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Chapterr 1 

Integrin ss and associate d molecules : 
signalin gg pathway s in cell adhesio n and migratio n 
Celll migration plays a key role in a wide variety of normal and pathological biological phe-
nomena.nomena. During embryogenesis, cell migration is important for processes such as gastru-
lationn and the development of the nervous system. Leukocytes continuously traffic from the 
bloodstreamm into tissues and lymphoid organs for immunosurveillance or to respond to 
infections.. Migration of fibroblasts and endothelial cells is essential for wound healing. 
Importantly,, loss of the tight control of cell migration can lead to malignant tumor growth 
andd metastasis formation which is the most life-threatening aspect of cancer. 

Celll adhesion molecules (CAMs) of the integrin superfamily are involved in binding of 
extracellularr matrix (ECM) proteins but some integrins also mediate cell-cell adhesion by 
bindingg counterreceptors on other cells. Most other CAMs are primarily involved in cell-cell 
adhesionn and can be grouped in a limited number of superfamilies: the cadherins, the 
selectins,, and the immunoglobulin superfamily (for reviews see Gumbiner, 1996; Hynes, 
1996;; Aplin et al., 1998). ADAMs (a disintegrin and metalloprotease domain) are signaling 
receptorss but also mediate cell-cell adhesion by binding to integrins (Schlondorff and Blobel, 
1999).. Some heparan sulfate and chondroitin sulfate proteoglycans, glycosy I phosphatidyl-
inositoll (GPI)-linked proteins, receptor protein tyrosine kinases and phosphatases, and 
hyaluronann receptors can mediate cell adhesion (Sherman et al., 1994; Vogel et al., 1997; 
Angers-Loustauu et al., 1999; Bernfield et al., 1999; Lee and Spicer, 2000; Preissner et al., 
2000)) and several of these proteins modulate integrin functions, including adhesion and 
migration. . 

Thee old view that integrins as transmembrane molecules simply glue the extracellular 
matrixx to the cell's actomyosin contractile cytoskeleton is outdated. Integrins have in fact 
uniquee properties which implicate these molecules in cell migration. Adhesive properties of 
integrinss can be regulated from within the cell in a process called inside-out signaling or 
integrinn activation. This is especially evident for integrins on leukocytes because most of 
thesee cells circulate in the bloodstream and only after 'activation signals' attach to and 
transmigratee the endothelial layer. Integrins can also transmit signals to the inside of the cell 
inn a process called outside-in signaling. In this way, ligand binding influences processes like 
celll growth, proliferation and gene expression. Moreover, cells that are not located in a 
properr extracellular context transduce anoikis (homelessness) signals into the cell which 
resultt in apoptosis. Finally, ligand binding induces cytoskeletal reorganizations that are 
requiredd for cell spreading and migration. 

Thee work described in this thesis comprises multiple aspects of cell migration, primarily of 
malignantt cells but also of non-malignant cells. The goal of this introduction is to provide a 
generall overview of molecules involved in cell adhesion and migration with emphasis on 
integrins,, integrin-associated molecules and small GTPases. For a more extensive overview, I 
willl refer to several recent reviews throughout the introduction. 

11 General aspect s of cel l migratio n 
Duringg migration, cells adopt a polarized morphology with a front or leading edge and a rear 
orr trailing edge (see Figure 1). This morphology is especially well characterized for 
fibroblastss but e.g. also motile leukocytes have a strongly polarized appearance. In those 
cellss the rear is called uropod. After plating cells, distinct actin-membrane structures can be 
observed.. First, the cells flatten and thin protrusions are formed which may cover the whole 
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Figur ee 1. A polarized migrating cell with a leading and trailing edge. At the leading edge two frlopodia and a large 
lamellipodiumm can be distinguished. Part of the latter forms a membrane ruffle. Note the parallel and orthogonal 
structuree of actin filaments in filopodia and lamellipodium, respectively. Bundles of actin filaments (stress fibers) 
connectt to clustered integrins in focal adhesions (FAs; black ovals). Focal complexes are smaller integrin clusters 
thatt form at the rim of the lamellipodium or at the tip of the filopodium (black dots). At the rear, FAs are dis-
assembledd (open ovals), and membrane components and integrins are recycled to the leading edge, e.g. via 
vesiclee transport (v). Parts of cell membranes containing integrins are left behind as footprints. Small G proteins 
aree involved in several aspects of cell migration: The Rho-like GTPases Cdc42, Rac1, and RhoA in the formation 
off filopodia, lamellipodia, and FAs and stress fibers, respectively; Ras proteins in the activation of Rho-like 
GTPasess and in the regulation of integrin affinity required for FA and focal complex formation (small arrowheads); 
Rabb and Arf subfamily members in vesicle transport and Art proteins also in remodeling of the actin meshwork 
(seee text for details). GPCR: G protein-coupled receptor. 

circumferencee of the cell. The area between these filopodia or microspikes is filled up with 
membranee and cytoplasm leading to thin sheet-like projections called lamellipodia, causing 
thee cells to adopt a pancake-like appearance when this spreading occurs in all directions. 
Oncee cells start to migrate, filopodia and lamellipodia are mainly found on one side of the 
cell.. This activity sometimes leads to a surplus of membrane which folds back on the 
lamellipodiumm leading to ruffle formation (see Figure 1). These structures do not 
accommodatee organelles but contain large amounts of actin and actin-associated proteins. 
Filopodiaa e.g., contain one or a few parallel actin filaments whereas the cortical actin in 
lamellipodiaa consists of orthogonal crosslinked actin filaments (see Figure 1) (for review see 
Mitchisonn and Cramer, 1996). Cell migration can be divided into five morphologically distinct 
steps:: extension of leading-edge structures in association with the assembly of actin 
(spreading);; formation of cell-substratum attachments (adhesion); generation of a 
contractilee force to move the cell body forward; release of the rear of the cell; and recycling 
off membrane receptors from the rear to the front of the cell (for reviews see Lauffenburger 
andd Horwitz, 1996; Cox and Huttenlocher, 1998; Sheetz et al., 1999). Importantly, a biphasic 
relationn between adhesion and migration speed has been observed. At low adhesion 
strength,, cells cannot form stable attachments, and hence cannot generate force required 
forr migration. In contrast, at high adhesion strengths cells do not move because they cannot 
releasee attachments effectively (Palecek et al., 1997). Another variable, the rigidity of the 
matrix,, determines the strength of integrin-cytoskeletal linkages (Choquet et al., 1997). The 
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Chapterr 1 

mainn sites for these linkages are the focal adhesions (FAs): dynamic structures containing 
clusterss of integrins that assemble (leading edge), disassemble (trailing edge), and recycle 
ass cells migrate and which are connected to thick bundles of filamentous (F) actin called 
stresss fibers (see Figure 1). The formation of FAs and stress fibers depends on actomyosin 
contractilityy (Chrzanowska-Wodnicka and Burridge, 1996). Lymphocytes show, in contrast to 
fibroblasts,, a much faster amoeboid-type of migration which is not accompanied by 
formationn of FAs and stress fibers (Firtel and Chung, 2000; Friedl and Brocker, 2000). 
Nevertheless,, recent evidence suggests that clustering of integrins on blood cells is important 
forr adhesion and hence migration (see section 3.1.3). Surprisingly, in contrast to FAs in 
motilee fibroblasts, FAs in stationary fibroblasts are highly motile. This has been explained by 
aa model in which a molecular 'clutch' regulates the affinity of integrins for ligand and/or the 
tensionn applied to FAs by the cytoskeleton (Smilenov et al., 1999). The link between integrin 
andd cytoskeleton is brought about by cytoskeletal linker proteins such as a-actinin, vinculin, 
talinn and tensin. FAs also provide a platform for integrin signaling. The presence of various 
kinasess such as focal adhesion kinase (FAK) and Src-like kinases, among other signaling 
molecules,, is required for FA signaling and turnover (Miyamoto et al., 1995; for review see 
Critchley,, 2000; Sastry and Burridge, 2000). Recently, several studies revealed the presence 
off different types of FAs within one cell. These structures differ in morphology, localization, 
phosphotyrosinee content, and integrin and linker protein composition (for reviews see Geiger 
ett al., 2001; Zamir and Geiger, 2001). The assembly of'classical FAs' at the cell periphery is 
sensitivee to contractility inhibitors whereas the more centrally located 'fibrillar adhesions' are 
nott (Zamir et al., 1999; Zamir et al., 2000). The exact role of these different FAs in e.g. cell 
migrationn remains to be determined. Smaller focal complexes or point contacts are present in 
cellss during spreading (Tawil et al., 1993) and in spread cells at the rim of lamellipodia and 
thee tips of filopodia where they are involved in the stabilization of these structures (Nobes 
andd Hall, 1995; Clark et al., 1998). Focal complexes do not connect to stress fibers but, 
instead,, to the cortical actin network. These structures, and not FAs, have been shown to be 
responsiblee for the generation of strong propulsive forces in migrating cells (Beningo et al., 
2001)) suggesting that FAs are mainly passive anchorage devices. Recently, it was shown 
thatt focal complexes are preceded by integrin clusters. The formation of these clusters, 
whichh recruit the Racl protein (see below) required for focal complex formation, depends on 
thee Ca2+-sensitive protease calpain (Bialkowska et al., 2000). 

Att the trailing edge, FAs are disassembled and adhesion is released. How this process 
workss is largely unknown but several Ca2+-sensitive proteins such as calpain and the 
phosphatasee calcineurin have been implicated in the process (for review see Cox and 
Huttenlocher,, 1998). Different fates for integrins have been shown to exist. In vitro, integrins 
aree left behind in footprints but whether this occurs in vivo\s unknown. It seems more likely, 
ass has been shown for leukocytes, that integrins are taken up in endocytotic vesicles which 
aree recycled to the front of the cell (see Figure 1). This process depends on Ca2+ and 
calcineurinn and buffering the intracellular Ca2+ concentration inhibits cell migration (Lawson 
andd Maxfield, 1995; Pierini et al., 2000). Growth factors induce rapid recycling of aV(33 
integrinss to the cell membrane which is a prerequisite for cell adhesion and spreading of 
fibroblastss (Roberts et al., 2001). In migrating CHO cells, endocytic a5 integrin-containing 
vesicless emanating from the leading edge traffic to the perinuclear region and are than 
transportedd back to the lamellipodium (Laukaitis et al., 2001). Also the stimulatory effect of 
thee Ca2+-dependent protein kinase Ca (PKCa) on carcinoma cell migration was shown to be 
duee to integrin recycling (Ng et al., 1999). The (32 integrin cytoplasmic domain contains a 
sortingg signal which diverts internalized integrins from a degradative into a recycling 
pathway.. Mutation of this sorting signal leads to a marked decrease in cell migration (Fabbri 
ett al., 1999). Alternatively, integrin aggregates may, after FA disassembly, move forward on 
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thee cell surface or may become incorporated into new or existing FAs (Cox and Huttenlocher, 
1998). . 

Dynamicc rearrangements of the cytoskeleton allow cells to change their morphology and 
too migrate. In the early 1990s it was shown that several small GTPases of the Rho family 
controll the organization of the actin cytoskeleton. In quiescent serum-starved Swiss 3T3 
fibroblastt cells, which contain very few organized F-actin structures, RhoA was shown to lead 
too the assembly of stress fibers and FAs (Ridley and Hall, 1992). Racl was shown to lead to 
thee assembly of the actin meshwork at the cell periphery forming lamellipodia and mem-
branee ruffles and associated focal complexes (Ridley et al., 1992). A few years later, Cdc42 
waswas shown to induce filopodia and associated focal complexes (Kozma et al., 1995; Nobes 
andd Hall, 1995). Cdc42 and Racl are both required for cell spreading (Price et al., 1998) and 
thee hierarchy of events during this process suggested that Cdc42 can activate Racl which 
thenn leads to activation of RhoA (Hall, 1998). However, recent data show that a high or a 
loww ratio between Racl and RhoA activity in e.g. epithelial and fibroblast cells can induce the 
transitionn to a more mesenchymal or epithelioid phenotype, respectively (Sander et al., 
1999;; Zondag et al., 2000). Furthermore, the rapid turnover of Racl-induced focal 
complexess required for cell motility is antagonized by increased RhoA activity which results in 
maturationn of the complexes into FAs (Rottner et al., 1999). These results suggest that the 
relativee levels of the two GTPases are important (double-headed arrow in Figure 1). 
Recently,, Racl has been shown to downregulate Cdc42 activity which was suggested to be 
importantt for the stabilization of Racl-induced protrusions (Cox et al., 2001). The current 
modell is that Cdc42 is mainly required to establish a polarized phenotype, Racl for leading 
edgee protrusions required for forward movement, and RhoA to maintain cell adhesion (Nobes 
andd Hall, 1999). 

RhoA,, Racl and Cdc42 are by far the most studied members of a larger family of Rho-like 
GTPases.. These proteins also affect processes like gene transcription, cell cycle progression, 
andd apoptosis (for reviews see van Aelst and D'Souza-Schorey, 1997; Mackay and Hall, 
1998;; Aspenstrom, 1999; Bishop and Hall, 2000). The family of Rho-like GTPases belong to 
thee superfamily of small G proteins that also consists of the Ras, Rab, Arf and Ran families 
(forr overview see Matozaki et al., 2000). Ras proteins have been shown to affect integrin-
ligandd binding (see section 3.1.2), to cooperate functionally with Rho-like GTPases (for 
revieww see Bar-Sagi and Hall, 2000), and have been implicated in the turnover of FAs and 
stresss fibers (Nobes and Hall, 1999). Also Rab and Arf proteins have been implicated in cell 
migrationn because they are involved in vesicle transport and Arf proteins in actin remodeling 
eventss as well (see Figure 1). 

Differencess between in vitro model systems and more physiological in vivo circumstances 
mayy lead to different conclusions about cell migration. For instance, whereas FAs are rarely 
observedd in vivo, they are present in many adherent cell types grown in vitro in the presence 
off serum components. These components, such as growth factors and lysophosphatidic acid 
(LPA),, are normally not present in vivo under non-pathological conditions. These com-
ponentss activate Racl and RhoA proteins via growth factor receptors (GFR) and G protein-
coupledd receptors (GPCR) (note that the term 'G protein' does not refer to the superfamily of 
smalll GTPases but to the superfamily of heterotrimeric G proteins which are involved in 
signalingg via serpentine or seven-transmembrane receptors; see Figure 1). Furthermore, 
mostt studies in vitro are done on two-dimensional (2D) substrates whereas cells in vivo are 
embeddedd in a three-dimensional (3D) matrix. In fact, 3D-matrix interactions differ in 
structure,, localization and function from in vitro adhesions (Cukierman et al., 2001) and the 
requirementss for Rho-like GTPases during invasion of a 3D collagen gel are much more 
complexx than for migration through collagen-coated pores in a Boyden chamber assay 
(Banyardd et al., 2000). 
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Chapterr 1 

22 Integrin s and associatin g molecule s 
Thee word 'integrin' was proposed in 1986 by Tamkun et al. for a transmembrane subunit of 
aa chicken complex that mediated cell adhesion by 'integrating' the ECM with the intracellular 
actinn cytoskeleton. Soon it became clear that integrins comprise a family of structurally and 
functionallyy related non-covalently associated heterodimeric receptors (Hynes, 1987). To 
date,, eighteen a ( a l - a l l , aV, aE, allb, aL, aM, aX, and aD) and eight p (|31-p8) subunits, 
whichh can form 24 heterodimers, have been described in vertebrates. The p i subunit is the 
mostt promiscuous one since it can dimerize with at least 12 a subunits. In contrast, the p4, 
p5,, p6 and p8 subunits only associate with one a subunit and 15 of the 18 a subunits 
associatee with only one p subunit (Velling et al., 1999; Plow et al., 2000). Several subunits 
aree predominantly expressed by leukocytes and the integrin allbp3 is present only on 
plateletss (see Figure 2). Recently, a bone marrow-specific p2-like subunit was cloned which 
apparentlyy does not, or very weakly, associate with an a subunit (Chen et al., 1998; Garrison 
ett al., 2001). In contrast, an a6-like subunit, which lacks a large part of the extracellular 
domain,, associates normally with p i and p4 subunits (Davis et al., 2001). Besides the ap 
nomenclaturee other names and CD numbers for integrins are still widely used. The p i 
integrinss are also called VLA (very late antigen) proteins (e.g. a2pi is VLA-2 or CD49b/CD29 
andd a5pi is VLA-5 or CD49e/CD29). Other names for al_p2 are LFA-1 (leukocyte function-
associatedd antigen-1) and CDlla/CD18; for aMp2 are Mac-1 (macrophage receptor-1), CR3 
(iC3bb receptor) and CDllb/CD18; for aXp2 pl50,95 and CDllc/CD18; for aDp2 CDl ld/ 
CD18;; and for allbp3 GPIIb-IIIa. 
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Figur ee 2. Integrin heterodimers and their main ligands. Schematic representation of the known a and (3 subunits 
andd the ap heterodimers that can be formed. Blood cell-specific subunits are boxed. Thus, the aVp3 integrin is 
nott blood-cell specific but the integrin allbp3 is. Major ligands are: 1 collagens; 2 laminins; 3 fibronectin; 4 VCAM; 
55 MAdCAM; 6 E-cadherin; 7 tenascin; 8 vitronectin; 9 fibrinogen; 10 ICAMs; 11 von Willebrand factor; 12 throm-
bospondin;; 13 iC3b; (see also section 2.1). 

Ann important approach to address the role of a protein in developmental processes is to 
generatee knockout mice in which both alleles of the corresponding gene are mutated ("'") so 
thatt no functional protein is present during murine development. In this way, nearly all 
geness encoding adhesion and matrix molecules have been targeted. Given the many 
differentt p i integrins it was not surprising that mutation of the p i gene was found to be 
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embryonicc lethal at a very early stage of development. Mutation of pl-associated a subunits 
leadss to a plethora of phenotypes: embryonic lethality at later stages, lethality at or after 
birth,, major or minor defects without lethality, or no obvious phenotype at all (for reviews 
seee Fassler et al., 1996; Hynes, 1996). Some mice revealed an unexpected phenotype. For 
instance,, aV integrins were thought to be absolutely required for the development of blood 
vessels.. However, aV"/" mice show extensive vascular development before they die (Bader et 
al.,, 1998). a4v" mice die before birth because of unexpected defects in placental and cardiac 
developmentt (Yang et al., 1995). To circumvent embryonic lethality, chimeric mice were 
generatedd by injection of a4v" embryonic stem cells into a4+/+ blastocysts. These studies 
revealedd that T-cell development in fetal life is a4-independent but becomes a4-dependent 
afterr birth (Arroyo et al., 1996). Hirsch et al. (1996) used the same approach and showed 
thatt hematopoietic precursor cells require p i integrins to migrate into and seed the fetal 
liver.. Recently, this study was extended by generating mice homozygous for a so called 
'floxed'' p i gene (an essential part of the gene is flanked by two loxP sites and this part can 
bee excised by the Cre recombinase). Stem cells from the bone marrow of these mice were 
retrovirallyy transduced with the Cre recombinase, leading to deletion of the p i gene. These 
cellss were not able to repopulate the bone marrow of recipient mice (Potocnic et al., 2000). 
Thee floxed p i mice were also crossed with transgenic mice expressing the Cre recombinase 
underr the control of the keratinocyte-specific keratin-5 promoter. The offspring, which 
survivedd several weeks after birth with loss of p i expression only in the epidermis, revealed 
thatt p i integrins are required for hair follicle integrity and basement membrane formation 
(Brakebuschh etal., 2000; Raghavan et al., 2000). In contrast to p i integrins, p2 integrins are 
predominantlyy expressed by leukocytes and hence knockout animals kept in pathogen-free 
conditionss do not show obvious abnormalities. Animals lacking al_p2 show, however, a large 
reductionn in the number of lymphocytes in peripheral lymph nodes because of impaired 
migrationn (Berlin-Rufenach et al., 1999). Surprisingly, aMv" mice have increased numbers of 
neutrophilss accumulating intraperitonally in an experimental model for peritonitis. Subse-
quentt experiments showed that this was due to a delay in neutrophil apoptosis which 
appearedd to have a role in the homeostasis of inflammation (Coxon et al., 1996). These 
resultss indicate that aLp2 and not ctMp2 is the prime p2 integrin involved in extravasation, 
andd this was confirmed by a comparative study (Ding et al., 1999). aMp2 is also involved in 
phagocytosis,, a process that resembles cell spreading (for review see Berton and Lowell, 
1999).. Absence of ccMp2 does not impede initial spreading but affects longterm spreading 
duee to the inability of phagocytes to redistribute F-actin required for sustained adhesion 
(Tangg et al., 1997). Finally, knockout mice can be crossed to obtain animals which lack two 
orr more proteins. oc4pi, a5pl and the aV integrins e.g., are the main FN receptors. To 
analyzee whether these integrins have independent or overlapping functions in embryonic 
developmentt double-mutant embryos were generated. In this way it was shown that a4 and 
a5,, in contrast to aV and cc5, do not synergize (Yang et al., 1999). Together, these studies 
showw that the contemporary knockout technology allows a detailed analysis of integrin 
functionn during development, in tissue architecture, and in the immune system. 

2.11 The extracellula r domai n and ligan d bindin g 
Thee extracellular domains of the heterodimer are involved in ligand binding. Almost all 
integrinss have more than one ligand and most ligands are recognized by more than one 
integrinn (see Figure 2; for overview see Plow et al., 2000). ECM proteins such as collagens, 
laminins,, fibronectin (FN), and vitronectin (VN) are major ligands for many cell types. Most 
bloodd cell-specific integrins, however, primarily bind CAM counterreceptors on other cells 
suchh as the intercellular adhesion molecules (ICAMs), vascular cell adhesion molecule 
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(VCAM)) and mucosal addressin cell adhesion molecule (MAdCAM), or blood proteins such as 
factorr X, von Willebrand factor, iC3b, and fibrinogen. The integrin aEp7 binds to E-cadherin 
(forr reviews see Hynes, 1992; Sonnenberg, 1993; Plow et al., 2000). Furthermore, some 
ligandss such as thrombospondins and tenascin-C have antiadhesive properties and prevent 
e.g.. FA and stress fiber formation (see also section 3.2.1; for review see Orend and Chiquet-
Ehrismann,, 2000). Finally, many protozoa, fungi, bacteria and viruses require integrins for 
adhesionn and invasion of host tissues during pathogenesis (for review see Kerr, 1999). 

Thee prototypic integrin recognition site is the RGD (Arg-Gly-Asp tripeptide) sequence, 
originallyy identified in FN (Pierschbacher and Ruoslahti, 1984). Many more ligands contain a 
RGDD sequence but they are not recognized by all RGD-binding integrins. Specificity is due to 
aminoo acids surrounding the RGD sequence or the requirement for additional sites. For 
instance,, a5(31 binds the RGD sequence but adhesion to FN is strengthened by binding to a 
distinctt synergy site. Recently, it was shown that a peptide corresponding to this site 
dramaticallyy accelerates wound healing in vivo (Livant et al., 2000a) whereas invasion and 
metastasiss of carcinoma cells is inhibited by this peptide with one amino acid substitution 
(Livantt et al., 2000b). a4pl is also a FN receptor but it recognizes neither the RGD sequence 
norr the synergy site. Instead, at least three different binding sites have been identified that 
mediatee binding of a4|31. More complexity is added by alternative splicing of FN whereby 
bindingg sites are included or excluded (ffrench-Constant, 1995). More short integrin 
recognitionn sequences have been identified in other ligands and most contain an acidic 
residuee (Sonnenberg, 1993; Plow et al., 2000). Some sites are cryptic or masked and only 
becomee available after proteolytic digestion of the ligand which may then induce processes 
suchh as cell migration (Giannelli et al., 1997). 

