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Summaryy and discussion 

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]. 
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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 

130 0 



SummarySummary and discussion 

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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