, mouse, rat and chicken, the piB and piC 
variantss have only been detected in man [1], Both plB and plC lack the two NPXY motifs, are not 
localizedd in focal adhesions and are unable to activate focal adhesion kinase and the MAP-kinases 
(MAPK).. Furthermore, it has been suggested that both piB and piC inhibit cell proliferation, while 
theree is evidence that piB can also act as dominant negative integrin [2-4]. However, the absence of 
bothh piB and piC in mice, combined with the fact that in tissues and cells their levels of expression 
aree very low, makes one wonder what their true functions might be and what their exact 
contributionn is to the normal physiology of the cell. Finally, the results of several studies led to the 
questionn whether piB and piC can be expressed at all [5-8]. 

129 9 



ChapterChapter 7 

Thee expression of the pi cytoplasmic variants during myogenesis has been studied by RT-
PCRR analysis of murine C2C12 myoblast cells differentiated in vitro. The results show that during 
myogenesiss a shift occurs from (51A to pTD. This shift in variant expression is accompanied by a 
shiftt in the expression of a7B to a7A, the major a subunit that is associated with (31 in skeletal and 
cardiacc muscle. Interestingly, during myogenesis also new extracellular variants (XI and X2) of the 
a77 subunit are generated. It is likely that the different integrin variants, that are formed during 
myogenesis,, may have unique ligand binding specificities and/or activities, different cellular 
localizationss and/or signaling function [9-11]. 

Thee localization of piD in adult muscle and during embryogenesis of the mouse is studied in 
chapterr  3. To detect the piD protein, we generated monoclonal antibodies (hybridoma's 2B1 and 
1G2)) directed against the carboxy-terminal domain of piD. By immunohistochemistry it was 
confirmedd that piD is expressed in cardiac and skeletal muscle and furthermore it appeared that it is 
thee only pi variant present: pi A is expressed in the capillary blood vessels. The piD integrin 
subunitt is highly concentrated at the myotendinous junctions (MTJ) of skeletal muscle cells and is 
localizedd at the neuromuscular junctions and costameres. In cardiac muscle piD is present at the 
intercalatedd discs and costameres. We showed that in skeletal muscle around day E 17.5 of 
embryogenesis,, pi A is replaced by P ID. A similar switch of pi A to piD occurs in the heart around 
thee time of birth. Brancaccio et al. [12] also reported on a developmentally regulated expression of 
piDD integrin but in their study low levels of piD were already detectable in hearts from Ell 
embryoss onwards, the expression increasing drastically around birth. The developmental regulation 
andd localization of piD suggests a specific role of piD in either muscle cohesion or 
myofibrilogenesiss and these hypotheses are discussed in the following paragraph. 

Whatt  could be the role of the piD integrin subunit in striated muscle? 
Losss of pi integrin expression leads to embryonic death at E5.5 due to a defective 

implantationn of blastocysts [13, 14]. Studies with pi-deficient chimeric mice [15] and pi-deficient 
celll  lines indicated that pi is essential for an efficient assembly of the matrix [16-18], but not for the 
differentiationn of myocytes and cardiomyocytes, although defects in myofibrillogenesis have been 
reportedd [19-21]. These data together with the relatively late expression of piD during myogenesis 
suggestt that piD is not crucial for myogenesis. 

AA specialized role of piD in the maintenance of muscle integrity has been suggested (chapter 
22 ,[22, 23]). This assumption is supported by the expression of piD at the time the MTJs and 
intercalatedd discs are formed. Moreover, biochemical studies have shown that piD binds more 
stronglyy to talin than piA [24-26]. Also this variant proved to be more active than pi A in 
transfectedd cells, which resulted in reduced spreading and migration of cells [24]. Together these 
dataa support the assumption that piD provides a stronger linkage of muscles at muscle attachment 
sitess than pi A. Finally, piD has been reported to inhibit cell cycle progression in normal myoblasts 
andd fibroblasts [27]. This anti-proliferative effect of piD, which is probably due to its inability to 
activatee the MAPK pathway, may accelerate the terminal differentiation program of myoblasts [27]. 
However,, in other studies using human K562 erythroleukemic cells (our unpublished results), 
murinee GD25 and GE11 pi-deficient cells (chapter 4), C3H-10T1/2 cells [3] and piD knock-in 
embryonicc stem cells [28], such a pID-mediated effect on cell proliferation has not been observed. 
Thesee discrepancies might be explained by differences in the expression levels of pi A and piD, as 
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wee have found that on transfected cells the amount of plD expressed was always half of that of piD 
(chapterr 3 [28, 29], Alternatively, the cell type might be important. 