Thee divalent cation Mn2+ is often used to induce ligand binding in vitro, apparently 
becausee it induces a conformational change in the integrin which supports ligand binding. 
Thee effect of Mn2+ is, in contrast to affinity modulation from the inside of the cell, energy-
independent.. In vivo, Ca2+ and Mg2+ cations are more relevant for integrin function. Mg2+ is 
inn general stimulatory whereas Ca2+ is inhibitory. For instance, in the early phase after 
wounding,, the extracellular Mg2+/Ca2+ ratio is increased and this correlates with an enhanced 
migratoryy response of several cell types involved in wound healing (Grzesiak and Piersch-
bacher,, 1995) most likely by an effect on integrin function. Each integrin heterodimer 
containss 3-5 cation binding sites of which there are at least two structurally distinct classes 
(forr review on integrin structure see Humphries, 2000). First, the N-terminus of the a 
subunitt contains seven homologous repeats of ~60 amino acids. Each repeat is predicted to 
formm a [3-sheet consisting of 4 anti-parallel p-strands and the seven repeats together to form 
aa p-propeller domain (Huang and Springer, 1997; see Figure 3). Repeats IV to VII contain 3 
orr 4 imperfect cation-binding EF-hand motifs (Tuckweil et al., 1992). The second type of 
domainn is located in the autonomous folding I (inserted) domain of ~200 amino acids 
locatedd between repeat I I and I I I of the a subunit (see Figure 3). All a subunits associated 
withh p2 integrins as well as a l , a2, alO, a l l and aE contain an I domain, p subunits contain 
ann N-terminal conserved pA region which is considered to be an I-like domain (Goodman and 
Bajt,, 1996). The crystal structures of the I-domain of the aM and aL subunit have been 
resolvedd (Lee et al., 1995; Qu and Leahy, 1995) and show a globular structure consisting of 
sixx central p-sheets surrounded by seven a-helices and a coordination site for a divalent 
cationn on the upper face of the domain. The ion is fixed by 5 oxygenated amino acids in a 
metall ion-dependent adhesion site (MIDAS): DxSxS (x is any amino acid) together with 
downstreamm non-contiguous Asp and Thr residues. It has been hypothesized that the acidic 
residuee in the ligand provides a sixth coordination site for the cation which thus forms a 
bridgee between the integrin and ligand. The same applies for the interaction between ligand 
andd the imperfect EF-hands (Tuckweil et al., 1992; Bergelson and Hemler, 1995). All pA 
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regionss contain a MIDAS motif too and mutation of key MIDAS residues in a or (3 subunits 
abolishess ligand binding (Michishita etal., 1993; Lee et ai., 1995; Goodman and Bajt, 1996). 
Ann I domain-deleted aMp2 integrin, however, can still bind some ligands (Yalamanchili et al., 
2000).. Recently, the crystal structure of the extracellular portion of the integrin aVp3 was 
solvedd (Xiong et al., 2001). The a and p subunits assemble in an ovoid 'head' consisting of 
thee aV (3-propeller and the p3 pA domain and two nearly parallel a and p subunit 'tails' or 
stalk-likee regions. The crystal structure revealed the putative ligand-binding site at the ap 
'head'' interface. How al! these a and p subunit domains are coherently regulated in recog-
nitionn of (multiple) ligands is, however, still unknown. 

Monoclonall antibodies (mAbs) against integrin subunits are important tools to study 
integrinn signaling events. mAbs are used to detect changes in affinity or to block the function 
off a specific integrin. The extracellular domain of an integrin contains several key hinge 
regionss allowing it to adopt different conformations ranging from 'inactive' to 'fully active' 
(forr reviews see Bazzoni and Hemler, 1996; Humphries, 2000). Ligand-mimetic antibodies 
recognizee activation epitopes of which the appearance corresponds to a fully-active high-
affinityy state of the integrin. These fully active integrins can bind monovalent ligands in 
solution.. Multivalent ligands can induce integrin clustering and thereby induce an increase in 
avidityy which is not necessarily accompanied by an increase in affinity of individual integrins. 
Ligandd binding itself can induce neoepitopes called cation-ligand-influenced binding sites 
(CLIBS).. Inhibitory mAbs block the interaction between integrin and ligand either by stabi-
lizingg an integrin conformation that cannot bind ligand, by preventing a conformational 
changee required for ligand binding, or directly by blocking the binding site in the active 
integrin.. In contrast, CLIBS antibodies may induce ligand binding by stabilizing an integrin 
conformationn required for ligand binding. The anti-pl mAb TS2/16 even forces a4pi to bind 
thee RGD-containing FN fragment to which it normally cannot bind (see above) (Sanchez-
Aparicioo et al., 1994). At present it is not clear yet whether ligand binding depends on 
affinityy modulation, clustering of integrins, or both. 

Somee a subunit mRNAs are alternatively spliced in the extracellular domain, and this often 
occurss in a developmental^ regulated fashion (for review see de Melker and Sonnenberg, 
1999).. Both the a6 and a7 subunits have alternative sequences located between repeats I I I 
andd IV. It has been shown that a7x2 binds ligand constitutively whereas a7xl-mediated 
adhesionn is regulated (Ziober et al., 1997). No such differences were found for <x6 splice 
variants.. Instead, it seems that the variants differ in their ability to dimerize with p subunits 
(Delwell et al., 1995). 

Furthermore,, several a subunits are proteolytically cleaved and this yields a disulfide-
linkedd heavy and light chain (S-S in Figure 3). Cleavage of the a4 subunit was reported to be 
dispensablee for ligand binding (Teixidó et al., 1992) whereas for a6 it was shown to be 
requiredd for phorbol ester-induced adhesion to laminin (see section 3.1) but not for adhesion 
inducedd by a stimulatory antibody (Delwel et al., 1997). Recently, Berthet et al. (2000) 
showedd that uncleaved aV in a cell-free system binds vitronectin whereas uncleaved surface 
aVV does not. Cells with uncleaved aV showed impaired signaling into the cell. So, cleavage 
off a subunits seems to be required for proper signaling in two directions across the 
membranee in some cell systems. 

2.22 Integri n cytoplasmi c domain s 
Integrinn a and p subunits have short cytoplasmic domains (~15-80 amino acids). The p4 
subunitt is unique because it has a cytoplasmic domain of ~1,000 amino acids (the p4 
subunitt dimerizes with the cc6 subunit and this integrin has a specialized function in epithelial 
architecturee and will not be further discussed). There is little homology between the 
cytoplasmicc domains of the different a subunits except for a highly conserved membrane 
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proximall KxGFFKR motif (see Figures 3 and 4) which has been implicated in two functions. 
First,, deletion of this motif prevents or reduces expression of integrins on the cell surface 
(Kassnerr et al., 1994; de Melker and Sonnenberg, 1996) indicating that the motif is required 
forr stabilization of the heterodimer. Second, p subunits contain a membrane proximal 
KLLxxIHDRR motif (see Figure 4) which together with the KxGFFKR motif has been suggested 
too be a 'hinge' region by forming a salt bridge between a and p subunit that keeps the 
heterodimerr in a default low affinity state (Hughes et al., 1996; Lu et al., 2001). Deletion or 
mutationn of these motifs results in constitutive ligand binding (Crowe et al., 1994; OToole et 
al.,, 1994). The hinge concept also implies that ligand binding leads to a conformational 
changee of the cytoplasmic domain as has been shown for al lb by a cytoplasmic CLIBS mAb 

Figur ee 3. Schematic overview of integrin structure and integrin signaling. The a chain contains seven extracellular 
homologouss repeats (l-VII) organized into a P-propeller structure. The l-domain of the a subunit and the 
conservedd (5A domain of the p subunit are thickened. Some a chains are posttranslationally cleaved into two 
chainss connected by a disulfide bridge (S-S). The KxGFFKR sequence in the cytoplasmic tail of the a subunit is 
involvedd in heterodimer formation and affinity modulation. Various aspects of integrins are discussed: (A) the 
extracellularr domain and ligand binding (section 2.1); (B) a and p subunit cytoplasmic tails and associating 
proteinss (sections 2.2 and 2.3); (C) lateral associations of integrins and transmembrane or membrane-linked 
extracellularr proteins (section 2.4); (D) intracellular signaling pathways involved in ligand binding (inside-out 
signaling;; section 3.1); and (E) signals from the extracellular environment that are transduced via integrins leading 
too activation of various signaling pathways and the reorganization of the cytoskeleton (outside-in signaling; 
sectionn 3.2). 
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(Leisnerr et al., 1999). Furthermore, NMR structures of wt and mutant al lb cytoplasmic 
domainss support a model in which the membrane-distal part of the al lb tail acts as a switch 
too close or open the conformation of the tail, thereby regulating integrin signaling (Vino-
gradovaa et al., 2000). These studies suggest that integrin a cytoplasmic domains inhibit the 
interactionn of p subunits with cytoskeletal components. Integrin ligation or release of puta-
tivee negative regulators and/or recruitment of positive regulators may relieve these inhibitory 
interactionss (Vinogradova et al., 2000). 

pp subunits have, in contrast to a subunits, considerable homology. Reszka et al. (1992) 
havee extensively analyzed the requirement of individual amino acids of the p i cytoplasmic 
taill for FA localization. They identified three amino acid motifs: cyto-1, cyto-2, and cyto-3 
(cyto-22 and -3 are also called NPXY motifs; see Figure 4). All three motifs are highly 
conservedd among p subunits, except (34 and p8 (for alignment see Dedhar and Hannigan, 
1996;; major aberrations are cyto-2 and cyto-3 of 02 and cyto-3 of p7 which contain a 
phenylalaninee instead of tyrosine residue, and p5 that does not contain a cyto-3 motif). The 
prolinee residue in the cyto-2 domain is conserved in all p subunits and is likely to form a tight 
turnn in the tail (Collawn et al., 1990). A fourth conserved motif is a stretch of two or three 
threoninee or threonine and serine residues located in the interdomain between the NPXY 
motifss (T stretch; see Figure 4). 

Alternativee splicing of mRNAs leads to variants of a and p subunit cytoplasmic domains 
(forr review see de Melker and Sonnenberg, 1999). Variants of the a3, a6 and a7 subunits (A 
andd B variants) have been found. The B variants are expressed early during embryogenesis 
andd are later replaced by the A variants. No clear function for this variant switching has been 
describedd in either development or in in vitro studies. a6Av" mice, which only express the B 
variant,, develop normally to adulthood, but have a reduced number of T lymphocytes in 
lymphh nodes and these cells migrate less on laminin in vitro (Gimond et al., 1998). 

Splicee variants of the p i , p3, p4, and p5 subunits have been described (de Melker and 
Sonnenberg,, 1999) but only p i variants (A-D) have been investigated extensively. These 
variantss have a membrane-proximal common subdomain which ends just N-terminal of the 
cyto-22 domain (see Figure 4) and only the plA and piD variants contain NPXY motifs. The 
piBB variant does not localize in FAs and has dominant negative effects on cell adhesion, 
spreadingg and migration (Balzac et al., 1994; Retta et al., 1998). Also plC does not localize 
inn FAs and its main effect is inhibition of cell cycle progression (Meredith et al., 1995) for 
whichh the isolated piC-specific sequence suffices (Meredith et al., 1999). plB and piC are 
minorr splice variants expressed in human but not mouse tissues (Baudoin et al., 1996). 
Nevertheless,, piC is downregulated in human prostate carcinomas and forced expression of 
plCC in prostate cancer cell lines inhibits proliferation (Fornaro et al., 1998; Fornaro et al., 
2000)) suggesting that plC plays a role in pathophysiology. The fourth variant, piD, is 
specificallyy expressed in adult striated muscle tissues (van der Flier et al., 1995; Belkin et al., 
1996).. Also piD inhibits cell cycle progression in accordance with muscle cell differentiation 
whichh occurs before the cells fuse (Belkin and Retta, 1998). piD is localized at several sites 
whichh are susceptible to mechanical stress (van der Flier et al., 1997) and transfection of the 
variantt in non-muscle cells leads to an increase in adhesion, enhanced interactions with the 
cytoskeleton,, and inhibition of cell migration compared to plA transfectants (Belkin et al., 
1997).. Mice that only express the plA variant do not show major defects whereas piD 
'knock-in'' mice, in which the p i alleles have been altered such that the mice can only 
expresss the piD variant, die before birth most likely because of defects in migration of 
neuroepitheliall cells (Baudoin et al., 1998). 
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2.33 Cytoplasmi c integrin-bindin g protein s 
Thee cytoskeletal protein talin was the first protein shown to directly interact with integrin 
cytoplasmicc domains. More recently, yeast two-hybrid screens have been succesfully em-
ployedd to identify molecules involved in integrin signaling. Some interacting proteins only 
bindd specifically to a particular a or p subunit whereas others bind several a and/or p 
subunitss (for overview see Table 1). Many a and p subunit-binding sites are known and 
depictedd in Figure 4 (in case of more than one binding site, the one which appears to be the 
mostt important, is depicted). 

2.3.11 Interaction s wit h p subunit s 
Tali nn  binds to the (31A, plD, p2 and p3 subunits (Horwitz et al., 1986; Knezevic et a!., 1996; 
Pfafff et al., 1998; Sampath et al., 1998). Studies using integrin peptides revealed that talin 
bindss to the cyto-2 domain of p i and p3 and the interaction can be blocked by mutation of 
thee tyrosine residue (Kaapa et al., 1999; Calderwood et al., 1999). The v-Src kinase phos-
phorylatess this tyrosine residue in vitro and in vivo and this reduces talin binding (Tapley et 
al.,, 1989). Talin coimmunoprecipitates (COIPs) with piA and not with piB that does not 
containn a cyto-2 domain (Retta et al., 1998) but plA and plD, which have identical cyto-2 
domains,, do not bind talin with equal strength. Pfaff et al. (1998) generated fusion proteins 
off p cytoplasmic tails containing a dimerization domain so that parallel dimers are formed 
thatt mimiek clustered integrins, and found that plD dimers bind to talin much more strongly 
thann plA dimers (see also Belkin et al., 1997). Lewis and Schwartz (1995) and Kaapa et al. 
(1999)) identified the sequence immediately C-terminal of cyto-2 to be required for binding 
andd colocalization of p i and talin. Together, these results indicate that the primary binding 
sitee is within the cyto-2 domain but also the sequence C-terminal of cyto-2 is required. In 
contrast,, Patil et al. (1999) showed that a cyto-1 peptide of the p3 subunit binds talin. So, 
howw talin precisely binds to the various p subunits is still not clear. Furthermore, Knezevic et 
al.. (1996) showed that talin also binds to allb peptides suggesting that talin binds both 
subunits.. Whether this is a unique property of allbp3 is unknown. 

a-actini nn  colocalizes with integrins in FAs but is also present along stress fibers and the 
purifiedd protein colocalizes with pi integrins in a cell-free system (Cattelino et al., 1999). 
Oteyy et al. (1990) showed that synthetic peptides corresponding to the p i cytoplasmic tail 
directlyy interact with purified a-actinin. Microinjection of a pi-binding proteolytic fragment of 
a-actininn leads to disassembly of stress fibers and FAs (Pavalko and Burridge, 1991). 
Experimentss with overlapping p i peptides revealed that a-actinin binds to two regions: a 
regionn corresponding to cyto-1 and a region corresponding to cyto-2 and cyto-3 (Otey et al., 
1993).. piD, which differs in the latter region, was shown to bind a-actinin less efficiently 
thann plA (Belkin et al., 1997). Interestingly, Sampath et al. (1998) also identified cyto-1 in 
thee p2 subunit as a binding site for a-actinin but the region spanning cyto-2 and cyto-3 was 
identifiedd as an a-actinin inhibitory domain. This was based on the observation that binding 
off a-actinin to the p i cytoplasmic tail is tenfold higher compared to p2 but the latter is 
stronglyy enhanced after deletion of the C-terminal half of the tail. This suggests that the 
interactionn with the blood cell-specific p2 integrins is regulated which may be relevant 
becausee p i integrins generally establish constitutive interactions with the cytoskeleton 
whereass these interactions in blood cells are likely to be subject to regulation (see section 
3.1.3). . 

Onee paper describes a direct interaction between p3 cytoplasmic domain peptides and the 
cytoskeletall protein myosin , an interaction which depends on phosphorylation of the 
tyrosinee residues in cyto-2 and -3. Cells transfected with a p3 subunit containing mutated 
tyrosinee residues show a marked reduction in p3-dependent fibrin clot retraction (Jenkins et 
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al.,, 1998) suggesting that the interaction between p3 and myosin is required for contractile 
events. . 

Skelemi nn  is a ~210 kD protein containing seven immunoglobulin C2-like motifs 
interruptedd by five fibronectin type-Ill motifs. Proteins with these motifs are involved in 
bindingg to and the regulation of myosin filaments. Reddy et al. (1998) showed that C2 motifs 
3-77 bind the membrane proximal (31 and p3 cytoplasmic tail and the isolated C4 motif 
inducess rounding up of myoblast cells, conceivably by disrupting the interaction between 
integrinss and the cytoskeleton. By Northern blot analysis skelemin is only detected in muscle 
cellss but a skelemin antiserum detects a skelemin-like protein that colocalizes with p i and p3 
integrinss at early stages of cell spreading in e.g. endothelial cells and platelets. Recently, it 
wass shown that the integrin-skelemin interaction is required for the formation of calpain-
inducedd integrin clusters (see section 1) which precede the formation of focal complexes at 
thee earliest stages of cell spreading (Reddy et al., 2001). Myomesin, an alternatively spliced 
formm of skelemin, binds myosin and also contains a potential integrin binding site (Obermann 
ett al., 1997; Steiner et al., 1999). Functional differences between the two isoforms remain to 
bee determined. 

Thee filamin s comprise a family of large (~280 kD) proteins that are mainly localized in 
thee cortical actin cytoskeleton and along stress fibers. At these sites dimerized filamins 
crosslinkk actin filaments and provide a scaffold for various cytoplasmic signaling molecules 
(forr review see van der Flier and Sonnenberg, 2001a). Moreover, direct binding of plA, piD, 
p22 and p7 subunits to filamins and filamin splice variants has been shown (Sharma et al., 
1995;; Loo et al., 1998; Ffaff et al., 1998; van der Flier et al., 2002). Sharma et al. used p2 
peptidess in overlay assays to show that filamin binds to the N-terminal half of the p2 
cytoplasmicc domain. For the p i subunit it was shown that all but the last three C-terminal 
aminoo acids are required for binding in a yeast two-hybrid assay and that point mutations in 
cyto-22 and -3 abrogate filamin binding (Loo et al., 1998). Pfaff et al. (1998) showed that 
parallell p7 dimers bind to filamin much more tightly than plA dimers. Two isoleucine 
residuess in the p7 sequence are responsible for the strong binding (ITTTI in p7 versus 
VTTWW in pi located between cyto-2 and cyto-3; see Figure 4). Substitution of the two valine 
residuess for isoleucines in the p i subunit results in increased filamin binding, enhanced 
colocalizationn of p i integrins and filamin, and inhibition of cell migration (Calderwood et al., 
2001). . 

ILKK  (integrin-linked kinase) was identified in a yeast two-hybrid screen as a Ser/Thr 
proteinn kinase binding to p i and p3 cytoplasmic domains. ILK phosphorylated p i but not p3 
peptidess in vitro and COIPed with p i integrins (Hannigan et al., 1995). A direct interaction of 
ILKK with integrins was, however, questioned by others (Hemler, 1998) and the putative ILK-
bindingg site of p i (Dedhar and Hannigan, 1996) has not been confirmed or even discussed in 
laterr publications. Recently, ILK was shown to bind to adaptor proteins such as PINCH and 
paxillinn which target ILK to FAs (Li et al., 1999; Tu et al., 1999; Nikolopoulos and Turner, 
2001).. Also ILK's kinase function has been questioned (Lynch et al., 1999) but recently it has 
beenn clearly shown that ILK as well as a novel isoform of the protein can phosphorylate p3 
peptidess in vitro (Janji et al., 2000). In Drosophila, the linkage of the cytoskeleton to the 
plasmaa membrane at sites of integrin adhesion requires ILK but its kinase function is 
dispensable.. Surprisingly, the cytoskeleton is normally targeted to the plasma membrane in 
thee absence of integrins (Zervas et al., 2001). Several recent reviews (Huang and Wu, 1999; 
Dedharr et al., 1999; Wu, 1999; Dedhar, 2000) discuss the important role of ILK in e.g. 
growthh factor signaling pathways, cell cycle progression and apoptosis but whether a direct 
interactionn with integrins is required for these functions remains unknown. 

Thee tyrosine kinase FAK (focal adhesion kinase) colocalizes with integrins in FAs. The 
interactionn of integrins with ECM determines FAK's phosphorylation state and kinase activity 
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(forr reviews see Schlaepfer and Hunter, 1998; Parsons et al., 2000). Fibroblasts lacking FAK 
reveall enlarged FAs and reduced cell migration (Ilic et al., 1995) whereas fibroblasts 
overexpressingg FAK show enhanced cell migration (Cary et al., 1998). FAK has been shown 
too bind to (31, p2 and p3 cytoplasmic membrane-proximal peptides (Schaller et al., 1995). 
However,, the putative FAK binding site in p3 was found to be neither required nor sufficient 
too trigger FAK phosphorylation (Tahiliani et al., 1997). Studies with p i deletion mutants 
revealedd a more distal site to be required for colocalization of FAK and p i in vivo (Lewis and 
Schwartz,, 1995) and only one paper describes a COIP of the proteins (Chen et al., 2000). 
Whetherr a direct interaction occurs in vivo is currently unknown and a more plausible way of 
FAA targeting is recruitment by proteins like paxillin (see section 3.2.1) or talin (Hildebrand et 
al.,, 1995; Boroswky and Hynes, 1998). FAK's focal adhesion targeting (FAT) domain, which 
bindss paxillin and is distinct from the integrin-binding domain, has been shown to be 
necessaryy and sufficient to target FAK to FAs (Hildebrand et al., 1993). 

Cytohesin- 11 was identified in a yeast two-hybrid screen with the p2 cytoplasmic domain 
ass bait. The protein contains an N-terminal Sec7 domain and a C-terminal PH (pleckstrin 
homology)) domain followed by a small polybasic domain. Catalytic Sec7 domains have been 
implicatedd in the activation of Arf (ADP ribosylation factor) proteins involved in vesicle 
traffickingg and remodeling of the actin cytoskeleton (see e.g. Franco et al., 1999). The Sec7 
domainn of cytohesin-1 binds to membrane proximal residues within the p2 subunit whereas 
thee PH domain binds to phospholipids in the cell membrane. Kolanus et al. (1996) showed 
thatt full length cytohesin-1 or the isolated Sec7 domain induces LFA-1-mediated ICAM-1 
bindingg whereas the isolated PH domain inhibits LFA-1 function. Subsequent studies revealed 
thatt the phosphatidylinositol 3-kinase (PI3K) lipid product PIP3 is involved in membrane 
localizationn of cytohesin-1. The PH domain of cytohesin-1 binds PIP3 leading to recruitment 
too the membrane (Nagel et al., 1998a; Hmama et al., 1999; Venkateswarlu et al., 1999) 
(PI3KK is a lipid kinase implicated in various signaling pathways most likely by recruiting 
cytoplasmicc proteins to the plasma membrane via phospholipid-binding domains). The 
polybasicc domain and the PH domain coordinately mediate proper cellular targeting (Nagel et 
al.,, 1998b). Moreover, phosphorylation of a serine/threonine motif by PKC5 within the former 
domainn causes the association of cytohesin-1 with the actin cytoskeleton and this is required 
forr maximal LFA-1-mediated adhesion (Dierks et al., 2001). A p2 subunit with a mutation 
thatt abrogates cytohesin-1 binding does not support LFA-1-mediated adhesion to ICAM-1. In 
contrast,, a point mutant of cytohesin-1 which completely lacks catalytic activity towards Arf 
proteinss in vitro, still binds p2 and induces an extracellular activation epitope of LFA-1 
similarlyy to wt cytohesin-1. However, adhesion and cell spreading on ICAM-1-coated surfaces 
aree completely inhibited suggesting that the catalytic activity of cytohesin-1 is involved in 
post-receptorr actin remodeling events required for stable adhesion (Geiger et al., 2000). This 
wass recently substantiated by Weber et al. (2001) who showed that the GEF activity is 
requiredd for firm arrest and transendothelial chemotaxis of T lymphoma cells under 
fysiologicall flow conditions. Interestingly, Korthauer et al. (2000) found that anergic T 
lymphocytes,, which do not respond to mitogenic stimuli and do not migrate, selectively 
expresss the cytohesin-family member GRP1. GRP1 also binds the p2 subunit in yeast two-
hybridd assays and the authors speculate that anergic T cells do not migrate because of 
GRPl-inducedd adhesion. 

Threee groups have identified the 27 kD integrin cytoplasmic domain-associated protein-1 
(ICAP-1)) in a yeast two-hybrid screen (Chang et al., 1997; Zhang and Hemler, 1999; 
Brancaccioo et al., 1999). The protein interacts with the 13 C-terminal residues of piA and 
withinn this stretch several residues have been shown to be required for the interaction: the 
VTTT sequence, a functional cyto-3 NPXY domain, and the 3 C-terminal amino acids (Chang et 
al.,, 1997; Stroeken et al., 2000). ICAP-1 did not appear to contain any domains or homology 
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too other proteins. However, 'Conserved Domain Database' search revealed that the 140 
C-terminall amino acids are likely to form a phosphotyrosine-binding (PTB) domain (see 
Chapterr 5). This domain was originally identified as binding to phosphorylated NPXY motif-
containingg proteins. Later studies revealed that a phosphotyrosine is not required for 
recognitionn and that the motif may even completely deviate from a NPXY sequence (for 
reviewss see Siegal, 1999; Forman-Kay and Pawson, 1999). Interestingly, an ICAP-1 splice 
variantt that lacks most of the PTB domain does not bind piA in yeast two-hybrid assays 
(Changg et al., 1997). 23 of the 50 N-terminal amino acids of ICAP-1 are Ser/Thr residues and 
severall of these are located within consensus phosphorylation sites for PKC, cAMP- or cGMP-
dependentt kinases. T38 is present in an optimal calcium/calmodulin-dependent protein 
kinasee I I (CaMKII) recognition motif. Mutation of this residue to aspartic acid, which mimics 
phosphorylation,, attenuates cell spreading whereas a T38A mutant that cannot be phos-
phorylatedd stimulates spreading (Bouvard and Block, 1998). Cell-matrix interactions lead to 
ann increase in ICAP-1 phosphorylation (Chang et al., 1997; Zhang and Hemler, 1999) and 
overexpressionn of ICAP-1 increases pl-dependent migration (Zhang and Hemler, 1999). 
Thesee results suggest that ICAP-1 is involved in post-receptor events. 

P3-endonexi nn  interacts specifically with the p3 subunit. A mutation critically affecting 
allbp33 function and present in patients with a bleeding disorder (S752-»P) was shown to 
largelyy reduce binding of p3-endonexin (Shattil et al., 1995). Swapping experiments of the 
cyto-33 domains of p i (NPKY) and p3 (NITY) revealed that this domain determines the 
specificityy of the interaction (Eigenthaler et al., 1997). p3-endonexin increases the affinity of 
allbp33 as measured by increased binding to soluble ligand or a ligand-mimetic mAb. 
Treatmentt with cytochalasin D, an inhibitor of actin polymerization, does not affect ligand 
bindingg suggesting that integrin clustering is not required (Kashiwagi et al., 1997). Only a 
smalll proportion of p3-endonexin colocalizes with integrins. Instead, a large amount is 
localizedd in the nucleus (Kashiwagi et al., 1997). Recently, p3-endonexin was shown to 
inhibitt cyclin A-cdk2 kinase activity (Ohtoshi et al., 2000) but whether this represents a 
connectionn between integrin function and cell cycle progression is unknown. 

Thee integrin aVp5 is involved in PKC-dependent angiogenesis (Friedlander et al., 1995). 
TAP200 (theta-associated protein of 20 kD) was identified by differential mRNA display after 
overexpressionn of constitutively active and dominant negative PKC9 forms in endothelial 
cells.. The N-terminus of TAP20 is 55% homologous to p3-endonexin. A direct interaction 
betweenn the p5 subunit and TAP20 was shown by precipitation using purified proteins. 
Overexpressionn of TAP20 in endothelial cells leads to inhibition of aVp5- but not aVp3-
mediatedd adhesion to VN, a reduced number of FAs, and an increase in migration on VN. In 
aa 3D in vitro model for angiogenesis, TAP20 increases tube formation of endothelial cells 
(Tangg et al., 1999). These data show that TAP20 affects aVp5 integrin function in endo-
theliall cells required for the formation of blood vessels. 

AA two-hybrid screen with the p2 cytoplasmic domain identified Rack- 1 (receptor for 
activatedd protein kinase C) which also binds activated PKC. Similarly as heterotrimer G-pro-
teinn p subunits, Rack-1 contains seven WD (Trp-Asp) repeats which are expected to form a 
p-propellerr structure (as in integrin a subunits). Repeats 5-7 are involved in binding to the 
membranee proximal region of p2, p i and p5 subunits. In COIPs, these repeats bind to p2 
constitutivelyy whereas full length Rackl does not interact with integrins except after 
stimulationn with the PKC activator PMA, suggesting that phosphorylation by PKC induces 
bindingg of Rackl to integrins (Liliental and Chang, 1998). Zhang and Hemler (1999) and 
Brancaccioo et al. (1999) identified Rackl in the yeast two-hybrid assay using the p i 
cytoplasmicc tail as bait. Zhang and Hemler questioned the specificity of the interaction 
becausee they could not detect an interaction with p2 but instead found an interaction with 
aVV and a4 subunits. However, a role for Rack-1 in integrin function has been shown by 
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Buensucesoo et al. (2001). Overexpression of the protein inhibited cell migration due to an 
increasee in focal adhesions and stress fibers whereas these effects were not observed when 
cellss were transfected with a Rack-1 mutant that cannot bind PKC. 

WAIT- 11 (WD protein associating with integrin cytoplasmic tails) was found as an 
interactorr with the p7 cytoplasmic domain in a yeast two-hybrid screen (Rietzier et al., 
1998).. The interaction of WAIT-1 with blood cell-specific p7 integrins may be further stabi-
lizedd because WAIT-1 also interacts with the p7-associating a4 and aE subunits. The 
interactionn with [37 critically depends on a p7-specific membrane-proximal tyrosine residue 
andd membrane-proximal tyrosine residues are also present in a4 and aE subunits. WAIT-1 is 
100%% identical to the murine EED protein. Mice with two EED null alleles have major defects 
inn embryonic development (Schumacher et al., 1996) whereas p7v" mice only have defects in 
thee development of the gut-associated lymphoid tissue (Wagner et al., 1996). This suggests 
thatt WAIT-1 has more functions, in line with its wide tissue distribution. 

AA yeast two-hybrid screen with the p2 cytoplasmic domain as bait identified JAB 1 (Jun 
activationn domain-binding protein 1, a coactivator of the c-Jun transcription factor at AP-1 
sites).. In T lymphocytes, a fraction of endogenous JAB1 colocalizes with LFA-1 and cross-
linkingg of this integrin induces an increase in the amount of JAB1 in the nucleus concomitant 
withh an increase in activity of an AP-1-driven luciferase reporter gene. Reduction of JAB1 
proteinn levels by an antisense JAB1 construct leads to inhibition of the activity of the reporter 
genee (Bianchi et al., 2000). The p2-JABl interaction may represent a direct pathway linking 
integrinn function with gene expression but it remains to be determined whether the 
interactionn is specific for p2 integrins. 

Twoo muscle-specific proteins, melusi n and MIBP (muscle-specific p i integrin-binding 
protein),, bind the p i common subdomain. The interaction of p i and melusin, which contains 
putativee SH2 and SH3 domain-binding sites, is probably regulated by Ca2+. Melusin protein 
levelss increase during muscle differentiation in vitro and regeneration in vivo. In contrast, 
MIBPP is strongly downregulated during in vitro differentiation and its overexpression inhibits 
differentiationn (Brancaccio et al., 1999; Li et al., 1999). 

Thee signaling adaptor protein She was the first protein shown to contain a PTB domain 
bindingg tyrosine-phosphorylated NPXY motifs. Observations suggesting that She directly 
bindss to phosphorylated p3 subunits (Law et al., 1996) were recently confirmed (Cowan et 
al.,, 2000; Kirk et al., 2000). Purified She binds p3 peptides of which the C-terminal or both 
NPXYY motifs are phosphorylated but also binds to highly homologous diphosphorylated p i 
andd p5 peptides (Cowan et al., 2000). Upon platelet aggregation, She itself becomes 
phosphorylatedd and is found to COIP with the p3 subunit. In diYF mice, in which by gene 
targetingg the wt p3 subunit was replaced by one containing two phenylalanine residues 
insteadd of tyrosine residues, platelet aggregation is largely impaired suggesting that She is 
involvedd in outside-in signaling (Law et al., 1999; Cowan et al., 2000). Interestingly, Kirk et 
al.. (2000) showed that She binding to the phosphorylated tyrosine in cyto-3 is largely 
inhibitedd by phosphorylation of a proximal N-terminal threonine residue (see Figure 4). 

p ii and p3 cytoplasmic domains interact with the adaptor protein 14-3-3)3 in the yeast 
two-hybridd assay. In vivo 14-3-3p and pi integrins colocalize in focal complexes only during 
earlyy phases of cell spreading. 14-3-3p overexpression accelerates spreading and enhances 
celll migration on fibronectin-coated surfaces (Han et al., 2001a). 14-3-3p is known to 
interactt with several signaling molecules such as PI3K, PKC and pl90RhoGEF (Zhai et al., 
2001)) but whether these molecules are relevant for the effects of 14-3-3P on integrin-
mediatedd processes is still unknown. Several 14-3-3 isoforms (a, p, 5, Q present in leukocyte 
lysatess were shown to bind to p2 cytoplasmic domain peptides containing a phosphorylated 
Thr7588 residue (see legend Figure 4). This residue is phosphorylated by various PKC 
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isoformss (Fagelholm et al., 2001). Together, these results suggest that 14-3-3 proteins are 
widelyy used adaptor proteins that can recruit signaling molecules to integrins. 

Thee p21-activated kinase PAK4 was found to interact with p5, p6 and (32 but not p i sub-
unitss in yeast two-hybrid assays. PAK4 deviates from other PAKs because it is a constitutively 
activee kinase and downstream effector of Cdc42 but not Racl (Abo et al., 1998; see section 
3.2.3).. PAK4, which phosphorylates 05 in vitro, induces aVp5-dependent cell migration on 
VNN upon overexpression whereas cells expressing a kinase-dead PAK4 mutant show impaired 
p5-dependentt migration (H. Zhang, Keystone symposium, March 25-31 2000, Breckenridge, 
Co,, abstract no 347). 

PICK11 binds, like Rack-1, PKC. PICK1 specifically interacts with the p6 cytoplasmic tail in 
yeastt two-hybrid assays and in in vitro binding assays. PKCa can phosphorylate the p6 tail in 
vitrovitro and this likely is relevant because aVp6-mediated spreading and migration require PKC 
activityy (S. Spong, Keystone symposium, March 25-31 2000, Breckenridge, Co, abstract no 
433). . 

Thee Syk and ZAP-70 (^-associated protein-70) protein tyrosine kinases are essential for 
immunee system development and function (Chu et al., 1998) for which they have to be 
activatedd by recruitment to diphosphorylated immune receptor tyrosine-based activation 
motifss (ITAMs) via their tandem SH2 domains. Syk and ZAP-70 are also activated by integrin 
signalingg (Clark et al., 1994; Soede et al., 1998; Soede et al., 1999) and recently it was 
shownn that both Syk and ZAP-70 require the 4 C-terminal amino acids (YRGT) of the p3 
subunitt to directly interact via the tandem SH2 domains. This interaction is, however, 
independentt of their kinase function and of phosphotyrosine-binding function of Syk's 
tandemm SH2 domains (Woodside et al., 2001). Cells expressing a p3 subunit lacking the four 
C-terminall residues are defective in Syk activation and lamellipodia formation upon cell 
adhesion.. Syk also directly binds to the plA, p2, p5 and p7 cytoplasmic tails (Woodside et 
al.,, 2001) but whether the function of ZAP-70 in p2 signaling as shown in our lab (Soede et 
al.,, 1998; Soede et al., 1999) depends on a direct interaction awaits further investigation. 

2.3.22 Interaction s wit h a subunit s 
Purifiedd F-acti n has been shown to bind a2 but not a l cytoplasmic peptides and the 
interactionn was abrogated by deletion of the 5 C-terminal amino acids (Kieffer et al., 1995). 
Recently,, however, actin has been shown to directly interact with a l peptides in a dot-blot 
assayy (Menon and Sudhakaran, 2000). The in vivo relevance of these interactions is 
unknownn but may relate to the strength of specific integrin-cytoskeletal associations. 

Paxilli nn  used to be classified as a cytoskeletal protein but recent data clearly show that it 
iss a signaling adaptor protein (for review see Turner, 2000; see also section 3.2.1). Paxillin 
bindss to peptides of the membrane-proximal region of the p i cytoplasmic domain (Schaller 
ett al., 1995) and COIPs with p i integrins (Chen et al., 2000), but whether paxillin directly 
associatess with p subunits in vivo remains unknown. Paxillin has recently been shown to 
directlyy bind a4 integrins which have specialized functions, e.g. in cell migration. The a4 
subunitt is pro-migratory because it reduces cytoskeletal interactions, reduces cell spreading 
andd impairs localization of a4pl in FAs (Kassner et al., 1995). Liu et al. (1999, 2001) used 
parallell dimeric a4 and a9 cytoplasmic domains (Pfaff et al., 1998) to show that paxillin and 
thee paxillin-related proteins ieupaxin and Hic-5 directly and constitutively bind to a4 and a9 
butt not to p i or other a tails. Cells expressing a mutated a4 subunit that cannot bind 
paxillin,, show enhanced spreading on FN and multiple stress fibers, similarly as cells 
expressingg wt a4 in the absence of paxillin. Also the paxillin-a9 interaction inhibits cell 
spreadingg (Liu et al., 2001; Young et al., 2001). The paxillin-a4 interaction activates the 
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Tablee 1 

Intracellularr proteins interacting directly with integrin a or 

(33 subunit binding 

cytoskeletall proteins 
talinn * 
a-actinin n 
myosin n 
skelemin n 
filamin n 

signalingg and other proteins 
paxillinn * 
ILK K 
FAK K 
cytohesin-1 1 
GRP11 / cytohesin-3 
ICAP-1 1 
p3-endonexin n 
TAP20 0 
Rackl l 
WAIT-1* * 
JAB1 1 
melusin n 
MIBP P 
DRALL / FHL2 * 
TIP22 / GIPC * 
She e 
14-3-3P P 
14-3-3a,, p, 5, C 
PAK4U U 

PICKll u 

PLCy* * 
Syk k 
ZAP-70 0 

aa subunit binding 

cytoskeletall proteins 
F-actin n 
talinn * 

signalingg and other proteins 

plA,, p iD, p2, p3 
PIA,, p iD, P2 

P3 3 
pl,p3 3 
PIA,, p iD, p2, p7 

131 1 
PI ,, P3 
PI ,, P2, P3 
P2 2 
P2 2 
plA A 
(33 3 
P5 5 
plA,, p iD, P2, P5 
(37 7 
P2 2 
plA,, p lB, p iD 
PIA,, p iD 
P P 
P6 6 
PI ,, P3, P5 
(31,, P3 
P2 2 
p2,, p5, P6 
P6 6 
PI I 
PIA,, p2, p3, p5, P7 
P3 3 

a l ,, a2 
o l lb b 

paxillinn *, leupaxin, Hic-5 a4, a9 
WAIT-1* * 
calreticulin n 
CIB B 
DRALL / FHL2 * 
TIP22 / GIPC * 
Mss4,, BIN1, AIBPs 
Nischarin n 
PLCy* * 

a4,, aE 
a a 
a l lb b 
a3A,, a3B, a7A 
a5,, a6A, a6B 
a a 
a2,, a5, aV 
a l l 

Interactionss were shown by: COIP, coimmunoprecipitation; INT, 
recombinantt peptides or proteins; Y2H 
bothh a and p subunits. 

,, yeast two-hybrid screen.u 
bindingg to 
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pp cytoplasmic domains 

PP,, INT, COIP 
PP,, INT, COIP 
PP,, COIP 
Y2H,, PP 
Y2H,, PP, COIP 

PP,, COIP 
Y2H,, COIP 
PP,, COIP 
Y2H,, PP, COIP 
Y2H H 
Y2H,, INT, PP 
Y2H,INT,, PP 
PP P 
Y2H,, PP, COIP 
Y2H,, COIP 
Y2H,, PP, COIP 
Y2H,INT T 
Y2H,, PP, COIP 
Y2H,, PP, COIP 
Y2H H 
PP,, COIP 
Y2H,, PP, COIP 
PP P 
Y2H,, COIP 
Y2H,, PP 
PP,, COIP 
PP P 
PP P 

PP P 
PP P 

PP,, COIP 
Y2H H 
PP,, INT, COIP 
Y2H,, PP, COIP 
Y2H,, PP, COIP 
Y2H H 
Y2H H 
Y2H,, COIP 
PP,, COIP 

purifiedd integrins; PP, synthetic or 
Unpublishedd results. * Proteins interacting with 
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paxillin-bindingg kinase FAK and increases cell migration (Liu et al.; 1999; Liu and Ginsberg, 
2000).. In contrast, the paxillin-a9 interaction is not involved in cell migration (Young et al., 
2001).. So, the paxillin-a.4 interaction may recruit FAK constitutively whereas other integrins 
recruitt FAK only after ligand binding and this may partly explain the unique features of a4 
integrinss in cell migration. Furthermore, phosphorylation of Ser988 within the a4 cytoplasmic 
domainn was shown to block the interaction with paxillin in vitro and in vivo (Han et al., 
2001b)) suggesting a mechanism to regulate a4 integrin-dependent signaling. 

Rojianii et al. (1991) used affinity chromatography to search for proteins interacting with 
thee highly conserved a subunit KxGFFKR sequence and identified calreticulin . The protein 
bindss in a divalent cation-dependent fashion to KxGFFKR but not to scrambled peptides. 
Calreticulinn coprecipitates with different a subunits and colocalizes with integrins after 
crosslinkingg with anti-integrin antibodies. Reduction of calreticulin protein levels inhibits 
adhesionn of various cell lines on serum- as well as fibronectin-, laminin- and collagen-coated 
surfaces,, revealing that the function of several heterodimers is affected (Leung-Hagesteijn et 
al.,, 1994; Coppolino et al., 1997). Stimulation of a2pi-mediated binding to collagen by 
treatmentt with PMA and by stimulatory mAbs synergistically leads to an increase in the 
amountt of calreticulin precipitating with a2pi (Coppolino et al., 1995). Together, these data 
suggestt that calreticulin counteracts the inhibitory effect of the hinge region, thus keeping 
integrinss in an active state. Furthermore, calreticulin has been shown to be required for the 
transientt Ca2+ influx induced by integrin ligation (Coppolino et al., 1997; Kwon et al., 2000). 

Thee function of the platelet integrin allbp3 is tightly controlled. To identify possible 
regulators,, Naik et al. (1997) employed the yeast two-hybrid assay and found a novel 
proteinn termed CIB (calcium- and integrin-binding protein). The protein specifically interacts 
withh the al lb subunit, suggesting that it does not bind to the KxGFFKR sequence which is 
presentt in all a subunits. CIB has sequence homology with the Ca2+-binding regulatory 
proteinss calcineurin B and calmodulin and contains two Ca2+-binding EF-hand motifs which 
probablyy accounts for the calcium dependency of the allb-CIB interaction. Ligand-induced 
platelett aggregation leads to an increase in the amount of CIB and allbp3 that cosediment 
withh the cytoskeleton which is not observed when ligation is not accompanied by aggre-
gationn (Shock et al., 1999). Purified allbp3 binds more CIB in the presence of Mn2+ whereas 
CIBB does not induce the binding of ligand-mimetic mAbs to inactive heterodimers (Vallar et 
al.,, 1999). These results implicate CIB in allbp3 post-receptor events. However, a recent 
studyy showed that CIB is involved in inside-out signaling. The physiological agonist 
adenosinee diphosphate (ADP) stimulates platelets, activating allbp3. A competing peptide 
thatt blocks the interaction between allb and CIB prevented allbp3 activation in the pre-
sencee of ADP (Tsuboi, 2002). 

DRAL/FHL 22 was identified as a protein that binds to the a3A integrin subunit. Subse-
quentt yeast two-hybrid assays revealed that the protein also binds to a3B and a7A and all p 
subunitss tested. DRAL is a LIM-only protein (LIM domains are double zinc finger motifs 
involvedd in protein-protein interaction and transcriptional regulation) and was already known 
ass a protein that is downregulated in rhabdomyosarcoma. The a subunits interact via amino 
acidss immediately C-terminal of the KxGFFKR sequence and for the interaction with p 
subunitss the C-terminal part containing cyto-3 is critical. Immunofluorescence and fractio-
nationn studies show that, besides the DRAL protein present in the cytosol and nucleus, some 
off the protein colocalizes with p i integrins at the end of stress fibers (Wixler et al., 2000; 
Scholll et al., 2000). Wixler et al. (1999) identified four other proteins that all bind a3A as 
welll as several other a subunits for which they require the membrane proximal KxGFFKR 
sequence:: Mss4 , a nucleotide exchange factor (activator) of Rab proteins; BIN1 , a putative 
tumorr suppressor; and two novel cDNAs designated a integrin-binding proteins 63 and 80 
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Figuree 4. Amino acid sequence of the cytoplasmic domains of the a4 (upper sequence) and p i A subunit (lower 
sequence)) and proteins binding to integrin cytoplasmic tails (boxed). The hinge motifs of both subunits are 
underlined.. Cyto-1, cyto-2, and cyto-3 motifs are shown in bold and the stretch of threonine residues is italicized. 
Thee proline residue in the cyto-2 motif induces a tight turn in the cytoplasmic domain. The black triangle indicates 
thee border between the N-terminal common subdomain and the C-terminal variable subdomain of p i splice 
variants.. Boxes correspond to the reported binding sites of the various proteins. Some binding sites have been 
mappedd on other a or p subunits but the homologous residues in a4 or P1A are shown: PLCY (a1), DRAL (P2), 
Rackll (P2), p3-endonexin (p3), She (P3), Syk (P3), myosin (P3), and WAIT-1 (P7). Paxillin binding to the a9 
subunitt depends on two Trp residues which are present in a9 immediately C-terminal of the paxillin-binding site in 
a4.. The binding of 14-3-3a, p, 8 and C, to p2 depends on the phosphorylated N-terminal Thr residue present in the 
TTTT sequence corresponding to VTT in p1. The binding of filamin to the p7 subunit depends on two He residues 
withinn the ITTTI sequence corresponding to VTTW in p i . calret: calreticulin. 

(AIBP6 33 and AIBP80 ) which have no homology to known proteins. Interestingly, DRAL 
interactss with itself but also with AIBP80 and BIN1 and different parts of DRAL mediate the 
bindingg to the various integrin subunits, to AIBP80 or to BIN1 (Wixler et al., 2000). No 
functionall experiments have yet been performed that reveal a role in integrin function. Also 
thee function of the PDZ domain-containg protein TIP2 or GIPC which binds to (36, a5, a6A 
andd a6B subunits is unknown (van der Flier and Sonnenberg, 2001b). 

Nischari nn  strongly interacts with the a5 and weakly with the a2 and aV subunits in yeast 
two-hybridd assays and can be COIPed with a5 but not other integrin subunits. Surprisingly, 
thee protein is located in the cytoplasm and not in FAs, suggesting that only a small fraction is 
associatedd with a5pl at any given time. Nischarin strongly inhibits cell migration in wounding 
andd Transwell migration assays and induces a ^basket-like' network of peripheral actin fibers. 
Overexpressionn of Nischarin inhibits Racl-induced lamellipodia formation and Racl-induced 
reporterr gene expression from the c-fos promoter. These results suggest that Nischarin 
counterbalancess Racl in directed cell migration (Alahari et al., 2000). 

Thee signaling kinase PLCy, which is involved in modulating phosphoinositide levels, Ca2+ 

releasee and PKC activation, has been shown to be required for adhesion of e.g. T-cell 
hybridomass cells to ICAM-1 via LFA-1 (Driessens et al., 1997). Recently, PLCy was shown to 
directlyy interact with the integrin a i p i via binding sites in a l (KxGFFKR sequence) and the 
membranee proximal common subdomain of p i (see Figure 4). The interaction is independent 
off PLCy's tyrosine kinase function. Inhibition of PLC with the small molecule inhibitor U73122 
leadss to reduced cell adhesion on a i p i substrates whereas cells expressing an a l subunit 
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lackingg the KxGFFKR sequence show no decrease in cell adhesion in response to U73122 
(Vossmeyerr et al., 2002). 

Somee of the above-mentioned interactions could erroneously be interpreted as artefacts. 
Forr instance, the recruitment of FAK or ILK to FAs likely requires adaptor proteins whereas 
thee interaction with the integrin is dispensable. However, the integrin may further stabilize 
ann interaction or may bind to the interactor only temporarily during certain phases of 
spreadingg or migration. Integrin cytoplasmic domains are likely to function as scaffolds 
wheree numerous proteins involved in integrin function can bind. The large number of 
potentiall binding partners suggest that some interactions are mutually exclusive and that 
regulationn of the interactions is important. Potential regulatory mechanisms are phospho-
rylationn of integrin subunits or binding proteins (Jenkins et al., 1998; Bouvard and Block, 
1998),, cleavage of cytoplasmic tails or binding proteins (Du et al., 1995; Sampath et al., 
1998;; Kulkarni et al., 1999) and changes in the subcellular localization of proteins (Sechi and 
Wehland,, 2000). How these mechanisms are coordinately regulated during e.g. spreading or 
migrationn is largely unknown. 

2.44 Integrin s and lateral-associatin g protein s 
Thee lateral- or cis-associating proteins can be divided into tetraspans, growth factor 
receptors,, glycosylphosphatidylinositol (GPI)-linked extracellular proteins, and a diverse 
groupp of other proteins (see Table 2; for reviews see Hemler, 1998; Porter and Hogg, 1998; 
Woodss and Couchman, 2000). A direct interaction between these proteins and integrins has 
inn many cases not been shown. However, these proteins affect integrin functions and are 
presentt with integrins in complexes after chemical crosslinking or have been shown to be 
localizedd in very close proximity to integrins. 