InIn vivo analysis of the role of piD has been performed in genetically modified mice. Gross 
analysiss of piD knock-out mice, expressing only the (51A variant in all tissues, revealed no 
pathologicall  or developmental defects [29]. The only defect was increased levels of atrial natriuretic 
peptidee and P-myosin heavy chain in male p 1D 7. mice, which may indicate some hypertrophy of 
thee heart. The cause of this seemingly sex-linked effect is unknown. Differences between the blood 
pressuree of male and female mice probably do not account for this phenotype, as the progeny of 
plDD mice crossed with a strain of mice with high blood-pressure showed no difference in cardiac 
defectss (C. Baudoin, personal communication). These data suggest that pi A can substitute for piD 
inn muscle in vivo. 

Onn the contrary, the replacement of piA by piD resulted in a lethal phenotype, which is 
probablyy caused by a combined effect of reduced levels of piD containing integrins and impaired 
celll  migration [29]. These data indicate that piD cannot compensate for the loss of pi A expression 
duringg embryogenesis. Interestingly, mice that express the (embryonic) a6B cytoplasmic variant 
insteadd of ct6A are also reported to exhibit only subtle abnormalities [30]. Apparently, 
embryonicallyy expressed splice variants of integrin subunits can compensate for the loss of variants 
thatt are normally expressed later in development while the reciprocal replacement of "embryonic" 
splicee variants by the "adult" variants interferes with embryogenesis. It could be that the 
heterodimerss that are expressed at a later stage form more stable cytoskeletal interactions, which 
interferee with delicate migratory events in development. Intriguingly, in two papers it has been 
reportedd that both the cc3A and a6A variants are preferably localized at focal contacts, while a6B 
remainss more diffusely distributed over the cell membranes of embryonic fibroblasts [31, 32]. 
Alternatively,, the different cytoplasmic domains could modulate the routing/recycling of integrins 
orr determine the formation and stability of specific integrin heterodimers. In this respect, it is 
interestingg to note that the disruption of a 7 integrin expression in mice results in a decreased 
expressionn of plD in striated muscle, while total pi levels remain the same due to an induced 
expressionn of pi A [33]. The apparently favored heterodimerization of a 7 with plD could also 
accountt for the 50% reduction of plD protein levels, as we consistently found in various model 
systemss (Chapter 4 [28, 29, 34]). 

Thee finding that inactivation of the a5 and a7 integrin subunits by homologous 
recombinationn in ES cells, leads to muscular dystrophy [35-37], while the disruption of oi4 [35], a6 
[38]]  or the replacement of piD by pi A were found to have no effects [29], is surprising. It should 
bee noted that there is an essential difference in the two approaches: loss of a-subunit expression 
usuallyy results in the upregulation of another a-subunit. As mentioned above, disruption of a7 
resultss in reduced piD levels, accompanied by an increase in the expression of pi A and the 
activationn of the Raf-kinase pathway [33]. Thus the observed phenotype could represent a gain of 
functionn rather than a loss of function; i.e. expression of cc5plA in stead of a7plD. On the contrary, 
replacementt of piD by pi A is less likely to affect the profile of integrin expression, as we indeed 
foundd upon expression of pi A or plD in pi-deficient cells (Chapter 4, [24, 27]) and therefore may 
nott lead to a strongly abnormal phenotype. 

Howw the alternative splicing of mRNA of integrin subunits is regulated is unknown. In one 
studyy C3H-10T1/2 fibroblasts were induced to express muscle-specific proteins by the ectopic 
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expressionn of the myogeneic helix-loop-helix transcription factor MyoD. However, these cells 
failedd to fuse and no muscle specific splice products such as piD integrin and MEF2Dlb2 mRNA 
weree detected [39], indicating that the myogenic differentiation pattern alone is probably not 
sufficientt for the induction of alternative splicing of mRNA for pi. 

pii  integrin induced epithelial mesenchymal-like transition and cross-talk 
Inn chapter  4 the analysis of the effects of pi A and piD expression in pi-deficient epithelial 

cellss is described. We observed that the expression of either pi-variant induced the formation of 
stresss fibers and the disruption of cadherin-based cell-cell junctions. Expression of the pi-
cytoplasmicc domains fused to the extracellular and transmembrane domains of the interleukin-2 
receptorr (IL2R) showed that expression of the pi-cytoplasmic domains was sufficient to induce the 
disruptionn of cell-cell junctions. Subsequent cell scattering and a complete morphological transition 
too a fibroblast-like phenotype required the interaction of pl-integrins with their ligands. Increasing 
thee amount of the laminin receptor a6pi, by transfecting cells with cDNA for the a6 subunit, lead 
too reduced surface expression of the ce5f51 fibronectin receptor. This dominant negative cross-talk 
betweenn integrin subunits allowed us to show that the reduced expression levels of a5pi prevented 
scatteringg of the cells on fibronectin, while cell migration on laminin was increased, due to elevated 
levelss ofaópi. Similar cross-talk between integrins has been observed for instance upon the 
overexpressionn of a7 in myoblasts, which resulted in reduced levels of a3, ct5 and a 6 [40, 41]. The 
currentt view is that the integrin expression profile is determined by the differences in affinity 
betweenn the various a and p subunits. For example, the a6pi integrin in cells disappears upon 
transfectionn with p4, which favors the formation of the more stable a6p4 heterodimers [42]. 

Thee Rho-like GTPases play a regulatory role in the organization of the actin-based 
cytoskeleton,, in cell migration and cell-cell adhesion. In epithelial cells seemingly contradictionary 
effectss of Rho-like GTPases have been reported; Racl and RhoA activity is required for both the 
maintenancee of cell-cell adhesions [43-46] and for cell migration [47-49]. To understand by which 
mechanismm the expression of cytoplasmic domains of pi reorganized the actin cytoskeleton and 
disruptedd cell-cell contacts, we analyzed the GTPase activity of several Rho-like kinases: i.e. 
Cdc42,, Racl and RhoA. These experiments showed that both piA and piD activate RhoA and 
Racl,, but not Cdc42 (chapter  4). The similar signaling by both pi A and piD corresponds to the 
identicall  effects these variants confer to the transfected cells. The epithelial-mesenchymal transition 
(EMT),, as induced by the cytoplasmic domain of pi, could be blocked by the subsequent 
expressionn of dominant negative mutants of Cdc42, Racl and RhoA. On the contrary, the expression 
off  dominant active mutants of RhoA or Racl alone, or in combination did not induce the 
breakdownn of cell-cell contacts, indicating that GTPase activity alone is not sufficient to disrupt 
adherenss junctions. 

Becausee several studies revealed opposite effects of, on the one hand, Cdc42 and Rac activity 
and,, on the other, Rho activity [50, 51], it is surprising that the concerted activation of both RhoA 
andd Racl by pi integrins results in the disruption of adherens junctions. However, pi might activate 
RhoAA more strongly than Racl, which is substantiated by the phenotype typical for Rho activition 
off  the increased formation of stress fibers and the size of focal adhesions. Unfortunately, this 
possibilityy could not be tested, as GST-pull-down assays do not allow the comparison of the relative 
GTPasee activity of different Rho-like GTPases. Moreover, the pi cytoplasmic domains could also 
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influencee the intracellular localization of the endogenous GTPases and thereby determine the final 
signalingg effect. Indeed, it has been demonstrated that the type of ECM dictates Tiam/Rac mediated 
cell-celll  adhesion or cell migration, probably by affecting the intracellular localization of Racl [52]. 