2.4.11 Tetraspan s 
Thee ubiquitously expressed tetraspans , tetraspanins, or TM4 (transmembrane 4) proteins 
formm a large family of proteins with four transmembrane domains, short N- and C-terminal 
cytoplasmicc domains, and two (one small and one large) extracellular loops. Tetraspans have 
beenn implicated in cell adhesion, migration, and proliferation and have been shown to inhibit 
metastasiss formation of several tumor cells (for reviews see Hemler et al., 1996; Maecker et 
al.,, 1997). Immunoprecipitation under low stringency conditions and chemical crosslinking 
experimentss have shown that integrins (especially a3pi, a4pi and a6pi) and TM4 proteins 
formm complexes (see Table 2; for a complete list of references see Berditchevski, 2001). At 
present,, nine tetraspans are known to form complexes with, in most cases, several integrins. 
Littlee is known about how these complexes form. For instance, the interaction between a4pi 
andd CD81 does not depend on the a4 cytoplasmic domain but mutations in the cation-
bindingg sites of a4 largely abrogate complex formation (Mannion et al., 1996). Within one 
celll different integrin-TM4 complexes as well as complexes containing several TM4 proteins 
maymay exist. Furthermore, TM4 proteins associate with other proteins as well so that only a 
smalll fraction of the total pool of either TM4 protein or integrin is present in complexes 
(Berditchevskii et al., 1996; Mannion et al., 1996; Serru et al., 1999; Sincock et al., 1999; 
Woodss and Couchman, 2000). Integrin-TM4 complexes are consistently found to be localized 
inn the periphery of the cell: in lamellipodia in migrating cells, in focal complexes but not in 
focall adhesions, in microvilli-like protrusions, at cell-cell contact sites of endothelial cells, but 
alsoo in footprints (Berditchevski et al., 1995, 1996, 1997a; Yanez-Mó et al., 1998; Berdit-
chevskii and Odintsova, 1999; Sugiura and Berditchevski, 1999). 

Thee interaction between a3)31 and CD151 is remarkable for several reasons: nearly 90% 
off a3pi is associated with CD151 and this interaction is maintained under relatively stringent 
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lysiss conditions (Yauch et al., 1998). Both CD151 and a3pl can be found in focal adhesions 
whereass other integrin-TM4 comlexes are not present in these structures (Sterk et al., 2000). 
Thee direct interaction between a3pl and CD151 depends on the large extracellular loop of 
CD1511 (Berditchevski et a!., 2001) and the stalk-like region of a3, the region between the 
celll membrane and the (3-propeller structure. Whether the stoichiometry and strength of the 
a3pl-CD1511 association is due to this interaction site whereas other TM4 proteins associate 
(indirectly)) at other sites is at present unknown. Some mAbs against CD151 or <x3pl 
enhancee a3pl-mediated adhesion and inhibit migration in wound healing or chemotactic 
assayss (Yafïez-Mó et al., 1998; Yauch et al., 1998). Surprisingly, within a three-dimensional 
ECM,, mAbs against CD151 and a3pl induce microvilli-like structures and invasion of 
epitheliall cells. The a3pi-tetraspanin complexes, which are localized at the tips of the 
extensions,, have been implicated in the induction of expression of matrix metalloproteinase 
22 (MMP-2) that is likely involved in the degradation of the ECM (Sugiura and Berditchevski, 
1999).. Whether the different results of these studies are due to 2D versus 3D matrices or 
thee cell systems used is unknown. Interestingly, soluble and proteolytically active MMP-2 can 
directlyy interact with the integrin aVp3 at the surface of invasive tumor cells and angiogenic 
endotheliall cells (Brooks et al., 1996). Whether this complex, which facilitates directed cell 
migration,, also contains tetraspans was not investigated. a3pl also associates with 
EMMPRIN/basigin ,, an Ig superfamily protein implicated in the induction of expression of 
MMPss during tumor cell invasion (Guo et al., 2000). However, <x3pi-EMMPRIN complexes are 
distinctt as they do not contain TM4 proteins (Berditchevski et al., 1997b) and are not 
involvedd in the formation of protrusions described by Sugiura and Berditchevski (1999). 

Howw integrin-TM4 complexes affect processes like cell migration is at present unclear. 
Phosphatidylinositoll 4-kinase (PI4K) is recruited to integrins only via some TM4 proteins 
(CD9,, CD151, CD81, and CD63) (Berditchevski et al., 1997a; Yauch et al., 1998; Yauch and 
Hemler,, 2000). PI4K produces PIP that can be converted into PIP2 which is an important 
regulatorr of the cytoskeleton (Sechi and Wehland, 2000). PI4K has also been implicated in 
vesicularr transport (Wiedemann et al., 1996; Wiedemann et al., 1998) which may be 
importantt for recycling of integrins to the leading edge of cells. Several studies have indeed 
shownn that integrin-TM4 complexes are present in intracellular vesicles (Sincock et al., 1999; 
Berditchevskii and Odintsova, 1999). Recently, Hemler and coworkers reported that the a3 
cytoplasmicc tail becomes phosphorylated on serine by a PKC-dependent mechanism which is 
importantt for outside-in signaling and motility. Activated PKC isoforms have been reported to 
bindd tetraspan molecules and to phosphorylate integrin a subunits (Hemler, 1998; Zhang et 
al.,, 2001a). Together these results may explain why the extracellular domain of a3 is 
requiredd for the PKC-dependent phosphorylation of the <x3 cytoplasmic domain (Zhang et al., 
2001b). . 

2.4.22 Lateral-associatin g protein s and lipi d microdomain s 
uPARR (urokinase-type plasminogen activator receptor; for reviews see Ossowski and 
Aguirre-Ghiso,, 2000; Preissner et al., 2000) is a GPI-linked protein that serves as a receptor 
forr the serine protease uPA, a key protein in fibrinolysis and the activation of MMP cascades 
att the cell surface. Hence, uPAR is often enriched at the leading edge of migrating cells such 
ass leukocytes, endothelial cells, smooth muscle cells, and fibroblasts (for review see Murphy 
andd Gavrilovic, 1999). uPAR also functions as a cell adhesion molecule because it can bind 
VNN and recently it was shown that uPAR on one cell can bind integrins on another cell (Tarui 
ett al., 2001). The uPA-uPAR system also affects processes like chemotaxis (Fazioli et al., 
1997).. This probably requires transmembrane signaling and therefore involvement of a 
transmembranee protein. An integrin-uPAR association was suggested by fluorescence 

33 3 



Tablee 2 

Laterall associations between 

tetraspans s 
CD9 9 

CD53 3 
CD63 3 
CD811 (TAPA-1) 
CD82 2 
CD1511 (PETA-3) 

NAG-22 (Tspan4) 
OAP-11 (Tspan3) 
CO-029 9 

growthh factor receptors 
PDGF(3R R 
IRR p-subunit 
VEGFR2 2 
EGFR R 

GPI-linkedd receptors 
uPAR(CD87) ) 

FcyRIIIBB (CD16b) 
CD14 4 

others s 
IAPP (CD47) 
P2Y2R R 
CD36 6 
CD988 heavy chain 
caveolin n 
EMMPRINN / basigin (CD147) 
syndecans s 
MCSPP / NG2 
16KK of V-ATPase 
Kvl.3 3 
GIRK K 

integrinss and other cell surface proteins 

integrin n 

a i p i ,, a2p l , a3p i , a4p i , 
a7pi,, a6p4, allbp3 
a4pl l 
a3pl ,, a4p i , a6p l , uMp2, 
a3pi,, a4p i , a5p i , u6p l , 
a3pi,, a4p l , a5p i , a6p i 
a2pi ,, a3p i , a4p i , a5p l , 
allbp3 3 
a3pl,, a6pl 
a?pi i 
a3pi,, a6pl 

aVp3,, allbp3 
aVp3 3 
aVp3 3 
PI I 

a3pi,, a5p l , u6p i , uLp2, 
aMp2,, aXp2, aVp3, aVp5 
aLp2,, aMp2 
aLp2,, aMp2 

aVp3,, allbp3, a2p i , aVp5 
aVp3,, aVp5 
allbp3,, o3p l , a6pi 
P1A,, 33 
PI,, P2, P3 
a3pl,, a6pl 
p i ,p3 3 
a3pi,, a4p i , a5pi 
PI I 
PI I 
PI I 

a5p l ,, a6p i , 

allbp3 3 
u7p l l 

a6p i ,, a6p4, 

section n 

2.4.1 1 

2.4.4 4 

2.4.2 2 
2.4.4 4 
2.4.4 4 

2.4.2 2 
2.4.2 2 
2.4.2 2 
2.4.4 4 
2.4.2 2 
2.4.1 1 
2.4.3 3 
2.4.3 3 
2.4.4 4 
2.4.4 4 
2.4.4 4 

Associationss between cell surface proteins and specific integrin heterodimers or p subfamily members 

resonancee energy transfer (FRET) indicating that the molecules are within ~7 nm of each 
other,, and by copurification of (31, |32 and p3 integrins with uPAR (Bohuslav et al., 1995; Xue 
ett al., 1997). Recently, Simon et al. (2000) showed that uPAR interacts directly with repeat 
IVV of the ccM (3-propeller (see Figure 3). Interestingly, increased expression of uPAR and loss 
off integrin-mediated adhesion is found in many malignancies and reduced uPAR expression 
correlatess with a state of dormancy of metastatic lesions (Aguirre-Ghiso et al., 1999). These 
resultss suggest that uPAR inhibits the function of associated integrins. However, this may not 
generallyy be true, since [32 integrin-dependent leukocyte recruitment into sites of acute 
inflammationn is dramatically reduced in uPAR"7" mice, independent of uPAR's proteolytic 
activityy (May et al., 1998; Waltz et al., 2000). Furthermore, crosslinking of a4pl integrins on 
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leukocytess induces p2-dependent adhesion to endothelial cells which depends on functional 
uPARR (May et al., 2000). 

Recentlyy it was hypothesized that the contradictory effects of uPAR on integrin function 
aree due to the presence or absence of caveolae. GPI-linked proteins are enriched in these 
structures,, which are 50- to 100-nm vesicular invaginations of the plasma membrane 
containingg high levels of cholesterol and found in fibroblasts, endothelial and epithelial cells, 
butt not in leukocytes. Caveolin s are essential components of these structures. As hairpin-
formingg proteins with N- and C-terminal cytoplasmic domains, they can homo- and hetero-
oligomerizee and form a scaffold for signaling molecules such as heterotrimeric G proteins, 
H-Rass and Src-family tyrosine kinases (for reviews see Okamoto et al., 1998; Stahlhut et al., 
2000).. Indeed, adhesion and migration induced by uPA has in many cases been shown to be 
dependentt on Src-like kinases and G proteins (Degryse et al., 1999; Chiaradonna et al., 
1999;; Nguyen et al., 2000). Wei et al. (1999) showed that depletion of caveolin in epithelial-
likee 293 cells disrupts pl-uPAR and pl-Src complexes. Caveolin itself has been found in 
complexess with integrins (Wary et al., 1996) and shown to directly couple some integrin a 
subunitss via the Src-like kinase Fyn to cell cycle pathways (Wary et al., 1998). Furthermore, 
Weii et al. (1999) showed that uPAR-binding peptides disrupt integrin-caveolin complexes 
andd the association of Src-like kinases with integrins, and inhibit migration of 293 cells on 
FN.. These observations have led to a model in which ligand-induced integrin clustering 
recruitss caveolin and uPAR. Consequntly, the Src-like kinases, which are kept inactive by 
caveolin,, are released and thus become active. In this model the presence or absence of 
caveolinn is a key determinant of uPAR-integrin signaling (Wei et al., 1999; Chapman et al., 
1999;; Preissner et al., 2000). How this signaling subsequently influences cell migration is not 
clear.. Many studies revealed activation of the mitogen-activated protein kinase ERK 
(extracellularr signal-regulated kinase) (see Ossowski and Aguirre-Ghiso, 2000). Activation of 
ERKK requires FAK, Src and the adaptor protein She and leads to activation of myosin light 
chainn kinase (MLCK) which is a key enzyme regulating actin-based contractility (Klemke et 
al.,, 1997; Nguyen et al., 1999; Nguyen et al., 2000). The ERK-MAPK pathway also regulates 
celll proliferation and this is relevant for the above-mentioned tumor dormancy: low uPAR 
levels,, and hence insufficient uPA-uPAR-a5pi complexes, cannot activate the pathway to a 
levell needed to sustain tumor growth in vivo (Aguirre-Ghiso et al., 1999). 

Thee 50 kD integrin-associated protein (IAP; CD47) contains a single extracellular Ig 
domain,, five transmembrane segments and a short cytoplasmic tail. IAP is ubiquitously 
expressedd and associates with aVp3, allbp3, a2(31, and aVp5 integrins (Wu et al., 1999). 
Lindbergg et al. (1996a) showed that IAP is not required for binding of aVp3 to VN-coated 
surfacess but, instead, for binding VN-coated beads in solution. This suggested that IAP is 
involvedd in the regulation of integrin avidity (section 3.1.3). IN?'1' neutrophils do not bind (33 
ligandss and are defective in Fc receptor-mediated phagocytosis. In IAP7" mice, neutrophils 
aree not recruited to sites of bacterial infection (Lindberg et al., 1996b) and in vitro a mAb 
againstt IAP inhibits neutrophil migration through a polarized intestinal epithelial cell layer 
(Parkoss et al., 1996). Together these results suggest that IAP is involved in both cell 
migrationn and in effector functions of neutrophils. In B cells, which do not express p3 
integrins,, IAP synergizes with a4pi leading to cell polarization and migration (Yoshida et al., 
2000).. As a receptor for the ECM protein thrombospondin, IAP affects aVp3-mediated cell 
spreadingg (Gao et al., 1996). How IAP affects all these processes is largely unknown but a 
feww possibilities have been suggested. First, aVp3-IAP-mediated spreading depends on 
heterotrimericc Gl/0 proteins because it can be completely inhibited by pertussis toxin (Gao et 
al.,, 1996). Frazier et al. (1999) showed a functional coupling between IAP and Gj and 
suggestedd that the TM5 protein IAP, together with the a and p integrin subunits, form a 
functionall seven-transmembrane protein resembling a classical serpentine receptor activating 
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heterotrimericc G proteins. However, aVp3 integrins and IAP were recently shown to form 
complexess with the P2Y2 receptor (P2Y2R), a G0 and Gq-coupled receptor that contains a 
RGDD sequence in its first extracellular loop. Mutation of the RGD sequence to RGE largely 
diminishedd «localization of P2Y2Rs and aV integrins. Pertussis toxin partially inhibited Ca2+ 

mobilizationn mediated by the wild-type P2Y2R, but not by the RGE mutant, suggesting that 
thee interaction between P2Y2Rs, integrins and IAP is important for coupling the P2Y2R to G0 

(Erbb et al., 2001). Another study describes aVp3-IAP-Gi complexes in detergent-insoluble 
glycolipid-richh domains (DIGs) or membrane rafts (Green et al., 1999). DIGs are, like caveo-
lae,, distinct domains in the cell membrane enriched in specific lipids, cholesterol, and sig-
nalingg molecules such as heterotrimeric G proteins and Src family kinases. However, DIGs do 
nott invaginate, probably because caveolin is absent (for review see Simons and Toomre, 
2000).. These microdomains have, however, been implicated in the acquisition of front-rear 
polarityy necessary for cell migration (Manes et al., 1999a). Thus, the aVp3-IAP-Gi complex 
maymay be targeted to specific membrane subdomains for efficient signaling. A second 
possibilityy is that IAP, which has homology to Ca2+ channels, mediates integrin-induced Ca2+ 

fluxess (Schwartz et al., 1993; Shahan et al., 2000). In endothelial cells these fluxes are 
requiredd for loosening intraendothelial tight junctions during transmigration. On the 
transmigratingg leukocytes, ligated aV(33-IAP complexes transduce signals to (31 and [32 
integrinss inhibiting the adhesion mediated by these integrins. The combination of these two 
effectss likely allows leukocytes to efficiently transmigrate an endothelial layer (Imhof et al., 
1997;; Weerasinghe et al., 1998). A third possible mechanism was revealed by Wu et al. 
(1999).. They used the cytoplasmic domain of IAP in a yeast two-hybrid screen and identified 
twoo proteins which were named PUCs (protein linking IAP with cytoskeleton). PLICs and 
aVp33 COIP only when IAP is present and overexpression of PLICs induces <xVp3-mediated 
celll spreading only when IAP is present. The latter is accompanied by increased localization 
off the intermediate filament (IF) protein vimentin (see section 3.2.2) at the cell membrane. 

CD366 has two TM domains, a large extracellular loop, and two small cytoplasmic tails and 
iss present in DIGs. The protein has been implicated in aVp3- and aVp5-mediated phago-
cytosiss but a direct association between these integrins and CD36 has not been shown 
(Albertt et al., 1998; Fadok et al., 1998). Chemical crosslinking experiments, however, 
revealedd that CD36 and allbp3 form complexes that also contain Src-like kinases (Dorahy et 
al.,, 1996) and CD36, allbp3, a6pl and the TM4 protein CD9 can be COIPed from platelet 
lysatess (Miao et al., 2001). Thome et al. (2000) showed that a3pl and a6pl COIP with 
CD366 which depends on the extracellular domain of CD36. Upon CD36 overexpression, the 
amountt of p i integrins present in DIGs is strongly increased and this results in enhanced cell 
migrationn and colocalization of CD36 and a3pl in protrusions and membrane ruffles. These 
resultss suggest that CD36-integrin complexes are functionally comparable to uPAR-integrin 
complexes. . 

2.4.33 Heparan sulfat e and chondroiti n sulfat e proteoglycan s 
Syndecan ss  are small (20-45 kD) transmembrane proteins with a large extracellular domain 
andd a small cytoplasmic tail. The molecular mass on SDS-PAGE is, however, much larger 
owingg to attachment of three heparan sulfate glycosaminoglycan chains. Syndecan-1, -2 and 
-33 are predominantly expressed on epithelial, fibroblastic and neuronal cells, respectively, 
whereass syndecan-4 is more ubiquitously expressed and consistently found in FAs (for 
reviewss see Woods and Couchman, 1889; Bernfield et al., 1999). A direct interaction 
betweenn integrins and syndecans has not been shown but both the RGD-mediated 
interactionn of integrins with FN and binding of syndecans to the heparin-binding domain of 
FNN are required for full spreading and FA formation of fibroblasts. FN7" fibroblasts, which do 
nott assemble their own matrix, require an antibody against the extracellular domain of 
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syndecan-44 in addition to the RGD-containing fragment of FN to assemble FAs and stress 
fiberss (Saoncella et al., 1999). Syndecan-4"7" fibroblasts plated on the RGD-containing 
fragmentt show impaired FA formation but only when, in addition, the heparin-binding 
domainn is presented in a soluble form, but not in a substrate-bound form. How this works is 
nott clear but it has been suggested that in the latter case other syndecans compensate for 
thee loss of syndecan-4 (Ishiguro et al., 2000). Indeed, syndecan-1 and -3, although not 
presentt in FAs, have been shown to associate with the cytoskeleton and to affect cell 
spreadingg (Woods and Couchman, 1998). Antisense syndecan-1 converts epithelial cells into 
mesenchyme-likee cells which invade collagen gels (Kato et al., 1995) and overexpression of 
syndecan-11 inhibits the invasion of lymphocytes into collagen gels (Liebersbach and 
Sanderson,, 1994). Also syndecan-4 has a role in migration. Wound healing in syndecan-4"'" 
micee is delayed and angiogenesis in the wound area is impaired. Surprisingly, these defects 
aree even apparent in syndecan-4+/" mice suggesting that surface levels are critical (Echter-
meyerr et al., 2001). ADAM 12 supports syndecan-mediated adhesion and triggers (31-
dependentt cell spreading and FA and stress fiber formation, an effect similar to that of FN in 
thesee processes (Iba et al., 2000). Syndecans also play a role in cadherin-mediated cell-cell 
adhesionn and growth factor signaling (Rapraeger, 2000). 

Syndecann cytoplasmic tails (28-34 amino acids) contain membrane proximal and distal 
constantt regions (CI and C2, respectively) and a variable (V) interdomain (for alignment see 
Woodss and Couchman, 1998). PKC, which is a well known component of FAs and involved in 
thee formation of these structures (Clark and Brugge, 1995), binds directly to syndecan-4 via 
thee V domain (Oh et al., 1997a). Multimerization of syndecan-4 cytoplasmic domains is 
requiredd for PKC activity and both multimerization and PKC activity are enhanced by PIP2 in 
vitrovitro (Oh et al., 1997b; Oh et al., 1998) suggesting that clustering by ligand may, in part, 
controll syndecan-4 signaling. Indeed, CHO cells expressing syndecan-4 with a partial 
deletionn of the V domain show impaired cell spreading, FA formation and motility (Longley et 
al.,, 1999). The V domain of syndecan-2, in contrast to that of syndecan-4, does not bind 
PKCC but is a substrate of the kinase in vitro (Oh et al, 1997c) and cells expressing a V-
deletedd syndecan-2 tail show impaired ECM assembly (Klass et al., 2000) but no defects in 
FAA formation and motility (Longley et al., 1999). Recently, a plethora of molecules that bind 
too the cytoplasmic domains of syndecans has emerged. Syndesmos was identified as a 
proteinn that binds specifically to the syndecan-4 cytoplasmic domain. Overexpression of 
syndesmoss enhances cell spreading and FA and stress fiber formation (Baciu et al., 2000). 
Synectinn is a PDZ-domain protein which binds to syndecan-4 and inhibits cell migration upon 
overexpressionn without affecting cell adhesion (Gao et al., 2000). CASK/LIN-2 and syntenin 
likelyy both bind to all syndecan cytoplasmic tails. Syntenin colocalizes with syndecans at the 
plasmaa membrane and in vesicles (Grootjans et al., 1997). Interestingly, syntenin was 
independentlyy identified as a component of endocytotic as well as exocytotic vesicles 
(Fernandez-Larreaa et al., 1999; Fialka et al., 1999) suggesting that the protein plays a role in 
recyclingg of membrane components. Also synbindin, which binds to syndecan-2, is involved 
inn vesicle transport (Ethell et al., 2000). CASK/LIN-2 binds also the actin-binding protein 4.1 
thatt may thus provide a link between syndecans and the actin cytoskeleton (Cohen et al., 
1998;; Hsueh et al., 1998). Syndecan-2 is linked to the actin cytoskeleton via the actin-
bindingg protein ezrin (Granés et al., 2000). Finally, the actin-bundling protein cortactin and 
severall Src family members can be found in complexes with syndecan-3 that play a role in 
neuritee outgrowth (Kinnunen et al., 1998). 

Thee melanoma-associated chondroitin sulfate proteoglycan (MCSP) or NG2 consists of a 
largee extracellular domain and a short cytoplasmic tail. The protein has a restricted 
expressionn pattern and has in particular been implicated in a4(31-mediated spreading, 
invasion,, migration and growth of melanoma cells. MCSP binds type IV collagen and FN and 
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iss located along stress fibers and in FAs, filopodia and lamellipodia (Lin et al., 1996; Burg et 
al.,, 1998; Doane et al., 1998; Fang et al., 1999). An interaction site within the extracellular 
domainn of the a4 subunit has been identified (Iida et al., 1998) and both integrin and MCSP 
engagementt are required for spreading and focal contact formation (Iida et al., 1995). 
Clusteringg of MCSP leads to recruitment and Cdc42-dependent activation of the adaptor 
proteinn pl30Cas. This protein is also involved in integrin-mediated cell migration (see section 
3.2.1)) suggesting that MCSP and integrin signaling pathways synergize (Eisenmann et al 
1999). . 

2.4.44 Other latera l associatin g molecule s 
Severall lines of evidence suggest that integrin and growt h facto r recepto r (GFR) signaling 
aree interdependent. First, normal cells require growth factors and attachment to extracellular 
matrixx to survive. Second, proteins like Src and PI3K are involved in both types of signaling 
pathwayss and third, many growth factors induce cell migration which is an integrin-
dependentt process. This does not necessarily mean that integrins and growth factor 
receptorss directly interact. However, the integrin aVp3 was shown to associate with a small 
fractionn of activated receptor tyrosine kinases (RTKs) such as the receptors for insulin, 
vascularr endothelial growth factor (VEGF) and platelet derived growth factor p (PDGFp). 
Thesee associations may be relevant for angiogenesis and tissue regeneration since aVp3 and 
thesee receptors are expressed on angiogenic endothelial cells and on migrating smooth 
musclee cells. Chemotaxis induced by these growth factors is enhanced on the aVp3 ligand 
VNN but not on p i ligands (Schneller et al., 1997; Soldi et al., 1999). These results may also 
explainn the observation that the insulin receptor substrate-1 COIPs with p3 integrins (Vuori 
andd Ruoslahti, 1994). The association of the PDGFR with p3 integrins depends on the 
extracellularr domain of the p3 subunit and hence the PDGFR can also be COIPed with 
allbp3.. In contrast, the VEGFR2 requires both the p3 and the aV extracellular domain for 
efficientt association (Borges et al., 2000). The epidermal growth factor receptor (EGFR), 
whichh is the only GFR hitherto reported to associate with p i integrins, is involved in 
triggeringg activation of cell cycle progression and survival pathways (Moro et al., 1998). 