Overexpressionn of a-catenin inhibited (31-induced EMT. This effect might be due to several 
mechanisms.. The overexpression of a-catenin could stabilize adherens junctions and thus prevent 
thee disruption of cell-cell contacts, since it has been well documented that a-catenin determines the 
stabilityy of adherens junctions by their linkage to the actin cytoskeleton by a number of actin-
bindingg proteins, including a-actinin, vinculin, ZO-1 as well as actin itself [53-57]. Alternatively, 
overexpressionn of a-catenin could inhibit the genetic program of EMT as induced by (3-catenin-
TCF/LEFF signaling. Overexpression of either a-catenin or cadherin has been reported to inhibit (3-
cateninn dependent transactivation of TCF/LEF [58-60], probably by the sequestering of p-catenin 
[61,, 62]. Increased p-catenin-TCF/LEF signaling could for instance be induced by pl-mediated 
relocalizationn and/or activation of ILK [63]. Further study will be required to determine whether the 
expressionn of pi integrins induces via P-catenin-TCF/LEF signaling, EMT at the level of gene 
transcriptionn or that the apparent phenotypic changes merely reflect a morphological rearrangement 
off  the cytoskeleton. 

Inn addition, our finding that the ratio of a-catenin versus p 1 integrins determines the stability 
off  adherens junctions, suggests that a-catenin and pi integrins compete for cytoplasmic proteins in 
thee regulation of the stability of each adhesive junction. It is unlikely that competition for vinculin 
byy cadherins and integrins determines the stability of adherens junctions as vinculin is still found at 
cell-celll  contacts upon the overexpression of a-catenin in pi-expressing cells. Nevertheless, 
relocalizationn or shuttling of other proteins is a likely option. For instance, it has recently been 
foundd that the non receptor-kinase, Fer shuttles between cadherins and integrins, which coincides 
withh neurocan (a chondroitin-sulfate-proteoglycan) induced inactivation of both cadherin and 
integrin-mediatedd adhesion [64-66]. 

piAA  and piD cytoplasmic interactions: filamin 
Thee specific expression in striated muscles and the localization of plD at cell-matrix 

junctionss in skeletal- and cardiac muscle prompted us to search for proteins that specifically interact 
withh the plD variant. One interacting protein we identified in a yeast-two hybrid screen is 
introducedd in chapter  5, in which we review the filamin protein family of actin cross-linking 
proteins. . 

Inn chapter  6 the isolation of a novel filamin-B splice variant is described, which interacts 
withh both pi A and piD. Analysis of mRNA expression and genomic sequences of filamin-B 
showedd that this filamin-B variant-1 (filamin-Bvar.,) is widely expressed, but is a relatively minor 
componentt produced by alternative splicing of mRNA. Filamin-Bvarl lacks a single exon, which 
encodess a stretch of 41 amino acids between the filamin repeats 19 and 20. We found a similar 
variantt for filamin-A, filamin-Avar.,, in addition to two carboxy-terminal truncated filamin-B 
variants,, specific for cardiac muscle. These filamin-Bvar2 and fiIamin-Bvar3 transcripts lacked both the 
fourr carboxy-terminal filamin repeats, including the filamin dimerization domain. The physiological 
significancee of these splice variants remains to be determined. The binding between the different 
integrinn p-subunits and filamin-B variants was further characterized in yeast two-hybrid interaction 
assayss using filamin deletion constructs. Compared to filamin-B, which binds to piA and weakly to 
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P3AA and P6, filamin-Bvarl interacts with a higher affinity to these variants, as well as to piD. This 
suggestss that filamin variants could determine the specificity in the anchoring of membrane 
receptors.. Currently we are testing the filamin-B-integrin interactions in biochemical assays. 

Expressionn of green fluorescent-tagged filamin-B variants with or without the first hinge in 
variouss cell lines indicated differential localization of the filamin isoforms. By 
immunohistochemistryy and immunoelectron microscopy it was shown that there was an increased 
concentrationn of filamin-Bvar_, (AH1), a variant that lacks its first hinge region, at focal contacts. 
Furthermore,, both the fusion and differentiation of myoblasts into myotubes were affected. 
Myoblastss expressing filamin-B variants lacking the hinge-1 region fused into myotubes that were 
thinnerr than those in cells expressing variants containing the hinge-1 region. The latter cells also 
showedd a higher fusion index, whereas the terminal differentiation of filamin-B^., (AH1) expressing 
myoblastss was increased. These results demonstrate a new structural diversity of filamin isoforms, 
generatedd by alternative splicing of mRNA, that affects filamin-integrin interactions, cellular 
localizationn and myogenesis. However a few questions remain to be solved. The finding that 
truncatedd filamin A [67] and filamin-B constructs bind with higher affinity to [51 integrins than the 
majorr full length variants (chapter 6) makes it interesting to characterize the potential 
developmentall  alternative splicing of mRNA for filamins, which could ultimately validate the 
biologicall  relevance of our findings on, for instance, myogenesis. 

Ass has already been discussed in chapter 6, the effects on myoblast differentiation as observed 
forr the various filamin variants, could be the effect of a different organization of the actin 
cytoskeletonn and/or variations in the localization and association of filamin to various signaling and 
transmembranee receptors. That an altered cellular localization of pi-integrin associating proteins 
affectss myogenesis has recently been reported for integrin linked kinase (ILK) . Muscle 
differentiationn was found to be inhibited by the PINCH-directed localization of ILK and ILK-
mediatedd activation of the MAP-kinase signaling pathway [68]. 
Finally,, the diversity and number of proteins found to interact with integrin p-chains (Chapter 1, 
Tablee II) raises questions about the biological relevance of all those interactions. Thus far all piD 
interactingg proteins (talin, filamin, MIBP, melusin, skelemin and FHL2 [1, 12, 69, 70] have been 
foundd also to bind pi A, which indicated that their possible function is not necessarily piD specific. 
Furthermore,, the absence of specificity of these proteins for the pi-variants investigated could 
explainn the lack of a specific phenotype of piD knockout mice [29]. Our findings that a primary 
isolatedd piD binding partner, FHL1 (a four-and-a-half-LIM domain only protein), which shows 47 
%% identity with a heart-specific FHL2 protein that binds integrin a and p-subunits (Chapter 1, Table 
III  [70] and our unpublished results), actually does not interact with integrins makes one wonder 
aboutt the binding specificity and relevance of other interactions found with integrin a and 
PP subunits. Therefore, further studies are required to substantiate the potential function of filamin 
splicee variants in integrin function. 
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Integritiess vormen een familie van cel adhesie receptoren die een belangrijke rol hebben in het 
bijeenhoudenn van cellen in weefsels. Daarnaast geven integrines informatie door over 
omgevingseiwittenn waaraan ze binden naar het inwendige van de cel. Deze informatie is 
onontbeerlijkk voor de meeste celtypen en voorkomt dat cellen in apoptose (voorgeprogrammeerde 
celdood)) gaan. De door integrines gevormde focale contacten (locale hechtingsplaatsen) zijn de 
verankeringsplaatsenn die de cel gebruikt als voetjes tijdens het migreren (Fig 1, p. 15) 

Err zijn meer dan 24 integrines bekend, die zijn samengesteld uit twee eiwitketens, een a en 
eenn p keten. De combinatie van verschillende a (18) en P (8) ketens bepaalt aan welke 
extracellulaire-matrixeiwittenn (ECM) of andere cel-oppervlakte eiwitten de integrine kan binden 
(ziee ook Tabel 1, p.10). Additionele diversiteit in de bekende 24 integrines wordt bereikt door 
alternatievee "splicing" van mRNA, dat leidt tot het uitwisselen, invoegen of uitsnijden van stukjes 
eiwitt in de desbetreffende a of p keten (integrine varianten). Met hun cytoplasmatische deel binden 
integriness aan een scala van signaaleiwitten en cytoskeletaire eiwitten (Tabel 2, p.17). Door splicing 
verkregenn variaties in de cytoplasmatische delen van integrines kunnen de bindingsspecificiteit voor 
cytoskeletairee eiwitten of signaaleiwitten beïnvloeden en daarmee de functie van het betreffende 
integrine. . 