Besidess uPAR, two other GPI-linked proteins were shown by FRET to be in close proximity 
withh p2 integrins: the FcyRIIIB , involved in p2-mediated phagocytosis, and CD14, involved 
inn induction of adhesion of leukocytes after binding of lipopolysaccharide (LPS), the major 
constituentt of the plasma membrane of gram-negative bacteria (see Petty and Todd, 1996 
andd references therein). It has been suggested that ligation of CD14 induces a confor-
mationall change in the extracellular domain of p2 integrins because ligation of CD14 is 
requiredd for an interaction with integrin (Todd and Petty, 1997). Alternatively, intracellular 
signalingg pathways may be involved. Hmama et al. (1999) showed that p2 activation induced 
byy LPS requires PI3K and cytohesin-1 signaling and Schmidt et al. (2001) identified a 
pathwayy which involves the Ras-like GTPase Rapl (see also section 3.1.2). 

Uponn overexpression of isolated p integrin cytoplasmic tails, the function of endogenous p 
chainss is inhibited, possibly by sequestration of essential intracellular proteins. The trans-
membranee heavy chain of the amino acid transporter CD98 (CD98hc) reverses the dominant 
suppressionn of p i and p3 cytoplasmic tails (Fenczik et al., 1997). Clustering of CD98 induces 
a3pi-mediatedd adhesion of carcinoma cells (Chandrasekaran et al., 1999) and over-
expressionn of CD98 induces malignant transformation of fibroblasts (Hara et al., 1999). How 
CD988 affects integrin function is unknown. Deletion of pi's cyto-3 domain prevents the 
interactionn as determined by COIP (Zent et al., 2000). The cytoplasmic and transmembrane 
domainss of CD98hc are required for integrin function but not for the transporter function and 
thee latter is not required for integrin function (Fenczik et al., 2001). 
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Thee p i transmembrane domain has been found to bind the 16 kD subunit of vacuolar H+-
ATPasee (16K of V-ATPase) in a yeast two-hybrid screen. The fourth of the four TM 
segmentss of 16K is required for this interaction, for COIP, and for colocalization with (31 in 
FAs.. Myoblast and fibroblast cells overexpressing 16K become spindle shaped. The function 
off the interaction is unknown but 16K has been implicated in vesicle transport, and together 
withh the 70 kD subunit of the ATPase in acidification of vesicles which is required for 
recyclingg of vesicles to the plasma membrane (Skinner and Wildeman, 1999). 

Anotherr cation transporter, the voltage-gated potassium channel Kvl.3 , can be COIPed 
withh p i integrins in T cells. Elevated extracellular K+ levels as well as certain chemokines 
inducee the opening of the channel which causes an efflux of K+ and hence depolarization of 
TT cells. This subsequently triggers pi-dependent T-cell adhesion and migration and blockage 
off the channel prevents these processes. Extracellular K+ levels are increased during tissue 
damagee and upon neurotransmitter release and Levite et al. (2000) suggested a role for this 
channell in attracting T cells to areas of injury as well as activation of T cells by the nervous 
system.. How Kvl.3 channels affect integrin function is unknown. Also G protein-activated 
inwardd rectifier K+ (GIRK) channels can be COIPed with p i integrins. These channels 
containn a RGD sequence but the two studies which addressed the role of this sequence in 
pi-GIRKK interaction reached contradictory conclusions (McPhee et al., 1998; Ivanina et al., 
2000). . 

Thee tetraspans have been described as 'molecular facilitators' that group specific surface 
proteinss increasing the formation and stability of functional signaling complexes (Maecker et 
al.,, 1997). The above-mentioned studies suggest that not only TM4 proteins but also several 
otherr lateral-associating proteins function as molecular facilitators. Furthermore, signaling of 
manyy of these complexes depends on lipid microdomains and, in fact, also integrin-TM4 
complexess have recently been shown to be located in lipid rafts (Claas et al., 2001). The 
transmembranee domains of integrins directly interact with some lipids, and cytoskeletal 
proteinss such as talin, vinculin and a-actinin contain binding sites for lipids (Pande, 2000; 
Critchley,, 2000). The fact that many lateral-associating proteins are ubiquitously expressed 
raisess some questions. First, can integrins signal independently or do they always require 
laterall associations for (efficient) signaling? Second, how general is the requirement for lipid 
microdomainss in integrin signaling and are e.g. focal complexes and FAs also specific lipid 
microdomains? ? 
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33 Integri n signalin g pathway s 
Besidess the cytoplasmic integrin-binding proteins and the lateral-associating proteins other 
componentss are involved in integrin signaling. These pathways are, however, only partly 
characterized.. Inside-out signaling or integrin activation leads to enhancement of integrin 
functions,, e.g. ligand binding (section 3.1). Subsequently, integrin-mediated signaling path-
waysways affect cell survival, proliferation and migration and induce changes in expression of 
multiplee genes. Section 3.2 focusses on outside-in signaling leading to cell migration and the 
rolee of small GTPases in this process. 

3.11 Inside-ou t signalin g 
Thee platelet integrin cdlbp3 is a paradigm for integrin activation. At sites of injury, bioactive 
moleculess such as thrombospondin and thrombin bind to their respective receptors on 
plateletss activating signaling pathways leading to conformational changes in allbp3. Active 
allbp33 can subsequently bind many different proteins including the multivalent ligand 
fibrinogenn leading to platelet aggregation. Concomitant outside-in signaling induces cyto-
skeletall reorganizations leading to clot retraction. Both platelet aggregation and clot 
retractionn are required for efficient wound closure (for review see Parise, 1999). Likewise, 
integrinss on leukocytes in the blood are usually in a state of low adhesiveness. Several 
exogenouss signals can lead to an increase in integrin function allowing cells to adhere to and 
migratee through the endothelial layer. Also integrins on e.g. epithelial and endothelial cells 
andd fibroblasts undergo inside-out signaling, although the effects are often not as clear-cut 
ass in blood cells. Integrins on these cells can be considered as constitutively partially active 
whosee function can be downregulated or upregulated. Not only affinity modulation but also 
integrinn clustering contributes to ligand binding. Multivalent ligands can induce clustering but 
clusteringg is also induced from within the cell by release of cytoskeletal restraints. 

3.1.11 Integri n regulator s 
Ligationn of various receptors generates signals that upregulate the function of blood-cell 
integrins.. For instance, triggering of CD2, CD7, CD28 or the CD3/T cell receptor (TCR) 
complexx activates integrins on T cells (for review see Shimizu and Hunt, 1996). Platelet 
endotheliall cell adhesion molecule-1 (PECAM-1; CD31) ligation can also activate integrins 
(Bermann et al., 1996). This molecule is present at the junctions between endothelial cells 
andd on several blood cells and is involved in transendothelial migration. Binding of 
chemoattractantss such as the /\Aformyl-Met-Leu-Phe (fMLP) peptide and leukotriene B4 
(LTB4)) to their respective receptors leads to activation of integrins on neutrophils (Loike et 
al.,, 1999). Growth factors such as hepatocyte growth factor/scatter factor (HGF/SF) can 
activatee integrins via the c-Met RTK (Weimar et al., 1997). Ligation of the VEGFR2 leads to 
ann increase in affinity of several integrins involved in angiogenesis (Byzova et al., 2000). The 
majorr family of integrin activators are the chemokines (for review see Baggiolini, 1998; 
Sanchez-Madridd and del Pozo, 1999). These chemotactic molecules, produced by various 
tissuess and often immobilized on endothelial cell surfaces, bind to d protein-coupled seven-
transmembranee receptors, predominantly on leukocytes. Chemokines are thus involved in 
attractionn of leukocytes to sites of inflammation and infection as well as homing of 
leukocytess to appropriate destinations in lymphoid and other non-inflamed tissues. PI3K is 
oftenn found to be required for these migration processes (Shimizu et al., 1995; Zell et al., 
1996;; Shimizu and Hunt, 1996). One possibility is that PI3K is required for the function of 
proteinss like cytohesin-1 involved in the regulation of p2 integrin affinity. Moreover, PI3Ky is 
importantt for the acquisition of cell polarity required for transmigration. Leukocytes can 
polarizee and migrate up very shallow gradients of chemoattractants with a concentration 
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differencee of ~ 2 % between the front and the back of the cell. PI3Ky, activated by GPCR 
signaling,, is involved in the generation of a much steeper internal gradient of signals (via 
PIP3)) required for Cdc42- and Racl-mediated polarity (Servant et al., 2000; for review see 
Rickertt et al., 2000). PI3Ky7 mice show reduced migration of neutrophils to chemo-
attractantss in vitro and to sites of inflammation in vivo whereas random motility is not 
affectedd (Hirsch et al., 2000; Sasaki et al., 2000). It is currently unknown whether PI3Ky 
affectss integrin function during migration. Other PI3Ks, which are also involved in the 
generationn of an internal gradient (Rickert et al., 2000), are involved in integrin-mediated 
motilityy (Keely et al., 1997). In contrast, migration of T-cell hybridoma cells in Transwell 
assayss is not inhibited by PI3K inhibitors or by expression of a dominant-negative p85 
subunit.. Both approaches reduced, however, the invasion of hybridoma cells into a fibroblast 
monolayerr by 50%. A likely explanation is that the density of integrin ligand is important: 
migrationn is indeed completely dependent on PI3K at low concentrations of ligand stressing 
thatt the kinase is required for amplification of signals (R. Soede and E. Roos, personal 
communication). . 

Thee above data may suggest that triggering any regulator receptor leads to equal 
activationn of all integrins present. However, this is not the case. Chemokines like MCP-1 
(monocytee chemotactic protein-1) induce rapid and transient monocyte adhesion via a4pl to 
VCAM-11 whereas adhesion of a5pl to a FN fragment occurs later and is more prolonged 
(Weberr et al., 1996a) and similar temporal differences exist for a4|31 and aMp2, res-
pectively,, in eosinophils (Weber et al., 1996b) and for alp2 and aMp2, respectively, in 
monocytess (Weber et al., 1999). These results suggest that a subunits are important for the 
processingg of chemokine-induced signaling pathways. Furthermore, transient effects appear 
too be important for dynamic processes like transmigration whereas sustained effects are 
importantt for arrest in the vessels under shear stress. For instance, Mn2+, which locks a4pi 
inn a high affinity state, inhibits MCP-1-induced monocyte migration across endothelial cells 
(Weberr et al., 1996a). Results also depend on the type of blood cell: MCP-1 induces both 
a4pi-- and aSpi-mediated T-lymphocyte adhesion to FN whereas it does not mediate 
adhesionn to the a4pl ligand VCAM-1 or to activated endothelium that expresses this ligand, 
discordantt with the effect of MCP-1 on monocyte adhesion (Carr et al., 1996). These results 
suggestt that MCP-1 is not involved in firm arrest of T lymphocytes but, rather, in subsequent 
adhesivee interactions during migration into tissues. 

Inn addition to positive regulators there are also inhibitors of integrin function. The 
leukocyte-specificc transmembrane tyrosine phosphatase CD45 suppresses oc5pi- but not 
a4pl-mediatedd adhesion (Shenoi et al., 1999). Integrin cross-talk often negatively influences 
integrinn function. For instance, ligation of p2, p3 and certain p i integrins can suppress the 
functionn of other p i integrins (Pacifici et al., 1994; Diaz-Gonzalez et al., 1996; Imhof et al., 
1997;; Porter and Hogg, 1997). However, integrin cross-talk can also positively affect the 
functionn of target integrins (Simon et al., 1997; Kim et al., 2000) but the process in one cell 
is,, as far as is known, always unidirectional suggesting that the integrin pairs are not simply 
competingg for signaling molecules. Actually, cross-talk also exists between integrins and 
otherr CAMs. Ligation of PECAM-1, selectins, and the hyaluronan receptor CD44 can influence 
integrinn function (Simon et al., 1995; Rainger et al., 1997; Siegelman et al., 2000) and 
ligationn of integrins can affect the function of PECAM-1 and cadherins (Lu et al., 1996; 
Monier-Gavellee and Duband, 1997). The role of cross-talk is sometimes very obvious because 
itt ensures efficient coordination between adhesion systems. Integrin-mediated adhesion and 
transmigrationn of the endothelium at sites of inflammation is preceded by e.g. CD44- and 
selectin-dependentt slowing down or rolling of neutrophils on the endothelium. In line with 
thiss sequence, CD44 and selectins can activate integrins but not vice versa (Simon et al., 
1995;; Rainger et al., 1997; Siegelman et al., 2000). Neural crest cells migrate extensively 
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duringg embryonic development before forming, amongst others, the peripheral nervous 
system.. Integrin-mediated cell-substrate adhesion and migration affect N-cadherin activity 
andd surface distribution thereby inhibiting cadherin-mediated cell-cell aggregation (Monier-
Gavellee and Duband, 1997). Cross-talk between aVp3 and cc5pl appears to be more 
complex.. aV|33 on macrophages can inhibit aSpi-dependent phagocytosis but not adhesion 
(Blystonee et al., 1994) and aVp3 on 293 cells inhibits a5pi-dependent migration but not 
adhesionn (Simon et al., 1997). Both phagocytosis and migration but not adhesion depend on 
thee high affinity state of a5pi and both require CaMKII activity downstream of a5pl which is 
inhibitedd by ligation of aVp3 (Blystone et al., 1999). ICAP-1 contains a consensus CaMKII 
phosphorylationn site (Bouvard and Block, 1998) but whether this protein is involved in cross-
talkk is unknown. In endothelial cells the one-way traffic is reversed. Ligation of a5pi 
potentiatess protein kinase A (PKA)- and aVp3-dependent migration but not adhesion (Kim et 
al.,, 2000). 

3.1.22 Ras protein s and integri n functio n 
Thee Ras protein H-ras is an upstream effector of the ERK-MAPK pathway. H-ras and its 
effectorr kinase Raf-1 activate the ERK pathway and simultaneously suppress integrin 
activationn (Hughes et al., 1997). In contrast, the homologous R-ras protein, which does not 
activatee the ERK pathway, can activate integrins (Zhang et al., 1996). PEA-15 (phospho-
proteinn enriched in astrocytes) was subsequently identified as a protein that blocks H-ras-
inducedd integrin suppression. The effect of PEA-15 can be blocked by dominant-negative R-
rass and therefore a model emerged in which PEA-15 is involved in a pathway activating R-ras 
whichh subsequently blocks H-ras induced integrin suppression (Ramos et al., 1998; Sethi et 
al.,, 1999). However, PEA-15 overexpression also leads to activation of ERK which can be 
blockedd with dominant-negative H-ras showing that PEA-15 is involved in both Ras pathways 
(Ramoss et al., 2000). Furthermore, several papers describe p i or p2 integrin activation 
insteadd of suppression by H-ras in blood cells (Tanaka et al., 1999; Shibayama et al., 1999; 
Katagirii et al., 2000; Kinashi et al., 2000). 

Ephrinss and their receptor tyrosine kinases (Eph receptors) have been implicated in 
repulsivee cues during axonal pathfinding. The EphB2 receptor can phosphorylate R-ras but 
nott H-ras in vitro and in vivo and this phosphorylation event renders R-ras inactive leading to 
losss of cell adhesion (Zou et al., 1999). The proline-rich region of R-ras was recently shown 
too interact with a SH3 domain of the adaptor protein Nek but not with other SH3 domains. 
Thiss interaction is required for integrin regulation by R-ras in vivo. Nek has been shown to be 
targetedd to clustered integrins as well as several receptor tyrosine kinases, including Eph 
receptorss (Becker et al., 2000; Wang et al., 2000). Interestingly, in breast carcinoma cells 
R-rass specifically signals through the a2 but not the a5 integrin subunit and induces 
adhesionn and migration on collagen but not on FN. Adhesion to FN was even significantly 
reducedd after transfection of active R-ras (Keely et al., 1999). 

Rapll is highly related to H-ras and was initially thought to antagonize H-ras signaling (for 
revieww see Zwartkruis and Bos, 1999). Rapl is ubiquitously expressed and, in contrast to Ras 
proteinss which are functional at the plasma membrane, is predominantly present in endocytic 
andd lysosomal vesicles. Recently, Rapl was shown to be involved in p i and p2 integrin 
activationn in several cell systems. Rapl is involved in PECAM-1-mediated integrin activation, 
inn macrophage cell spreading and phagocytosis induced by LPS, and in cytokine-induced cell 
adhesionn of blood cells (Caron et al., 2000; Katagiri et al., 2000; Reedquist et al., 2000; Arai 
ett al., 2001; Schmidt et al., 2001). Surprisingly, ligation of allbp3 on platelets with a CLIBS 
mAbb induced Rapl activation, suggesting that Rapl is involved in outside-in signaling as well 
(Frankee et al., 2000). This finding was recently substantiated by a paper by Suga et al. 
(2001).. They showed that cross-linking of CD98 leads to the activation of Rapl which can be 
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preventedd by a blocking antibody against LFA-1. Active Rapl subsequently induces LFA-1-
mediatedmediated adhesion and aggregation of B cells, suggesting that the protein is involved in a 
positivee feedback loop. Whether CD98 and p2 integrins associate laterally during outside-in 
signalingg is unknown. 

Thee knowledge that Ras proteins function in integrin biology is relatively new and 
thereforee the pathways involved largely unknown. H-ras- and R-ras-dependent integrin 
modulationn depends on PI3K in some cell systems but not in others (Keely et al., 1999; 
Shibayamaa et al., 1999; Tanaka et al., 1999; Kinashi et al., 2000). In lymphoid cells, integrin 
activationn by the Rapl pathway is distinct from Racl and H-ras pathways because the 
formerr is independent of PI3K. Moreover, H-ras-induced adhesion to ICAM-1 cannot be 
inhibitedd by dominant-negative Racl suggesting that Ras proteins, which can activate Rho-
likee GTPases, do not use this pathway to modulate integrin function (Katagiri et al., 2000). 

3.1.33 Integrin  affinit y versu s avidit y 
Changess in integrin affinity have unambiguously been shown using ligand-mimetic mAbs. 
However,, recent studies suggest that clustering of integrins, especially on blood cells, is 
importantt for adhesion (for review see van Kooyk and Figdor, 2000). Clustering depends on 
thee release of restraints imposed by the actin cytoskeleton but also microtubuli (see section 
3.2.2;; Zhou et al., 2001). Deletion of al_ or p2 cytoplasmic domains leads to reduced 
cytoskeletall interactions and hence clustered integrins which bind ICAM-1 without the 
necessityy of affinity changes (van Kooyk et al., 1999). High concentrations of cytochalasin D, 
whichh disrupts actin filament organization, abrogate adhesion because adhesive structures 
cannott form. In contrast, low doses of cytochalasin D have the same effect as PMA: the 
laterall mobility of integrins increases, enhancing adhesion (Kucik et al., 1996; Lub et al., 
1997).. This effect is not due to a general change in membrane fluidity since the diffusion 
ratess of other transmembrane molecules are not affected (Kucik et al., 1996). Recently, the 
PKCC substrate MacMARCKS (macrophage-enriched myristoylated alanine-rich C kinase sub-
strate)) has been implicated in this process. Zhou and Li (2000) used single-particle tracking 
too show that PMA induces an 11-fold increase in the p2-integrin diffusion rate. This increase 
dependss on phosphorylatable MacMARCKS and can be bypassed by cytochalasin D. Another 
proteinn implicated in cytoskeletal restriction is L-plastin, a leukocyte specific actin-bundling 
protein.. PKA phosphorylates a Ser residue of L-plastin which is required for immune 
complex-induced,, but not for fMLP or PMA-induced integrin activation (Jones et al., 1998; 
Wangg et al., 1999). Interestingly, L-plastin peptides induce ctVp3-mediated adhesion by 
releasee from cytoskeletal restraints but also by inducing conformational changes in the 
integrinn (Wang et al., 2001). Ca2+, which binds to the EF hands in L-plastin may inhibit the 
actin-bundlingg activity. Ca2+ is also involved in the activation of the protease calpain which 
inducess integrin clustering. Talin, a-actinin, and filamin are calpain substrates and cleavage 
off these proteins may release cytoskeletal restraints (Stewart et al., 1998). Indeed, 
fibroblastss isolated from calpain7" mice, which have decreased migration rates and reduced 
numberss of focal adhesions and stress fibers, reveal no cleavage of talin (Dourbin et al., 
2001).. Sampath et al. (1998) proposed a model based on the attachment of actin to LFA-1 
viaa talin. Proteolysis of talin leads to free mobility of the integrin which becomes limited 
againn by reestablishing a connection with actin via a-actinin. Clustering can also be induced 
byy integrin cross-talk. LFA-1 molecules of which the aL subunits lack the I domain cannot 
bindd ligands, but are otherwise in a high affinity state because they show enhanced 
expressionn of seven mAb epitopes that are associated with p2 integrin activation. These I 
domain-deletedd LFA-1 molecules induced clustering and hence constitutive activation of pi 
integrinss (Leitinger and Hogg, 2000). Finally, LFA-1 is present in lipid rafts and clustering of 
thee rafts by crosslinking GPI-linked proteins induced LFA-1-mediated ligand binding whereas 
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disruptionn of the rafts by depletion of cholesterol prevented PMA-induced adhesion. These 
resultss suggest that clustering of rafts is a way to increase the avidity of integrins (Krauss 
andd Altevogt, 1999). 

Inn blood cells, chemokines can induce integrin clustering required for arrest to immobi-
lizedd ligand or endothelial cells under flow conditions. Clustering can occur within less than 
0.11 s of GPCR signaling and requires immobilized chemokine juxtaposed to integrin ligand 
(Grabovskyy et al., 2000). Constantin et al. (2000) showed that chemokines induce affinity as 
welll as avidity changes of LFA-1. These results were surprising because LFA-1 was a notable 
exceptionn for which affinity modulation, except artificially by divalent cations such as Mn2+, 
hadd not been observed so far. Clustering of LFA-1, which is only required for lymphocyte 
arrestt to surfaces containing low density of ligand, depends on PI3K and a calpeptin-
sensitivee protease (e.g. calpain) but the transient affinity changes induced by chemokines do 
nott depend on these enzymes. Interestingly, the tyrosine kinase ZAP-70 is required for 
ligandd and chemokine-dependent migration of T cell hybridoma cells both downstream and 
upstreamm of the integrin LFA-1. Integrin engagement induced by a weak chemokine signal 
triggerss signaling events that locally amplify this weak chemokine signal leading to activation 
off nearby LFA-1 molecules. These signaling events, which depend on calpain, likely represent 
thee local propagation and amplification of a chemokine signal required for migration (Soede 
ett al., 1998; Soede et al., 1999; Soede et al., 2001). 

Thee role of Rho-like GTPases in inside-out signaling most likely involves integrin clustering 
becausee a direct effect on integrin affinity has never been shown. In the abovementioned 
T-celll hybridoma, RhoA is required for chemokine-induced adhesion, but RhoA is not 
necessarilyy activated by the chemokine, since it is already active. The same applies for Cdc42 
andd both RhoA and Cdc42 are dispensable for the local propagation and amplification of the 
LFA-11 to LFA-1 signal (Soede et al., 2001). These results suggest that the GTPases are 
necessaryy for but not directly involved in integrin function. Also fMLP- and IL-8-induced 
adhesionn of leukocytes (Laudanna et al,, 1996; Laudanna et al., 1998) and PMA-induced p2-
mediatedd T-cell aggregation (Woodside et al., 1998) have been shown to depend on RhoA. 
Inn monocytes RhoA inhibits spreading. Nevertheless, the GTPase induces monocyte adhesion 
too and spreading on endothelial cells because in the latter cells RhoA induces clustering of 
monocytee ligands (Aepfelbacher et al., 1996; Wójciak-Stothard et al., 1999). cAMP and PKA 
signalingg cause dispersal of integrins from FAs and blocks cell adhesion in several cell 
systemss by inhibition of RhoA activity (Laudanna et al., 1997; Schoenwaelder and Burridge, 
1999).. Also Racl has been implicated in integrin-mediated adhesion and spreading of T cells 
byy inducing integrin clustering (D'Souza-Schorey et al., 1998). Interestingly, Shattil and 
coworkerss generated a mAb fragment named WOW-1 which recognizes activated aVp3 
integrins.. Because it is monovalent, it does not detect integrin clusters (Pampori et al., 
1999).. With this antibody Kiosses et al. (2001) showed that only aV(33 integrins which are in 
aa high affinity state are recruited by Racl to the edge of lamellipodia. Together, these results 
showw that the Rho-like GTPases affect integrin function most likely by avidity modulation. 
Thee pathways involved are largely unknown but recently LOK (lymphocyte-oriented kinase), 
aa kinase related to the PAK family of effectors of Rho-like GTPases (see section 3.2.2), has 
beenn implicated in LFA-1 clustering (Endo et al., 2000). 

3.22 Outside-i n signalin g 
Thee repertoire of integrins present on the cell surface and the nature of the ligands 
determiness which outside-in signaling pathways are triggered. Many of these pathways, 
whichh synergize with pathways activated by soluble factors, converge on the cell cycle and 
determinee whether cells live or die and proliferate or differentiate (for reviews on these 
pathways,, which are beyond the scope of this introduction, see Aplin et al., 1998; Giancotti 
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andd Ruoslahti, 1999). Furthermore, signaling pathways activated by integrin ligands and 
solublee factors may synergize and induce activation of small GTPases leading to cytoskeletal 
rearrangementss and cell migration. 