Inn dit proefschift staan een aantal studies beschreven die erop gericht zijn om het inzicht in de 
werkingg van integrines in het algemeen en van de biologische functie van splice varianten in het 
bijzonderr te vergroten. Er werd een nieuwe variant van het cytoplasmatische deel van de pi keten 
gekarakteriseerdd en een nieuwe aan integrine-bindende filamine variant beschreven. Tevens werden 
dee effecten van de pi integrines in pi-deficiënte cellen bestudeerd, hetgeen informatie opleverde 
overr de wisselwerking tussen cel-celadhesie en celmigratie. 

Inn hoofdstuk 2 wordt de klonering van een nieuwe (vierde) cytoplasmatische splice variant 
vann de pi integrine keten beschreven. Deze pi variant, plD, komt alleen voor in hartspier- en 
skeletspiercellenn en verschilt in 13 van de 50 cytoplasmatische aminozuren met de algemeen 
voorkomendee pi A subeenheid. 

Inn hoofdstuk 3 wordt met behulp van antilichamen, waarmee de aanwezigheid van het piD 
eiwitt kan worden aangetoond, de lokalisatie en het voorkomen van piD bestudeerd. De resultaten 
latenn zien dat piD gelokaliseerd is in spier-specifieke hechtingsplaatsen, zoals de "myotendinous 
junctions""  (spier-pees overgangen), de "costameren" (zijkanten van spiercellen) en "intercalated 
discs""  tussen hartspiercellen. Zowel gedurende de embryonale ontwikkeling van de muis als in 
celkweekexperimenten,, waarin myoblastcellen tot spier differentiëren, werd gevonden dat er tijdens 
dee myogenese (spierontwikkeling) een verschuiving plaats vindt in de expressie van varianten van 
hett cytoplasmatische deel van integrine a en P ketens en wel van a7BplA naar a7BpiD en 
a7ApiD.. De lokalisatie van piD in de bindingsplaatsen van de spiercel en het expressiepatroon 
tijdenss de embryonale ontwikkeling duiden op een specifieke rol voor piD in het behoud van de 
integriteitt van contraherend spierweefsel en/of een rol in de ontwikkeling van het unieke cytoskelet 
inn spiercellen. 

Inn hoofdstuk 4 wordt beschreven dat het tot expressie brengen van zowel piA als piD 
integriness in epitheel-achtige p 1-deficiënte cellen resulteert in de formatie van "stress fibers" 
(intracellulaire,, contractiele actine kabels), het verbreken van cel-cel contacten en het 
verspreiden/migrerenn van deze cellen. Dit effect lijk t op de cellulaire veranderingen die optreden 
tijdenss de epitheliale-mesenchymale transitie gedurende de embryonale ontwikkeling en de 
veranderingenn die kankercellen ondergaan als ze zich los maken van de primaire tumor en 
vervolgenss andere weefsels invaderen (tumor uitzaaiingen). Tijdens deze studie bleek dat het door 
hett pi cytoplasmatische domein veroorzaakte verbreken van cel-cel interacties niet zonder meer 

139 9 



gekoppeldd is aan het migreren van cellen. Om inzicht te krijgen in de signalen die leiden tot het 
verbrekenn van cel-cel interacties werd onderzocht of pi integrines en het pi cytoplasmatische 
domeinn signaaleiwitten activeren die behoren tot de familie van Rho-achtige GTP-asen. Dit zijn 
eiwittenn die een regulerende rol spelen in de organisatie van het cytoskelet en celmigratie. 
Biochemischee "pull down" experimenten lieten zien dat enkele van deze GTP-asen, RhoA en Racl 
werdenn geactiveerd. Verdere proeven met actieve en inactieve GTP-ase-eiwitten toonden aan dat 
activeringg van deze GTP-asen nodig is, maar niet voldoende voor een complete verandering naar 
eenn mesenchym-achtig celtype. Bovendien bleek dat er een wisselwerking bestaat tussen op 
cadheriness gefundeerde cel-celadhesie en de door integrines bewerkstelligde hechting en migratie 
opp de ECM. Expressie van pi leidt tot een afname in de hoeveelheid van de cel-cel contact eiwitten, 
cadherinee en a-catenine, hetgeen kon worden tegengegaan door het relatief tot overexpressie 
brengenn van a-catenine. 