3.2.11 Signalin g to Rho-lik e GTPases 
Rho-likee GTPases are molecular switches that cycle between an inactive GDP-bound and an 
activee GTP-bound state (see Figure 5A) and the conversion to the latter state is accompanied 
byy a conformational change allowing the GTPase to bind to effector proteins (Wei et al., 
1997;; Ihara et al., 1998). The cycling between GTP- and GDP-bound forms is influenced by 
threee types of regulators. Activation of the protein is rapidly stimulated by guanine nu-
cleotidee exchange factors (GEFs) due to the high intracellular ratio of free GTP to GDP. GTP-
boundd forms are inactivated by the (slow) intrinsic GTPase-activity which can be further 
stimulatedd by GTPase-activating proteins (GAPs). Finally, the GDP-bound protein is stabilized 
byy guanine nucleotide dissociation inhibitors (GDIs) which can also bind to GTP-bound 
proteinss inhibiting the intrinsic GTPase activity (Hart et al., 1992; Chuang et al., 1993). 

Alll Rho-like GTPases are lipidated, most often by geranylgeranylation (for review see 
Seabra,, 1998). This lipid modification targets the protein to the cell membrane where it can 
bee readily activated by GEFs. The current model is that RhoGDI proteins bind to the lipid 
moietyy and as a result keep the GTPase in the cytosol. Release of the GTPase from the GDI 
causess the translocation of the GTPase to the plasma membrane (see Figure 5B; for reviews 
seee Sasaki and Takai, 1998; Olofsson, 1999). The model is questionable, however, because 
RhoAA remains in the cytoplasm even when expressed at levels in vast excess of RhoGDI 
(Michaelsonn et al., 2001). Hirao et al. (1996) found that CD44 and RhoGDI COIP with ERM 
(ezrin,, radixin, moesin) proteins and that RhoA is involved in the formation of these 
complexes.. The GDI directly interacts with ERM proteins resulting in a reduced activity of the 
GDII and the release of the GTPase from the GDI (Takahashi et al., 1997). In permeabilized 
fibroblasts,, moesin was found to reconstitute cortical actin polymerization, stress fiber and 
FAA formation in response to activation of Racl and RhoA (Mackay et al., 1997). ERM proteins 
aree widely expressed proteins that link the cell membrane with the cytoskeleton. The N-
terminall part of ERM proteins is involved in binding to transmembrane proteins like CD44 
andd ICAMs whereas the C-terminal part binds to cortical actin filaments. Besides insoluble 
ERMM proteins, a soluble pool exists that is inactive due to both intermolecular and 
intramolecularr interactions (for reviews see Tsukita et al., 1997; Tsukita and Yonemura, 
1999).. To date, two mechanism have been implicated in the disruption of the intramolecular 
interaction:: phosphorylation on a C-terminal threonine residue and PIP2 binding to the N-
terminus.. PIP2 is predominantly produced by phosphatidylinositol-4-phosphate 5-kinase 
(PI4P5K)) which is activated downstream of Racl and by the RhoA effector ROCK (see below) 
(Chongg et al., 1994; Oude Weemink et al., 2000). ROCK was shown to phosphorylate 
moesinn in vitro leading to disruption of the intramolecular interaction (Matsui et al., 1998) 
butt the same authors later showed that the activation of ERM proteins in vivo depends on 
PI4P5KK and PIP2 production and not on ROCK (Matsui et al., 1999). In conclusion, the effect 
off ERM proteins on the cytoskeleton is twofold: indirect by activation of Rho-like GTPases by 
releasee from GDI proteins and direct by crosslinking the membrane with the cytoskeleton. 
Notee that the former represents a positive feedback mechanism (see Figure 5B). 

AA cytoplasmic complex containing RhoGDI, PI4P5K and diacylglycerol kinase (DGK) has 
beenn implicated in the activation of Racl. Lipid products of DGK and PI4P5K, produced after 
translocationn of the complex to the membrane, induce the release of Racl from RhoGDI and 
thee activation of Racl (Tolias et al., 1998). Surprisingly, a recent study revealed that 
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Figur ee 5. The regulation of the activity of Rho-like GTPases. (A) Extracellular stimuli such as growth factors or 
adhesionn to ECM lead to activation of GEFs and subsequently of Rho-like GTPases which bind to and activate 
effectorr molecules. GAPs promote the hydrolysis of bound GTP leading to the inactivation of Rho-like GTPases. 
GDP-boundd GTPases are sequestered by GDI molecules which keep the GTPases in the cytoplasm by binding to 
thee hydrophobic lipid moiety which normally targets the protein to the plasma membrane. (B) Inhibitory 
intramolecularr interactions of ERM proteins are released by PIP2 (note that the activation of ERM proteins by PIP2 

occurss at the membrane and not in the cytoplasm as drawn). Active ERMs bind GDI molecules causing the 
releasee of Rho-GDP which is recruited to the plasma membrane via its lipid modification. Active lipid-modified 
GEFss at the membrane readily activate the small GTPases which subsequently can bind effector molecules. PIP2 

and/orr PIP3 (depicted by hexagons) stabilize the localization of GEFs and effectors by binding to PH domains 
presentt in these proteins. Active ERM molecules also bind to transmembrane receptors such as CD44 and 
ICAMss and form a link between the cell membrane and the actin cytoskeleton. Moreover, ERM activation occurs 
downstreamm of the small GTPases Rac1 and RhoA and is therefore present in a positive feedback loop (see text). 

complexess containing active Racl, RhoGDI and the Racl effector PAK are present in the 
cytoplasm.. PAK appears, despite the active form of Racl, not to be active in this complex. 
Thee authors suggested that Racl is activated in the cytoplasm where it also recruits the 
effectorr which, however, only becomes activated after the release of RhoGDI at the 
membranee (Hansen and Nelson, 2001). 

Pathwayss initiated at the membrane leading to the activation of small GTPases are hardly 
understoodd but some generalizations can be made (for reviews see Kjoller and Hall, 1999; 
Symonss and Settleman, 2000). Growth factors such as insulin, PDGF and EGF are potent 
inducerss of Racl-dependent ruffle formation and these pathways depend on PI3K upstream 
off Racl although Keely et al. (1997) showed that migration induced by active Racl could be 
abrogatedd by PI3K inhibitors, indicating that PI3K may also act in pathways parallel to or 
downstreamm of Racl. The product of PI3K, PIP3, has been suggested to be involved in 
membranee targeting of GEFs but also in their activation (see Figure 5; for reviews see Kjoller 
andd Hall, 1999; Rameh and Cantley, 1999). RhoA phenotypes are not induced by growth 
factorss but by agonists such as LPA, sphingosine-1-phosphate and thrombin which all signal 
throughh GPCRs (see also Figure 1). For instance, LPA signals via Gai3 which binds to and 
activatess pll5RhoGEF leading to RhoA activation (Hart et al., 1998). Finally, Cdc42 can be 
activatedd by cytokines and their receptors but also by fMLP, bradykinin and chemokines 
whichh signal via GPCRs (Kjoller and Hall, 1999; Soede et al., 2001). 

Ass mentioned before, integrin signaling and growth factor signaling pathways synergize in 
thee activation of small GTPases and their effectors. For instance, serum stimulation of 
suspendedd cells activates small GTPases but the coupling to downstream signaling events via 
effectorss is dependent on cell attachment (Schwartz et al., 1996; Ren et al., 1999; del Pozo 
ett al., 2000). Moreover, Cdc42 and Racl are active during initial phases of cell attachment 
andd spreading whereas RhoA activity is suppressed (Ren et al., 1999). Recently, Arthur et al. 
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(2000)) showed that pl90RhoGAP is activated early after integrin engagement, reducing 
RhoAA activity without affecting Cdc42 and Racl activity. The suppresssion of RhoA activity is 
importantt for cell spreading and migration because it allows the formation of membrane 
protrusionss and polarity (Arthur and Burridge, 2001). Also the protein tyrosine phosphatase 
Shp-2,, which is activated downstream of integrins (Manes et al., 1999b; Oh et al., 1999), 
hass been implicated in downregulation of RhoA activity (Schoenwaelder et al., 2000). 
Furthermore,, the activation of RhoA can be completely suppressed in 3D matrices con-
taining,, in addition to FN, the antiadhesive protein tenascin-C (Wenk et al., 2000). Moreover, 
thee antiadhesive protein thrombospondin-1 enhances the activity of Cdc42 and Racl and 
inducess the formation of microspikes but not FAs (Adams and Schwartz, 2000). These 
proteins,, which are present in e.g. wounds and tumors, are therefore important promigratory 
ligandss by increasing Cdc42 and Racl activity and inhibiting RhoA activity. 

Thee composition and signaling of FAs has turned out to be far more complex than 
previouslyy thought. The current (very simplistic) view is that integrin clusters are stabilized 
byy antiparallel talin dimers beneath the membrane. This interaction is strengthened by 
vinculinn which binds talin but also lipids in the membrane. Vinculin and talin bind various 
proteinss like FAK, F-actin and paxillin (for review see Critchley, 2000). The kinase Src binds 
too an autophosphorylation site of FAK and further phosphorylates FAK creating binding sites 
forr e.g. the Grb2 adaptor protein. FAK can also associate with activated GFRs and this 
interaction,, which stimulates cell migration, depends on FAK's localization in FAs and the Src-
bindingg site (Sieg et al., 2000). FAK and Src also phosphorylate adaptor proteins such as 
paxillinn and pl30Cas leading to recruitment of yet other adaptors such as Crk and Nek. 
Paxillinn can also bind to negative regulators such as the kinase Csk and the phosphatase 
PTP-PESTT which inhibit the function of Src and pl30Cas, respectively. The result of all these 
eventss is the recruitment of a specific set of adaptor molecules required for the activation of 
particularr signaling pathways (for reviews see Schlaepfer and Hunter, 1998; Parsons et al., 
2000;; Turner, 2000). 

Somee events lead to activation of pathways affecting cell migration. For instance, Grb2 
cann bind the RasGEF Sos which leads to activation of the MAPK pathway and contractility 
(Klemkee et al., 1997). The same pathway is activated by the adaptor protein She which 
coupless some integrin a subunits via caveolin and the Src-like kinase Fyn to the Grb2-Sos 
complexx (Wary et al., 1998). The adaptor protein Crk can bind to pl30Cas and this complex 
hass been shown to induce cell migration (Klemke et al., 1998) by activation of Racl 
(Kiyokawaa et al., 1998a and b). The MAPK and pl30Cas-Crk pathway are independent 
pathwayss that induce cell contraction and membrane ruffling, respectively (Cheresh et al., 
1999).. Sometimes pathways differ, dependent on the cell-type and/or matrix. For instance, 
phosphorylationn of paxillin, in contrast to phosphorylation of pl30Cas, leads to inhibition of 
COS-77 and hepatoma cell migration (Yano et al., 2000) whereas phosphorylation of paxillin 
inn bladder carcinoma cells leads to association with Crk and induction of cell migration. The 
latterr effect, however, specifically depends on the integrin a2pl and the ligand collagen and 
coincidess with a decrease in pl30Cas-Crk complexes (Petit et al., 2000). In the former study, 
however,, paxillin phosphorylation is independent of the ECM component used. Moreover, 
migrationn of blood cells often depends on blood cell-specific variants like pl05Cas-L and CrkL 
(Ohashii et al., 1999). The blood cell-specific and Racl-specific GEF Vavl is activated after 
integrinn engagement via the tyrosine kinase Syk (Gotoh et al., 1997; Miranti et al., 1998). 
Sykk is implicated in signaling to the cytoskeleton because it phosphorylates the adaptor 
moleculee SLP-76 which subsequently recruits Vavl and the adaptor protein Nek (Obergfell et 
al.,, 2001). 

Thee cytoplasmic phosphatase encoded by the tumor suppressor gene PTEN (phosphatase 
andd tensin homolog deleted on chromosome ten) has recently been implicated in cell 
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migration.. FAK and She are substrates of PTEN and overexpression of the phosphatase leads 
too inhibition of cell spreading and migration (Tamura et al., 1998; Gu et al., 1999). The main 
substratee of PTEN is, however, the PI3K lipid product PIP3 (for review see Maehama and 
Dixon,, 1999). Hence, the behavior of tumors lacking PTEN is not only influenced by an effect 
onn integrin signaling but also PI3K signaling. 

Ass mentioned before, paxillin used to be classified as a cytoskeletal protein but recent 
paperss show that the protein is an important adaptor molecule on which various signaling 
pathwayss converge (for review see Turner, 2000). Paxillin binds e.g. the ArfGAP PKL (paxillin 
kinasee linker) which can recruit the Cdc42 and Racl effector PAK via PIX/Cool proteins (PAK-
interactingg exchange factor/cloned-out of library). PIX/Cool proteins are GEFs for Racl but 
alsoo modulate the activity of PAK and are required for the translocation of PAK from the 
cytoplasmm to focal complexes (Manser et al., 1998). The diversity of paxillin-PKL-PIX/Cool-
PAKK complexes may be potentially quite large because each protein in this complex is part of 
aa larger family of proteins and the RNA of several proteins is alternatively spliced as well (for 
reviewss see Bagrodia and Cerione, 1999; Turner, 2000). These complexes have been impli-
catedd in several processes. PAK itself binds to the adaptor protein Nek which can bind to 
RTKss and therefore may couple growth factor and integrin signaling pathways to cytoskeletal 
reorganizations.. The ArfGAP p95-APPl, which forms a complex with PIX and active Racl, 
colocalizess with Arf proteins in the endosomal compartment and with paxillin at sites of actin 
reorganizationn at the plasma membrane, suggesting that it links vesicle transport, cell 
adhesionn and actin reorganization by integrating signaling pathways mediated by Rho-like 
GTPasess and Arf GTPases (Di Cesare et al., 2000). Paxillin is predominantly present in the 
perinuclearr region and Arf proteins and the ArfGAP PAG3 are required for the recruitment of 
paxillinn to FAs (Norman et al., 1998; Kondo et al., 2000). Also the Racl protein is present in 
largee amounts in the perinuclear region (Kraynov et al., 2000) and it has been suggested 
thatt ready-to-use pre-packed vesicles containing multiple proteins including integrins, paxillin 
andd Racl are delivered to sites of migration (Norman et al., 1998). 

3.2.22 Effector s of Rho-lik e GTPases 
Rho-likee GTPases are involved in a wide variety of cellular processes and therefore much 
effortt has been put in identifying their target proteins. To date ~30 effector proteins have 
beenn identified and most of these bind to the GTPase in the GTP-bound state. Some GTPase-
effectorr interactions inhibit the function of the effector protein but most interactions lead to 
activationn of the effector by relieving intramolecular autoinhibitory interactions (Bishop and 
Hall,, 2000). Effector proteins (first-line effectors) trigger yet other effector proteins (second-
linee effectors) and those involved in cytoskeletal reorganizations are depicted in Figure 6 (for 
reviewss see Kaibuchi et al., 1999; Bishop and Hall, 2000; Schmitz et al., 2000). 

Thee Rho-like GTPases not only affect the actin cytoskeleton but also in some cases the 
otherr two cytoskeletons present in cells: the microtubule (MT) and the intermediate filament 
(IF)) systems. Some cell types do not require MTs for migration but in others a complex 
relationn between the actin cytoskeleton and the MT system exists. For instance, depoly-
merizationn of MTs in fibroblasts induces ruffling all over the cell, loss of polarity, and 
inhibitionn of cell migration. Instead of a static MT network, the assembly and disassembly of 
MTs,, which depends on actomyosin-based retrograde flow, is important for migration 
(Waterman-Storerr and Salmon, 1997). Some MTs are targeted to focal complexes and FAs 
whichh may relate to their function as tracks for directed vesicle transport (Kaverina et al., 
1998;; Kaverina et al., 1999). How MTs affect cell migration is largely unknown. RhoA is 
activatedd after disruption of MTs whereas growing MTs activate Racl leading to the 
formationn of lamellipodia (Ren et al., 1999; Waterman-Storer et al., 1999). Recently, 
Ballestremm et al. (2000) showed that MTs affect ruffle formation and are involved in the 
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releasee of FAs and tail retraction. However, only the processes in the rear of the cell required 
MTss suggesting that this cytoskeleton is involved in migration by controling rear release. The 
precisee relation between Rho-like GTPases and MTs is unknown but the current view is that 
MTss locally modulate the activity of the GTPases and, conversely, the GTPases might be 
responsiblee for the initial polarization of the MT cytoskeleton (for reviews see Hollenbeck, 
2001;; Wittmann and Waterman-Storer, 2001). 

Thee more than 50 different monomeric and fibrous IF proteins can self-assemble into 
filaments.. The keratins, expressed in epithelial cells, and vimentin, present in e.g. mesen-
chymall cells, are the best known. A limited number of IF proteins can co-assemble to form 
heteropolymerss which are for that reason divided into three assembly groups. The IF and MT 
systemss and the actin cytoskeleton are interdependent. For instance, cytochalasin D-induced 
adhesionn of leukocytes depends on both intact IFs and MTs and disruption of the MT system 
alsoo leads to disassembly of the vimentin network (Lub et al., 1997). Furthermore, in 
neuronall cells neurite retraction is exerted upon activation of the actomyosin cytoskeleton 
accompaniedd by the dissasembly of IF and MT systems whereas neurite extension leads to 
reassembyy of these systems (Hirose et al., 1998). Several proteins are known that link the 
variouss cytoskeletons. For instance, plectin can connect all three cytoskeletons and fimbrin 
cann link the vimentin network to the actin cytoskeleton (for reviews see Coulombe et al., 
2000;; Herrmann and Aebi, 2000). Like MTs some vimentin filaments are targeted to FAs 
(Bershadskyy et al., 1987) and the spatial organization of these structures is distorted in 
vimentin"7"" fibroblasts. The mechanical stability and the migratory capacity of these ceils is 
alsoo reduced suggesting that vimentin primarily functions to strengthen the cytoskeleton 
(Eckess et al., 1998; Eckes et al., 2000). Vimentin 'dots' and short filamentous vimentin 
'squiggles'' are present in cells during spreading. These vimentin structures are highly motile 
andd move to the periphery of the cell in a MT-dependent fashion. The function of these 
structuress is unknown but may relate to the local production of an IF network in areas of the 
cytoplasmm engaged in shape changes (for review see Chou and Goldman, 2000). IFs 
disassemblee after phosphorylation by the RhoA effector ROCK but also downstream of Cdc42 
andd Racl as will be discussed below. 

Thee Wiskott-Aldrich syndrome protein (WASP) family consists of the blood-cell specific 
WASPP protein, the ubiquitously expressed N-WASP, and at least four Scar or WAVE (WASP 
familyy verprolin-homologous) proteins (Zigmond, 2000). WASP and N-WASP are effectors of 
Cdc422 and coexpression of N-WASP and active Cdc42 induces extremely long actin 
microspikess in COS-7 cells (Miki et al., 1998a). In contrast, WAVE proteins have been 
implicatedd in ruffle formation downstream of Racl (Miki et al., 1998b). WASP proteins bind 
thee Arp2/ 3 complex and together these proteins efficiently induce de novo formation of 
actinn nuclei or the branching of actin filaments from existing filaments. The latter process, 
alsoo called dendritic nucleation, induces a growing orthogonal filament network in the 
directionn of the cell membrane which provides the leading force required for membrane 
extensionn (for Figure see Pollard et al., 2001). The function of WASP proteins is influenced 
byy PIP2 and profilin. PIP2 recruits WASP proteins to the plasma membrane where they are 
activatedd by active GTPases. The monomeric-actin-binding protein profilin enhances Arp2/3-
inducedd nucleation (Rohatgi et al., 1999; Blanchoin et al., 2000; Higgs and Pollard, 2000; 
Wearr et al., 2000). Recently, an N-WASP-binding protein was identified that induces Arp2/3 
complexx activation independently of Cdc42 (Fukuoka et al., 2001). 

E-cadheri nn  is localized in adherence junctions where it mediates homotypic cell-cell 
adhesion.. Important for this process is the cytoplasmic domain of E-cadherin which interacts 
withh p-catenin (or with plakoglobin/y-catenin) which in turn binds to a-catenin that links 
E-cadherinn to the actin cytoskeleton. The Cdc42 and Racl effector IQGAP induces the 
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Figur ee 6. Rho-like GTPases and downstream effectors involved in cytoskeletal reorganizations. First-line effector 
proteinss include scaffold proteins (WASP, WAVE, IQGAP, Sra, POR, mDIA), lipid kinases (PI3K, DGK6), and 
SerAThrr kinases (MRCK, PAK, ROCK). Second-line effector proteins have distinct effects on the actin cyto-
skeletonn and the morphology of the cell (see text). PI4P5K is likely to be activated by a yet unidentified R a d 
effector.. Note that phosphorylation of myosin light chain is tightly regulated (double boxed). Dashed lines 
representt inhibitory effects, cad/cat: cadherin-catenin complex; MLC phosph: MLC phosphatase. 

dissociationn of a-catenin from the cadherin-p-catenin complex resulting in a decrease in 
E-cadherin-mediatedd adhesion. Active Cdc42 and Racl inhibit IQGAP function thereby 
preventingg the dissociation of a-catenin and stabilizing cell-cell adhesion (Kuroda et al., 
1998;; Fukata, M. et al., 1999). The observation that pro-migratory proteins such as active 
Cdc422 and Racl stimulate cell-cell adhesion may be strange at first sight. However, the 
Racl-specificc GEF Tiam-1, which induces invasion of lymphoma cells, stabilizes adherence 
junctionss in epithelial cells (Hordijk et al., 1997). Yet another catenin, pl20Ctn, is present in 
cellss in a major cadherin-bound pool and a minor cytoplasmic pool. The cytoplasmic protein 
upregulatess Cdc42 and Racl activity whereas it downregulates RhoA activity. E-cadherin 
expressionn is reduced in many carcinomas and this may thus lead to a large increase in the 
cytoplasmicc pool of pl20Ctn and deregulation of contact inhibition of carcinomas (Anasta-
siadiss et al., 2000; Noren et al., 2000). Also epithelial tight junctions are affected by Rho-like 
GTPasess (Joberty et al., 2000). These results suggest that Rho-like GTPases in polarized cells 
performm various functions at different locations. At the basal side they affect integrin-
mediatedd eel I-substrate adhesions whereas at the lateral side they affect adherence and tight 
junctions.. These processes are likely very important for epithelial-mesenchymal transitions 
duringg embryonic development and tumor progression and have been suggested to be, at 
leastt in part, dependent on the ECM (Sander et al., 1998; for review see Price and Collard, 
2000). . 

Sra-11 (specifically Racl-associated protein) interacts with active Racl and cosediments 
withh F-actin in vitro. In vivo Sra-1 and Racl colocalize in ruffles (Kobayashi et al., 1998) but 
thee function of Sra-1 is unknown. Also POR1 (partner of Racl) interacts with active Racl in 
vitrovitro and a Racl effector mutant that does not bind to POR1 inhibits ruffle formation (van 
Aelstt et al., 1996). Interestingly, the GTPase Arf6, involved in targeted delivery of vesicles to 
thee plasma membrane, also binds POR1 in a GTP-dependent manner leading to cytoskeletal 
reorganizationss independent of Racl (D'Souza-Schorey et al., 1997). The precise relation 
betweenn POR1 and the two GTPases is still unknown. 

ROCKK  is an effector of RhoA but has also been described to bind active Racl (Lamarche 
ett al., 1996; for review see Amano et al., 2000). FA and stress fiber formation in fibroblasts 
aree well known ROCK effector functions but the protein also affects growth cone collapse, 
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axonn outgrowth, and neurite retraction in neurons and neuron-like cells (Kranenburg et al., 
1999;; Bito et al., 2000; Wahl et al., 2000). Inhibition of ROCK activity induces neurite 
extensionn whereas activation of ROCK leads to growth cone collapse in which the ROCK 
effectorr collapsin reponse mediator protein (CRMP)-2 is involved (Hirose et al., 1998; 
Arimuraa et al., 2000). In fibroblasts, ROCK localizes along vimentin IFs which may function 
ass a depot for the effector. Activation of ROCK by RhoA leads to ROCK-mediated vimentin 
phosphorylation,, disruption of the filaments, and translocation of ROCK to the periphery of 
thee cell where it likely exerts its effector functions. In this way ROCK initiates its own 
activationn (Sin et al., 1998). Also Cdc42 and Racl can induce the disassembly of the 
vimentinn network but the effectors involved are unknown (Meriane et al., 2000). 

ROCKK phosphorylates the myosin-binding subunit (MBS) of myosin phosphatase and 
therebyy inhibits the activity of the phosphatase (Kimura et al., 1996). This results in an 
increasee of MLC phosphorylation and enhanced interaction of actin and myosin leading to 
stresss fiber formation (Kawano et al., 1999). Moreover, ROCK has been shown to phos-
phorylatee MLC directly (Amano et al., 1996). Recently it was shown that MLCK phos-
phorylatess MLC in the periphery of fibroblast cells whereas ROCK functions as a MLCK in the 
celll center (Totsukawa et al., 2000). PAK1 inhibits, in contrast to ROCK, MLC function by 
phosphorylationn and inhibition of MLCK (Sanders et al., 1999). A PAK-like kinase is probably 
alsoo involved in Racl-induced myosin-II heavy chain phosphorylation leading to actomyosin 
disassemblyy and cell spreading (van Leeuwen et al., 1999). The opposing effects of ROCK 
andd PAK on MLC phosphorylation and the Racl-dependent phosphorylation of the heavy 
chainn represent possible pathways through which Racl counteracts RhoA. However, active 
PAKK also increases MLC phosphorylation and both dominant negative and active PAKs induce 
stresss fibers and FAs and inhibit endothelial cell migration (Kiosses et al., 1999). Active PAK 
inn fibroblasts also increases MLC phosphorylation but this leads to highly motile cells with 
largee polarized lamellipodia. Surprisingly, cells expressing a kinase-dead PAK mutant are also 
highlyy motile but these cells are not polarized and do not show directional migration (Sells et 
al.,, 1999). These studies suggest that PAK somehow promotes the assembly of leading edge 
structuress as well as the turnover of trailing edge structures allowing directed cell migration. 
Indeed,, active PAK is located in lamellipodia and filopodia but also in FAs (Royal et al., 2000; 
Sellss et al., 2000). The myotonic dystrophy kinase-related Cdc42-binding kinase (MRCK) 
alsoo phosphorylates MLC and is involved in the formation of filopodia and focal complexes 
(Leungg et al., 1998) but, in contrast to ROCK, induces neurite outgrowth instead of 
retractionn (Chen et al., 1999). 

Thee turnover of actin filaments is much faster in cells than the turnover of purified F-actin 
inin vitro. Proteins of the cofilin/AD F (actin depolymerizing factor) family have been impli-
catedd in binding to and promotion of disassembly of filaments e.g. in the leading edge of 
migratingg cells and in neuronal growth cones (for review see Bamburg, 1999). Active LIM-
kinas ee 1 phosphorylates and inhibits cofilin function downstream of Cdc42/Racl and PAK 
(Arberr et al., 1998; Yang et al., 1998; Edwards et al., 1999) and LIM-kinase 2 phospho-
rylatess and inactivates cofilin downstream of RhoA and ROCK (Maekawa et al., 1999; Sumi et 
al.,, 2001a). Both UM-kinases are activated downstream of Cdc42 and MRCK (Sumi et al., 
2001b).. Furthermore, PAK4, which binds various integrin p subunits (section 2.3.1), is only 
ann effector of Cdc42 (Dan et al., 2001; Qu et al., 2001). The differential location of the 
activee GTPases and their effector in cells thus likely causes the stabilizion of the actin 
cytoskeletonn only in specific parts of the cell. Testicular protein kinase 1 (TESK1), which has 
aa kinase domain that is homologous to that of LIM-kinases, also phosphorylates cofilin. 
TESK11 is activated downstream of integrins and induces actin reorganization which is 
independentt of PAK or ROCK signaling (Toshima et al., 2001a). Recently, it was shown that 
TESK11 binds the adaptor protein 14-3-30 (section 2.3.1) which may provide the link between 
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integrinn and TESK1 signaling. The interaction between the two proteins, which results in 
reducedd TESK1 kinase activity, is decreased during cell spreading on fibronectin (Toshima et 
al.,, 2001b). 

PIP22 binding to the actin-monomer-binding protein profili n promotes actin polymerization 
byy inducing the release of G-actin monomers from profilin. In HeLa cells, profilin and the 
RhoAA effector mDIA have been implicated in the formation of thin and disorganized stress 
fiberss whereas ROCK induced condensed actin fibers, suggesting that RhoA, via the balance 
betweenn mDIA and ROCK activity, can induce actin fibers of various thickness (Watanabe et 
al.,, 1997; Watanabe et al., 1999). Another study with MDCK cells reached the same 
conclusion:: RhoA induces normal stress fibers whereas ROCK induces stellate stress fibers 
andd mDIA weak parallel stress fibers (Nakano et al., 1999). The densely coalesced stellate 
stresss fibers are mainly the result of MIX phosphorylation and the LIM-kinase-dependent 
phosphorylationn of cofilin (Takaishi et al., 2000). Interestingly, mDIA has recently been 
shownn to bind MTs next to actin filaments, and mDia is required for the formation and 
orientationn of stable MTs (Palazzo et al., 2001). A mutant mDIA that binds MTs and actin 
filamentss but not RhoA causes bipolar elongation of HeLa cells conceivably due to the 
alignmentt of the two cytoskefetal systems and the lack of RhoA-induced contraction (Ishizaki 
ett al., 2001). Together these results suggest that ROCK, via contraction, leads to condensed 
stresss fibers whereas mDIA antagonizes this process. Interestingly, those MTs that terminate 
inn FAs have been implicated in the relaxation and dissociation of these structures (Kaverina 
ett al., 1998; Kaverina et al., 1999). However, the relation between ROCK and mDIA appears 
too be even more complex. When cells are subjected to externally applied mechanical forces, 
FAss grow by an mDia-dependent but ROCK-independent mechanism (Riveline et al., 2001). 
Thee reason for mDIA dependency is unknown but may relate to MT-mediated vesicle 
trafficking.. Besides mDIA, a novel PAK protein from Xenopus (X-PAK5) was shown to bind to 
MTss as well as actin filaments. Ectopic X-PAK5 reorganizes and stabilizes the MT network. 
Activee Cdc42 and Racl do not induce the kinase activity of X-PAK5 but, instead, the 
relocationn of the protein from MTs to Cdc42 and Racl-induced actin-rich structures (Cau et 
al.,, 2001). 

Thee Na+/H+ exchanger NHE1, activated by e.g. integrin-mediated cell adhesion (Schwartz 
ett al., 1991), is involved in intracellular pH homeostasis and cell volume regulation. In-
terestingly,, NHE1 activity is required for RhoA-induced stress fiber formation (Vexler et al., 
1996)) and for the maturation of FAs during spreading (Tominaga and Barber, 1998). ROCK 
mediatess LPA- and RhoA-induced activation of NHE1 (Tominaga et al., 1998) and two 
pathwayss downstream of ROCK, NHE1 activation and MLC phosphorylation, have been 
suggestedd to synergistically induce FAs and stress fibers. How NHE1 affects FAs and stress 
fiberss is unknown but intracellular pH gradients may affect actin cytoskeleton dynamics. H+ 

extrusionn has been implicated in enhanced invasive capacity of tumor ceils and NHE1 
localizess in the leading edge of these cells (Lagana et al., 2000; Reshkin et al., 2000). 
Recently,, ERM proteins were shown to bind to NHE1 in lamellipodia. This interaction is 
importantt for the organization of the cortical cytoskeleton but does not depend on H+ 

translocationn (Denker et al., 2000). ROCK may thus affect this process both at the level of 
ERMM (see section 3.2.1) and NHE1 proteins. 

Thee cytoskeletal protein adduci n is involved in maintaining the structural integrity of the 
plasmaa membrane by forming a spectrin-actin meshwork beneath the membrane. Phos-
phorylationn of adducin by ROCK leads to binding of F-actin which subsequently recruits 
spectrin.. These events are required for PMA-induced ruffle formation and for cell migration in 
woundd healing assays (Fukata, Y. et al., 1999). Likewise, treatment of epithelial cells with 
HGFF leads to membrane localization of ROCK required for the formation of membrane ruffles 
(Royall et al., 2000). Myosin phosphatase counteracts ROCK-induced activation of not only 
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adducinn but also ERM proteins (Fukata et al., 1998; Kimura et al., 1998) suggesting that the 
phosphatasee and the kinase together control the function of these substrates in vivo. Also 
MARCKSS (myristoylated alanine-rich C kinase substrate), a protein homologous to adducin, 
iss a ROCK substrate but the function of MARCKS phosphorylation in still unknown (Nagumo 
ett al., 2001). 

Integrin-mediatedd adhesion leads to rapid activation of PI4P5K and an increase of PIP2 

levelss (McNamee et al., 1993). PIP2 subsequently affects, besides the abovementioned ERM 
proteins,, many actin-associated cytoskeletal proteins (for reviews see Sechi and Wehland, 
2000;; Czech, 2000). For instance, a head-to-tail interaction in vinculin which masks the 
bindingg sites for actin and talin is disrupted by PIP2. This then allows the formation of 
integrinn complexes containing talin, vinculin and F-actin which are required for FA formation 
(Gilmoree and Burridge, 1996). PIP2 also displaces various actin regulatory proteins from 
filamentss to allow further polymerization (Tolias et al., 2000). RhoA and Racl interact with 
PI4P5KK both in the GTP- and GDP-bound state whereas the activation of PI4P5K depends on 
ann active GTPase (Ren et al., 1996; Tolias et al., 2000). This suggests that an effector is 
requiredd as well. Recently, ROCK was shown to be present in the RhoA-PI4P5K complex 
(Oudee Weernink et al., 2000) but another study showed that a ROCK inhibitor also affects 
PIPP levels and therefore it was proposed that PI4K is the direct downstream effector of ROCK 
(Yamamotoo et al., 2001). PI4P5K was also shown to be an effector of Arf6 implicated in 
rufflee formation in concert with a Racl-dependent pathway (Honda et al., 1999). 

PIP22 is, in contrast to e.g. PIP3, a relative abundant phospholipid of the inner leaflet of the 
celll membrane. It directly controls interactions between the membrane and the actin 
cytoskeletonn as measured by the 'adhesion energy' or the force required to pull the 
membranee away from the underlying actin cytoskeleton (Raucher et al., 2000). Increased 
PIP22 levels, induced by overexpression of PI4P5K, enhance stress fiber formation but inhibit 
rufflee formation (Yamamoto et al., 2001). PIP2 is predominantly present in lipid micro-
domainss where its availability is regulated by so-called pipmodulins (Laux et al., 2000; for 
revieww see Lanier and Gertler, 2000). PIP2 is involved in its own formation in a feed-forward 
regulatoryy loop: PIP2 activates phospholipase D (PLD) which generates phosphatide acid 
(PA),, a substrate of PI4P5K (Czech, 2000). Several other lipid enzymes are downstream 
effectorss of Rho-like GTPases. For instance, diacylglycerol kinases (DGKs) phosphorylate the 
secondd messenger diacylglycerol (DAG), and thereby terminate the stimulation of several 
PKCC isoforms by DAG. The binding of active RhoA to DGK0 leads to inhibition of the kinase 
andd the accumulation of DAG (Houssa et al., 1999). PKCs effect on integrin clustering may 
bee stimulated by DAG resulting from the RhoA-DGKG interaction and this may partly explain 
howw RhoA contributes to FA formation. RhoA also binds to and activates PLD (Bae et al., 
1998).. In contrast, phospholipase Cp2 (PLCp2), which hydrolyses PIP2 to inositol-1,4,5-
triphosphatee (IP3) and DAG, is a Cdc42 and Racl effector (Illenberger et al., 1998). Finally, 
PI3K,, which converts PIP2 into PIP3, has been reported to be a Cdc42 and Racl effector 
(Zhengg et al., 1994; Bokoch et al., 1996). These data reveal an intricate network of 
substratess and products of lipid enzymes with pleiotropic effects (see Czech, 2000). 

Initiall findings that Cdc42, Racl and RhoA induce filopodia, lamellipodia, and FAs and 
stresss fibers, respectively, seem an oversimplification. These phenotypes may hold for 
quiescentt Swiss 3T3 fibroblasts, but the situation appears to be more complex in e.g. 
epitheliall cells. Furthermore, several second-line RhoA effectors, such as NHE1 and adducin, 
aree clearly involved in Racl-like phenotypes. RhoA activity is in some cell systems required 
forr cell spreading which is thought to be primarily dependent on Cdc42 and Racl (Clark et 
al.,, 1998; Hirose et al., 1998). The RhoA effector ROCK binds to Racl-GTP in vitro 
(Lamarchee et al., 1996) but it is unknown whether this interaction is relevant in vivo. In 
contrast,, PI4P5K, LIM kinase and the myosin light chain are second-line effectors which can 
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bee activated downstream of Cdc42/Racl as well as RhoA. Recent studies show that, besides 
aa balance of Cdc42/Racl and RhoA signaling, the effect of RhoA signaling itself is deter-
minedd by a balance of multiple downstream signaling proteins such as ROCK and mDIA. 
Disturbingg this balance has major effects on the morphology of the cell (Watanabe et al., 
1999;; Takaishi et al., 2000; Yamamoto et al., 2001). 

Celll migration can be seen as a series of cyclic events. New adhesions at the leading edge 
mayy initiate signals that lead to contraction and detachment of the trailing edge. Such a 
modell is supported by e.g. the results obtained with PAK mutants. Active as well as 
dominantt negative mutants interfere with these cyclic events and therefore both have the 
samee effect on cell migration. The main challenge for the future will be to understand how 
thee various balances and cyclic events are coordinated and how integrins and soluble factors 
cooperatee to induce complex biological phenomena such as cell migration. 

Scop ee of  thi s thesi s 
Celll adhesion molecules have been implicated in metastasis formation, mainly because 
acquisitionn of a more malignant phenotype is often accompanied by altered surface levels of 
thesee molecules. Modulation of functional CAM surface levels either by transfection of cDNAs 
orr by in vivo antibody-inhibition experiments have underscored the role of adhesion mole-
culess in metastasis formation but the observed effects may be rather indirect. In chapter s 2 
andd 3 we describe a more direct method to study this process. Homologous recombination, 
widelyy used with embryonic stem cells to generate knockout mice, was applied in tumor cell 
liness to inactivate genes encoding CAMs. In this way we obtained lymphosarcoma cells 
which,, in contrast to the parental cell line, lack the standard form of the hyaluronic acid 
receptorr CD44 (chapte r 2). Although this molecule had been implicated in metastasis 
formationn of lymphomas, our results revealed a role for CD44 in neither metastasis nor 
tumorr growth. In chapte r 3 we describe the effects of targeted disruption of the pi gene in 
aa lymphoma cell line. We found that p i integrins are absolutely required for metastasis 
formationn of this cell line to several tissues. In chapte r 4 we describe how p i integrins 
containingg mutations in the p i cytoplasmic domain, after expression in the pi knockout cells, 
affectt metastasis formation. These in vivo effects were further substantiated by in vitro 
invasionn assays into a monolayer of bone marrow stromal cells. Published results as well as 
ourr own data suggested that the interaction between p i integrins and ICAP-1 is important 
forr migration processes. In order to obtain some clues about the function of this interaction, 
wee attempted to indentify proteins that interact with ICAP-1. In chapte r 5 we describe the 
results.. The RhoA effector ROCK was found to interact with ICAP-1 and the two proteins 
partlyy colocalize with p i integrins. Possible functions of these interactions are discussed in 
chapterr 5. 
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Targetedd Disruption of CD44 in MDAY-D2 Lymphosarcoma Cells 
Hass No Effect on Subcutaneous Growth or Metastatic Capacity 
Mariëtt ee H. E. Driessens,*  Peter  J. M. Stroeken,*  N. Felix Rodriguez Erena,*  Marti n A. van der  Valk,* 
Ellenn A. M. van Rijthoven,*  and Ed Roos* 

Divisionss of *Cell Biology and *Molecular Genetics, The Netherlands Cancer Institute, 1066 CX Amsterdam, The Netherlands 

Abstract.Abstract. CD44 splice variants have been shown to be 
involvedd in metastasis of carcinomas. In addition, the 
standardd form of CD44 has been implicated in metasta-
sis,, particularly of melanomas and lymphomas. To in-
vestigatee this, we have generated a CD44-negative mu-
tantt of the highly metastatic murine MDAY-D 2 
lymphosarcoma.. The two CD44 alleles of this diploid 
celll  line were sequentially disrupted by homologous re-
combination,, using isogenic CD44 genomic constructs 
interruptedd by a neomycin or hygromycin resistance-
conferringg gene. The resulting double knockout (DKO) 
cellss had completely lost the capacity to bind to immo-
bilizedd hyaluronic acid, but did not differ from MDAY -
D22 cells in integrin expression or in vitro growth. 

Subcutaneouss (s.c.) growth potential and metastatic 
capacityy of MDAY-D 2 and DKO cells were assessed 

CD444 is a cell surface protein expressed by many dif-
ferentt cell types (for reviews see references 21 and 
42)) that can act as a receptor for the extracellular 

matrixx component hyaluronic acid (HA)1 (2) and the pro-
teoglycann serglycin (41). CD44 is required for in vitro lym-
phopoiesis,, particularly of B cells (24), that use CD44 to 
bindd to the abundant HA. In addition, CD44 can act as co-
stimulatorr in lymphocyte activation (32) and the induction 
off  lymphocyte effector functions (5, 11, 28). In addition to 
thee standard 85-95-kD form, various larger CD44 variants 
cann be generated by alternative splicing of at least 10 exons 
(40). . 

CD444 has been proposed to play a major role in me-
tastasiss of different types of tumor cells (for review see ref-
erencee 31). The most compelling evidence concerns a splice 
variantt of CD44 containing exon v6 that upon transfection 
intoo a rat pancreatic carcinoma cell line conferred metastatic 
potentiall  (12). In these cells, the standard form of CD44 is 

Addresss all correspondence to Dr. E. Roos, Division of Cell Biology. The 
Netherlandss Cancer Institute, 121 Plesraanlaan, 1066 CX Amsterdam, 
Thee Netherlands. Tel: 31-20-5121931. Fax: 31-20-5121944. 

1.. Abbreviations used in this paper. DKO, double knockout; HA, hyalu-
ronicc acid: LFA-1, leukocyte function-associated antigen 1; SKO, single 
knockout:: SM, spontaneous mutant. 

byy s.c. and i.v. injection of the lowest cell dose (103 or 
104,, respectively) that gave rise to tumor formation by 
MDAY-D 22 cells in ~100% of the mice. Quite unex-
pectedly,, we observed no difference at all in either s.c. 
growthh rate or local invasion into surrounding tissues 
betweenn MDAY-D 2 cells and the CD44-negative DKO 
cells.. Also hematogenous metastasis formation upon 
i.v.. injection was similar: both parental and DKO cells 
metastasizedd extensively to the spleen, liver, and bone 
marrow.. We conclude that, at least for these MDAY -
D22 lymphosarcoma cells, the standard form of CD44 is 
dispensablee for tumor growth and metastasis. Our re-
sultss show that targeted disruption of genes in tumor 
cellss is a feasible approach to study their role in tumori-
genesiss and metastasis. 

apparentlyy not involved. In contrast, there is extensive evi-
dencee for a role of standard CD44 in metastasis of melano-
mass and lymphomas. CD44 was shown to be involved in 
thee invasiveness of melanoma cells in vitro (8). Human 
melanomaa cells expressing standard CD44 and sorted for 
highh expression showed enhanced lung colonization (4), 
andd an anti-CD44 antibody inhibited melanoma metasta-
siss (13). Furthermore, CD44-HA interaction stimulated 
subcutaneouss (s.c.) growth of a melanoma cell line (3). 

Inn non-Hodgkin lymphomas, high CD44 levels correlate 
withh tumor aggressiveness and extensive tumor spread (17, 
25).. More direct evidence for CD44 involvement was pro-
videdd by Sy et al. (34), who transfected the standard form 
off  CD44 into Namalwa lymphoma cells, which grew very 
poorlyy when injected subcutaneously. The transfectants 
didd grow well and metastasized. This enhanced tumorige-
nicityy was suppressed by a CD44-immunoglobulin fusion 
proteinn (35). 

AA role for CD44 in invasion of tissues would be consis-
tentt with two observations on normal lymphocytes. First, 
CD444 on lymphocytes is required for optimal contact al-
lergicc responses, as shown by surface modulation of CD44 
beforee adoptive transfer (5). This suggested that CD44 is 
essentiall  for optimal migration of lymphocytes into the skin, 
independentt of the other adhesion molecules expressed, 
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possiblyy because CD44 can mediate motility on hyaluronic 
acidd (39), a major component of the dermis (19). Second, 
amongg cytotoxic T cell clones directed against the malaria 
parasitee Plasmodium yoelli. which were all highly active in 
vitro,, only cells expressing high CD44 levels were effective 
inn vivo. Moreover. CD44-negative cells sorted from a pro-
tectivee clone lost in vivo activity, and this was independent 
off  the expression of other relevant adhesion molecules, in 
particularr leukocyte function-associated antigen 1 (LFA-1) 
andd a4p[ (28). Since this in vivo activity involves lysis of in-
fectedd hepatocytes and thus requires migration into the 
liverr parenchyma, this strongly suggested that CD44 is re-
quiredd for migration. This requirement could also explain 
thee correlation between CD44 and spread of hematopoi-
eticc tumors, in particular to the liver. 

Too further investigate the mechanisms of CD44 function 
inn s.c. tumor growth and metastasis, we have generated a 
CD44-negativee mutant of the highly metastatic murine 
MDAY-D 22 lymphosarcoma cell line. MDAY-D 2 was origi-
nallyy described as a sarcoma (18), but the cells express the 
integrinn aL(32 (LFA-1) and are therefore of hematopoietic 
origin.. MDAY-D 2 cells express high levels of CD44 and 
bindd to immobilized HA in vitro. To generate the mutant, 
wee inactivated both alleles of the CD44 gene by homolo-
gouss recombination. We show here that CD44-negative 
MDAY-D 22 double knockout (DKO) ceils readily form s.c. 
tumorss and, upon i.v. injection, metastasize extensively to 
liver,, spleen, and bone marrow, comparable to the paren-
tall  MDAY-D 2 cells. Hence, for this cell line, CD44 is dis-
pensablee for metastasis and s.c. growth. 

MaterialsMaterials and Methods 

CellCell Lines and Culture Conditions 

Parentall  MDAY-D 2 (18) and variant cells were cultured in enriched 
RPMII  1640 medium (Hybridoma medium [29]). 

Antibodies Antibodies 

Antibodiess were oblained from the following sources: anti-CD44 mAb 
KM2011 from Dr. P, Kincade; ah integrin (CD49f) mAb GoH3 from Dr A 
Sonnenberg;; hybridomas producing a4-integrin (CD49d) mAb PS/2 and 
«L-integrinn (CDl la) mAb M17/4 from the American Type Culture Col-
lection,, Rockville. MD: the a,-integrin (CD4ye) mAb MFR5 from Pharm-
ingen.. San Diego. CA; and mouse anti-rat IgK mAb conjugated to F1TC 
fromm Zymed Laboratories. South San Francisco. CA, 

GenerationGeneration of Targeting Constructs 

AA genomic library of the murine DBA/2-derived ESb cell line was con-
structedd from 18-23-kb fragments obtained by fractionation of partial 
Sau3A-digestedd genomic DNA on 10-40% sucrose gradients. This DNA 
wass ligated to BamHI-digested EMBL-3-bacteriophage half-site arms 
(Promegaa Biotec. Madison. Wl), and after packaging. 10" independent 
plaquess were plated on Escherichia coli strain KW25I (Promega Biotec). 
CD444 genomic clones were identified using a murine CD44 cDNA probe 
(kindlyy provided by Dr, F. Hart. ICRF, London, UK) and were mapped 
withh partial CD44 cDNA probes to determine the location of exon 1. 

Too generate the targeting construct, we used a 7-kb Sall-SacI fragment, 
clonedd into pBluescript K S- (Stratagene. La Jolla. CA). Into the unique 
Ncoll  site, at the translation start site in exon 1. we introduced a pgk-1 (11 
neoo cassette that had been digested with EcoRI and Sail and to which a 
NcoI-EcoRII  adaptor (upper strand: 5'CATGGGGCAACGAAGGTG.V. 
lowerr strand: 5' AATTCACCTTCGTTGCCC3') and an Xhol-Ncol adap-
torr (upper strand: 5 'TCGAGCGGTACCGGATCC3'. lower strand 
5'CATGGGATCCGGTACCGC.V)) had been ligated. The 3' Xhol-Ncol 
adaptorr contains a BamHI site (see Fig. 1 A). The hygromycin B resistance 

gene-containingg vector was constructed by digestion of the pBluescript 
CD44/neoo targeting vector with Sphl (site in the pgk-1 promoter) and 
Bgll ll  (site downstream of the polyA signal], removal of the pgk-1 neo in-
sertt and ligation of an Sphl-Bglll-digested pek-1 hygromycin fragment 
(3K).. Targeting constructs, digested with Sail and Sacl. were separated from 
vectorr sequences bv gel electrophoresis and purified by eleclroelulion. 