Inn hoofdstuk 5 wordt een overzicht gegeven van de familie van filamine eiwitten. Filamines 
zijnn lange eiwitketens die zijn opgebouwd uit 24 repeterende domeinen (Figuur 2., p.82). Deze eiwit 
ketensketens kunnen onderbroken worden door twee buigzame domeinen (Hl en H2). Het N-terminale 
uiteindee van filamine bindt aan actine filamenten en het C-terminale uiteinde zorgt voor dimerisatie 
datt resulteert in het bundelen of verbinden van actine filamenten tot netwerken (Figuur 3., p.87). 
Bovendienn is bekend dat filamines aan verschillende membraanreceptoren en signaalmoleculen 
kunnenn binden hetgeen suggereert dat hun rol veelzijdig is. Onlangs zijn alle 3 de homologe 
filamines,, filamine-A, B en C gekloneerd en is er vastgesteld dat mutanten van filamine-A 
problemenn in de migratie van cellen kunnen veroorzaken, die resulteren in de neurale afwijking, 
periventriculairee heterotopia. 

Hoofdstukk 6 handelt over de identificatie van eiwitten die aan het piD cytoplasmatische 
domeinn kunnen binden. Hiervoor werd het "yeast two-hybrid system", een screening in gist cellen 
waarmeee uit enkele miljoenen stukjes genetisch materiaal coderend voor spiercel eiwitten, die 
stukjess cDNA werden geisoleerd, die coderen voor aan plD bindende eiwitten. Deze en andere 
screeningss resulteerden in de isolatie van een nieuwe splice variant van filamine-B, filamine-BvaM 

diee een hogere bindingsactiviteit heeft voor verschillende integrine p ketens dan het algemeen 
voorkomendee filamin-B. In filamine-B^., ontbreekt een stukje van 41 aminozuren tussen het 19e en 
20s,ee repeterende domein, in een gebied waar ook variaties in andere filamine isovormen 
voorkomen.. Dit leidde tot de identificatie van een homologe variant-1 van filamine-A in 
verschillendee weefsels en verkorte filamine-B transcripten in hartcellen. Om de lokalisatie in cellen 
enn de effecten van verschillende filamine-B varianten op de myogenese te onderzoeken werden 
filamine-BB varianten zichtbaar gemaakt door deze te markeren met een stukje eiwit, oorspronkelijk 
afkomstigg van lichtgevende kwallen, groen fluorescerend proteïne. Door het introduceren van deze 
filamine-BB varianten in verschillende celtypen werd gevonden dat de filamine-Bvar_, (AH1) variant, 
diee zowel het stukje tussen domein 19 en 20 mist, alsmede het Hl stukje, met integrines in focale 
contactenn lokaliseert, terwijl de andere filamine-B varianten tezamen met de actine kabels zijn 
gelokaliseerd.. Tenslotte lijk t het introduceren van diverse filamine-B varianten de myogenese 
verschillendd te beïnvloeden. Deze bevindingen suggereren een model waarin de splicing van de 
mRNA'ss voor filamines de specifieke interactie van filamine met andere eiwitten en de cellulaire 
lokalisatiee bepaalt. Dit is inmiddels voor andere aan actine-bindende eiwitten, zoals dystrofine en 
enkelee leden van de plakine eiwitfamilie aangetoond. 

Inn hoofdstuk 7 worden de resultaten samengevat en wordt onder andere de rol van pi 
integrinee in de spierontwikkeling bediscussieerd aan de hand van recente literatuur. 
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