ImmunofluorescenceImmunofluorescence Analysis 

Antibodyy incubations and washing steps were performed at 4 C in PBS 
containingg 0.5% BSA. 0.02% Na-a/ide. 1 mM Mg; . and I mM Ca; ' . 
Mousee anti-rat IgK mAb conjugated to KIT'C was used as secondary anti 
bodyy Fluorescence was measured on a FACScan' (Becton Dickinson & 
Co... Mountain View, CA) using the lysis II program. Cells incubated with 
onlyy secondary antibody were used as negative controls. 

GenerationGeneration of Knockout Cells 

22 x 10" MDAY-D 2 cells in 800 p.] RPMI medium were eleetroporated in 
thee presence of 100 jig of targeting construct, using a gene pulser (Bio-
Radd Laboratories. Richmond, CA) (11.42 kV. %() (iF). Cells were seeded 
inn 48-well tissue culture dishes at 5 x 104, 1 x 104 and 2 x 10' cells/well in 
mediumm with 20% FCS. Drug selection (1 mg/ml G41K; Gibco. Paisley. 
UK)) or 1,2 mg/ml hygromycin B (Calbiochem-Novabiochem. Corp.. La 
Jolla.. CA) was started after 1 d. CD44-negative cells were sorted using a 
FACS' ' 

DNADNA and RNA Analysis 

Genomicc DNA (15 p.g) was digested with BamHI and loaded on a 0.7% 
agarosee gel for Southern analysis. RNA was isolated with the Ullraspcc 
kitt according to the manufacturers protocol (BIOTECX. Houston. TX). 
200 jig was loaded on a 1.0% agarose formaldehyde gel. Alter electro-
phoresis,, material was transferred to Nytran 13N membrane (Schleicher 
andd Schuell. Inc., Dassel. Germany) and hybridised using standard tech-
niques. . 

AdhesionAdhesion to Hyaluronic Acid 

%-welll  U-bottom plates (model 650101: Greiner. Fnckenhausen. Ger-
many)) were coated with 100 ^1 HA (1 mg/ml: Sigma Chemical Co.. St. 
Louis.. MO) in PBS overnight at 4':C. Plates were washed three times be-
foree the addition of cells. Cells were labeled with UK) jj.Ci "'Cr (Amor-
shamm International. Littl e Chalfont. UK) per 10 x 10" cells in 250 u.1 cul-
turee medium for 45 min. To test inhibition of adhesion by the KM20! 
mAb,, cells were preincubated with 10 ^g/ml mAb for 15 min at room tem-
perature.. Each well contained 5 < I0J cells in a final volume of 100 p.1 
RPMI.. After incubation for 30 min at 5"i> CO: and 37 C. nonadherent 
cellss were removed bv washing three times with 1(10 [JLI PBS containing 1 
mMM Ca; and 1 mM Mg : ' and inverting the plate. The percentage of 
boundd cells was determined by lysing the cells with 1 N NaOH and count-
ingg the radioactivity. Percentages were corrected for spontaneous release 
off  "'Cr and background binding to wells. Results are the mean of triplicate 
wells. . 

SubcutaneousSubcutaneous Growth and Experimental Metastasis 

DBA/22 mice were injected subcutaneously in the Hank with HP cells in 
2000 (xl PBS with 1 mM Mg:" and 1 mM Ca'*, s.c. tumor growth was moni-
toredd once a week. Animals were killed when the tumor was larger than 
22 cm- or when ulceration of the tumor occurred. Metastatic capacity was 
assessedd by injecting Kr1 cells in 200 nl PBS with 1 mM Mg: and 1 mM 
Ca'~~ into the tail vein of syngeneic DBA 2 mice. 

Histology Histology 

Tissuess were fixed in ethanol-acetic acid-forniol-salinc fixative, embedded 
inn paraffin, and S-jim sections were mounted onto slides and stained with 
hematoxylinn and eosin according to standard procedures. 

Results Results 

GenerationGeneration ofCD44 Single and Double Knockout Cells 

Ourr aim was to study the role of the CD44 protein in mc-
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tastasiss of the MDAY-D 2 lymphosarcoma cell line. Tar-
getedd disruption of genes in embryonal stem cells for the 
generationn of knockout mice has rapidly become a routine 
procedure.. For other cell types, this is more difficult . How-
ever,, since others have shown that this is feasible (6, 9, 15), 
wee attempted to use this approach to generate well-defined 
CD44-negativee mutants of the MDAY-D 2 cells. To increase 
thee frequency of homologous recombination, we used 
isogenicc D NA (37). 

Thee targeting constructs were generated from a 7-kb Sall-
SacII  fragment of the CD44 gene, isolated from a DBA/2 -
derivedd genomic library. Either the neomycin-resistance or 
thee hygromycin-resistance (38) gene, under control of the 
pgk-11 promoter (1), was inserted into the translation initia-
tionn site in exon 1 (Fig. 1 A). First, MDAY-D 2 cells were 
transfectedd with the construct containing the neomycin 
cassette.. Disruption of one CD44 allele was expected to 
resultt in a reduced CD44 surface level. Therefore, the 186 
G418-resistantt clones obtained were analyzed for CD44 ex-
pressionn by FACS® analysis; 24 clones with 20-45% de-
creasedd CD44 surface levels were examined by Southern 
analysis.. Because of the introduced BamHI site in the con-
structt (Fig. 1 A), correct targeting should result in hybrid-
izationn with a 4.0-kb BamHI restriction fragment, in addition 
too the 12.5-kb fragment of the wild-type allele. One of the 
cloness showed this hallmark (Fig. 1 B) and was termed sin-
glee knockout (SKO). The CD44 surface level of SKO cells 
wass 62% of that of parental MDAY-D 2 cells (see Table I). 

Too disrupt the second CD44 allele, the SKO cells were 
transfectedd with the hygromycin-containing fragment, and 
CD44-negativee cells were sorted from a bulk culture of 
transfectedd cells. Approximately 0.08% of the population 
wass sorted and plated as single cells; 50% of these clones 
weree CD44 negative, and Southern analysis revealed that 
299 of the 30 CD44-negative clones were genuine DK O (Fig. 
11 B). In one of the CD44-negative clones, the second allele 
wass not disrupted. Apparently, this was a spontaneous 
mutantt (SM). Because the DK O cells were sorted from 
thee bulk population, they cannot be considered indepen-
dentt clones. Therefore, the SM clone was used as a second 
independentt CD44-negative cell line in some experiments. 

Northernn analysis (Fig. 1 C) of MDAY-D 2 cells revealed 
thee 1.6-, 3.3-, and 4.0-kb mRNA bands of the standard CD44 
transcriptt (21). RNA levels were reduced in the SKO cells, 
andd in the D K O cells no CD44 m R NA was detected. Hy-
bridizationn of this blot with a probe specific for variant ex-
onss 4-10 of CD44 (40) did not reveal any bands, even after 
prolongedd exposure (not shown). Thus, MDAY-D 2 cells 
expresss only the standard CD44 isoform. 

ProliferationProliferation and Integrin Expression 

Proliferationn rates of the cell lines in vitro were found to be 
identical.. Also, the expression levels of integrins that are 
potentiallyy relevant for metastasis were determined. Fi-
bronectinn receptors have been implicated in metastasis of 
cellss to the liver (33), the a6p, integrin may be involved in 
melanomaa metastasis to the lungs (30), and we have found 
thatt for T cell hybrids, the aL p2 integrin (LFA-1) is required 
forr metastasis (29). MDAY-D 2 cells express the fibronec-
tinn receptors a$f and o ^ i , and in addition the integrins 
a„p,, and aL(32 (LFA-1) (Table I). MDAY-D2 , SKO, DKO, 

BamH II aanomi c fragnwnt a 

B B MDAY-D22 SKO DKO 

4 .00 kb 

;;  " frfr  :i & 

;..-;. . 

-'£ £ 
, . . — — 

CC MDAY-D2 SKO DKO 

288 S- . 

188 S-

GAPDH H 

FigureFigure I. Constructs used for CD44 targeting, and results of 
Southernn and Northern analysis of MDAY-D 2 parental, SKO, 
andd DKO cells. (A) CD44 targeting constructs. CD44 locus 
aroundd exon 1. The neo and hygromycin cassettes were inserted 
intoo the Ncol site, located at the translation initiation start site in 
exonn 1. The probe used to detect homologous recombination at 
thiss locus is the indicated 0.8-kb Ncol fragment. (B) Southern 
analysiss of genomic DNA of MDAY-D2 , SKO, and DKO cells, 
digestedd with BamHI and hybridized with the 0.8-kb Ncol probe. 
Inn the parental cells, a 12.5-kb BamHI fragment is detected. In 
thee correctly targeted gene, an additional BamHI site is present 
inn the 3' adaptor, used to ligate the pgk-1 neo cassette into the 
Ncoll  site so that a 4-kb fragment is detected. (C) Northern analy-
siss of MDAY-D2 , SKO, and DKO cell lines, using the 1.4-kb 
standardd CD44 cDNA probe. CD44 mRNAs of 4.0, 3.3, and 1.6 
kbb are observed in MDAY-D 2 and SKO cells, but not in the 
DKOO cells. GAPDH hybridization is shown as a measure for the 
amountt of RNA in the samples. 
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TableTable I. Surface Levels of CD44 and Integrins 

Specificc median fluorescence 

a4 4 i 5 5 1,1, , 

MDAY-D2 2 
SKO O 
DKO O 
SM M 

100 0 
62 2 
0 0 
0 0 

1588 24 6 14 26 
988 24 6 18 21 
0.99 18 5 14 15 
077 16 6 13 18 

Specificc median fluorescence, median of cells incubated with primary antibody minus 
thee median of controls (secondary antibody only) in arbitrary units. Percent CD44. 
comparedd with MDAY-D2 cells. 

andd SM cells did not differ in the surface levels of 0:4(3,. 
asP],, and a6P] integrins; aL(3, w as expressed at a slightly 
lowerr level in the DKO and SM cells (Table I). 

AdhesionAdhesion to Immobilized Hyaluronic Acid 

Lesleyy et al. (20) have shown that CD44 can exist in three 
functionall  states with respect to HA binding: nonactivat-
able.. activatable (by, e.g., the CD44 mAb IRAWB [20]). 
andd constitutively active. As shown in Fig. 2. 38% of 
MDAY-D 22 cells bound to immobilized HA without acti-
vation.. Tlrerefero; EE441 io :rr tfio- acii'xr- 33nformctiant 
Bindingg of MDAY-D 2 cells to HA was blocked completely 
byy the KM201 antibody against CD44 (24), and thus CD44 
iss the only HA receptor present on MDAY-D 2 cells. In-
deed,, the DKO cells did not bind HA at all (Fig. 2). The 
SKOO cells bound almost as well as parental MDAY-D 2 cells 
(34%),, despite the lower CD44 surface level (Fig. 2). 

SubcutaneousSubcutaneous Tumor Take and Growth 

Syy et al. (34, 35) and Bartolazzi et al. (3) showed that trans-
fectionn of CD44 into certain lymphomas and melanomas 
greatlyy increased s.c. tumor take and growth. To test the 
rolee of CD44 for MDAY-D 2 cells, we injected the paren-
tall  and mutant cells s.c. into syngeneic mice at the lowest 
dosee of MDAY-D 2 cells that resulted in a tumor take of 
~100%.. previously determined to be 101 cells (18: and our 

MDAY-D22 SKO DKO 

FigureFigure 2. Adhesion of MDAY-D2, SKO. and DKO cells to im-
mobilizedd HA in the absence or presence of CD44 mAb KM201. 
Adhesionn was measured as described in Materials and Methods. 
Thee results shown are the mean of triplicate wells. A representa-
tivee experiment out of three with similar results is shown. . con-
trol;®,, KM201. 

unpublishedd results). The majority of mice developed a 
palpablee tumor within 3 wk. Animals were killed when ul-
cerationn of the tumor occurred, when the tumor was larger 
thann 2 cm3, or after 35 d. Only in a few cases, metastases 
weree observed in the liver and spleen, but in about half of 
thee mice, local invasion through tissues into the thorax or 
abdomenn was seen. This was observed for all of the four 
celll  lines, including the DKO and SM CD44-negative cells. 
Inn Fig. 3. examples of the extensive invasion of muscle and 
fatt tissues by the DKO cells are shown. In Fig. 4. the s.c. 
tumorr sizes are shown at 3, 4, and 5 wk after injection. Af-
terr 5 wk a tumor larger than 2 cm.-1 had developed in two 
outt of five animals injected with MDAY-D 2 cells, five out 
off  nine with SKO cells, four out of nine with SM cells, and 
sixx out of nine injected with the DKO cells. Also, the total 
tumorr take was similar: four out of five for MDAY-D2. 
sevenn out of nine for SKO, seven out of nine for SM, and 
sixx out of nine for DKO cells. We conclude that s.c. growth 
off  the CD44 negative DKO and SM cells did not differ 
fromm that of the SKO or MDAY-D 2 cells. 

ExperimentalExperimental Metastasis 

;*ïtiam*aüL~pmfciniai'wa;rai,s'cii's~c î-Syy iirjeuiiirg'iO^ceilS'-imVr 
thee tail vein of syngeneic mice. This was the lowest dose of 
MDAY-D 22 cells that reproducibly gave rise to metastasis 
inn almost 100% of the mice. The results of the first experi-
mentt are summarized in Table II . Extensive metastasis to 
liverr and spleen was seen in almost all mice, including those 
injectedd with the DKO cells: seven out of seven for 
MDAY-D 22 cells, and seven out of eight for both SKO and 
DKOO cells. The animals injected with MDAY-D 2 cells 
showedd symptoms of illness between days 13 and 17 after 
injection,, with SKO or DKO cells after 15-22 d, so no dif-
ferencee was seen in survival between the CD44-positive 
SKOO and CD44-negative DKO cells. 

Thee distribution of metastases was assessed by histology 
inn a second experiment in animals killed after a fixed period 
off  15-16 d. Lungs, thymus, lymph nodes, liver, spleen, bone 
marrow,, kidneys, intestines, brain, and blood were exam-
inedd macroscopically and by histology. Many MDAY-D 2 
cellss were found circulating in the blood and therefore in 
bloodd vessels of lungs, meninges, and kidneys, but not in 
extravascularr locations. However, in the spleen, tumor cells 
weree located extravascularly in the red pulpa areas, and 
onlyy when the metastases grew bigger, the cells invaded 
thee white pulpa area (not shown). In the liver, diffuse and 
nodularr infiltrates were observed, as shown in Fig. 3. In 
thee bone marrow, tumor cells sometimes totally replaced 
thee normal cell population (Fig. 3). The tissue distribution 
andd invasion patterns of the DKO cells did not differ at all 
fromm SKO and MDAY-D 2 cells. Therefore, we conclude 
thatt CD44 is dispensable for both metastasis formation 
andd s.c. growth of MDAY-D 2 lymphosarcoma cells. 

Discussion Discussion 
Thee most direct approach to elucidate the role of a specific 
proteinn in a complicated in vivo phenomenon is the study 
off  mutants that no longer express this protein. Previously, 
wee have thus provided evidence for a decisive role of 
LFA-11 in metastasis of a T cell hybridoma, by showing 
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Figuree .?. Invasive capacity of CD44-negative MDAY-D2 DKO cells. (A) Invasion of cells from the subcutaneously implanted tumor 
intoo muscular (M) and fat (F) tissue. Bar, 40 (j.m. (B) Higher magnification; bar, 20 u.m; isolated tumor cells have invaded between the 
musclee fibers (M). (C) i.v. injected tumor cells (T) have invaded the liver parenchyma (P). Tumor cells are also present in the larger ves-
sel.. Bar. 40 ̂ m. (D) Tumor nodule in sternal bone marrow. B. bone. Bar, 40 (im. 

thatt LFA-1-deficient mutants hardly metastasized (29). 
However,, these mutants were generated by chemical mu-
tagenesis,, and therefore it cannot be excluded that alter-
ationss in expression of other genes have contributed to the 
phenotype.. A better approach is the targeted disruption of 
thee genes of interest. However, this was generally consid-
eredd unfeasible for mammalian cells other than embryonal 
stemm cells because of the low frequency of homologous re-
combination.. Recently, however, the generation of tar-
getedd mutants of different cell types has been reported (6. 
9,, 15). Our present results confirm this and show that tar-

getedd disruption of genes is a viable and potentially very 
powerfull  approach to elucidate mechanisms of metastasis, 
att least of diploid tumor cell lines. 

Wee anticipated a strongly reduced s.c. growth potential 
andd metastatic capacity of the CD44-negative MDAY-D2-
DKOO cells. This was based on the documented role of 
CD444 in in vitro invasion (8, 23), the correlation between 
CD444 levels and tumor spread (4, 17, 25), as well as on di-
rectt evidence from in vivo studies with anti-CD44 mAb 
andd CD44-transfectants (3, 13, 34, 35). These results all 
pertainedd to the standard form of CD44 in lymphomas and 
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FigureFigure 4. Local tumor growth of MDAY-D2. SKO, DKO, and mutant cells injected s.c. in the flank of syngeneic DBA/2 mice. Tumor 
sizee was scored as follows: 1 + , <0.5 cm'; 2+, 0.5-1.0 cm'; 3 +. 1.0-1.5 cm';4 + . 1.5-2.0 cm'. Shown is the percentage of animals with the 
indicatedd tumor size after 3. 4. and 5 wk. D, 1 +; US, 2+;l ,3+; , 4+. 

melanomas.. In addition, this expectation was based on the 
documentedd requirement of CD44 for properties of nor-
mall  blood cells that involve migration into tissues, particu-
larlyy the skin (5) and the liver (28), despite similar expres-
sionn of adhesion molecules like LFA-1 and a4p,. 

Itt was thus a surprise to find no significant difference in 
inn vivo behavior between the parental and the mutant cells. 
Inn contrast to the CD44-negative Nawalma lymphoma cells, 
MDAY-D2-DK OO mutant cells grew readily in a s.c. envi-
ronmentt and not slower than the parental cells. Particularly 
strikingg was the extensive local invasion of the DKO cells 
fromm the tumor site, through the surrounding tissues, and 
intoo the thorax or abdomen, similar to parental cells. This 
involved,, e.g., extensive migration between HA-rich muscle 
tissuee (2, 19), as shown in Fig. 3. The distribution of me-
tastasess after i.v. injection, and the extent and pattern of 
invasionn into the affectedd tissues (i.e., liver, spleen, and bone 
marrow)) were also not different. The observation on spleen 
metastasiss is consistent with a recent report by Zahalka et 
al.. (43) that CD44 mAbs did not affect spleen metastasis 
off  a lymphoma, whereas they did affect metastasis to lymph 
nodes,, which are not affected by our MDAY-D 2 cells. 

Thee results cannot be explained by redundancy, at least 
withh respect to HA binding. Motilit y of several cell types 
onn HA has in fact been ascribed to a different HA recep-
tor:: RHAMM (14), which has also been found on blood 
cellss (27). However, adhesion of MDAY-D 2 cells to HA 
wass completely blocked by anti-CD44 mAb, and indeed 
thee DKO mutants did not adhere to HA at all. The latter 
resultt also appears to exclude an involvement of intercel-
lularr adhesion molecule-1 (ICAM-1), which is in fact ex-

TableTable II. Metastatic Potential ofMDAY-D2, SKO, and DKO 
Cells Cells 

Group p 

Liver r 
Spleen n 
IIII  on day 

MDAY-D2 2 

In) In) 

in in 
in in 

13-17 7 

SKO O 

till till 

7/8 8 
7/8 8 

15-22 2 

DKO O 

(nl (nl 

7/8 8 
7/8 8 

16-22 2 

5-mo-oldd DBA/2 mice were injected i.v. with 104 cells, and autopsy was performed 
whenn animals became ill after the indicated time period, n. number of animals with 
metastasess in the liver and the spleen detected upon gross examination. 

pressedd by MDAY-D 2 cells (not shown) and was recently 
describedd to act as HA receptor in the liver (22). 

AA possible explanation for the discrepancy between our 
andd previous results may be based on the function of 
CD444 as a transmitter of extracellular signals rather than 
onn its presumed role in invasion. Anti-CD44 mAbs can act 
ass costimulators for T cell activation (7,16, 26, 32) and can 
inducee natural killer cell (36) activity. This probably mim-
icss signals triggered by the CD44 ligand HA. since both 
anti-CD444 mAbs and HA itself can induce cytotoxic T 
lymphocytee activity through CD44 (10, 11). It is therefore 
conceivablee that, e.g.. in contact allergic responses (5), CD44 
iss not essential for invasion of lymphocytes into the skin, 
butt rather for the local proliferation and activation of these 
cells. . 

Iff  this hypothesis is correct, the CD44 dependence of 
growthh of certain tumors may also be explained, if these 
tumorss still require extracellular signals for proliferation. 
Thus,, e.g., the Namalwa human lymphoma cell line may re-
quiree signals induced by CD44-HA interaction in the HA-
richrich s.c. environment for rapid growth (34. 35). The highly 
malignantt MDAY-D 2 cells may be growth autonomous in 
thiss respect and not require such signals. Also, the estab-
lishedd correlation between CD44 expression and spread of 
lymphomass may be explained if some lymphomas require 
CD44-transmittedd signals for proliferation at sites other 
thann lymphoid tissues. Thus, our results suggest that not 
alll  highly malignant lymphomas require CD44 to grow and 
spread. . 
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ABSTRACT T 

Integrinss have been implicated in tumor metastasis. To investigate this, 
wee generated 01 integrin-negative double knockout (DKO) mutants of the 
highlyy metastatic ESb murine T-lymphoma cell line. The in vivo growth 
capacityy of the mutants, which had lost a401 and a601 expression, was 
nott altered, but their metastatic capacity was greatly reduced. Tail vein 
injectionn of 104 ESb and single-knockout cells led to death of all animals 
withinn 9-11 days. In contrast, only one-half of the animals injected with 
1044 DKO cells died, but much later, after 20-60 days. The other one-half 
remainedd disease-free for up to 100 days. Whereas ESb and single-
knockoutt cells disseminated predominantly to liver and spleen, metastasis 
off  DKO cells to these organs was rare, even after this prolonged period. 
Instead,, skeletal muscles were invaded extensively. Metastatic capacity 
wass largely restored in a DKO clone, which had been transfected with pi 
cDNAA and expressed 01 at similar levels as ESb cells. We conclude that 01 
integrinss are essential for efficient liver and spleen colonization by the ESb 
lymphoma. . 

INTRODUCTION N 

Integrinss are transmembrane proteins composed of noncovalently 
associatedd a and )3 subunits (1). To date, 16 a and 8 /3 chains have 
beenn identified that can form at least 22 heterodimers. Integrins 
mediatee adhesion of cells, predominantly to extracellular matrix pro-
teins,, but also to cell surface proteins on other cells. The ability of 
integrinss to bind ligand is not constitutive but highly regulated, 
particularlyy in blood cells, by so-called inside-out signaling (2). In 
recentt years, integrins have been shown to transmit signals to the 
interiorr of the cell, which can lead to cytoskeletal reorganization and 
activationn of mitogen-activated protein kinase pathways (3, 4). 

Metastasiss is a complex process, with multiple steps, starting with 
thee dislodgement of cells from the primary tumor and ending with the 
extravasationn and growth at the secondary site (5). Acquisition of a 
moree malignant phenotype by tumor cells is often associated with 
alteredd expression of adhesion molecules. Integrins, in particular, have 
beenn suggested to play a major role in the invasion of cells from the 
primaryy tumor into the surrounding tissue as well as the invasion of 
blood-bornee tumor cells into tissues (6). To demonstrate this involve-
ment,, a subunit cDNAs have been transfected into tumor cell lines in 
whichh heterodimers were formed with endogenous ƒ3 subunits. For 
instance,, expression of a2/31 by a rhabdomyosarcoma cell line re-
sultedd in increased metastasis, both from a s.c. tumor and by i.v.-
injectedd cells (7). In contrast, expression of a4/31 by melanoma cells 
resultedd in reduced metastasis from a s.c. tumor but had no effect on 
metastasiss formation after i.v. injection (8), suggesting that a4(31 
inhibitss the dislodgement of cells from the primary tumor. Although 
thesee results are compelling, the introduced integrin is not necessarily 
relevantt for the tumor type investigated, because it is apparently not 
normallyy expressed. A more direct approach was to block metastasis 
byy anti-integrin antibodies or RGD peptides in vivo (9-12), which 
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reducedd metastasis formation. However, both antibodies and peptides 
cann have multiple effects, e.g., on the immune system and 9n platelet 
aggregation,, and it is not certain that invasion was blocked. Previ-
ously,, we have generated mutants of a T-cell hybridoma that were 
deficientt in expression of the integrin aLj32 or LFA-1 ? These mutants 
hadd virtually lost metastatic capacity (13). However, because the 
mutantss were generated by chemical mutagenesis, it could not be 
excludedd that the mutations had affected other relevant proteins as 
well. . 

Inn this study, we used a more direct approach: the disruption of both 
alleless of the /3/ integrin gene by homologous recombination in the 
highlyy metastatic near-diploid murine T-cell lymphoma ESb, the 
LFA-11 levels of which are low. In contrast to the T-cell hybridomas, 
ESbb cells express a4/31. The disruption of the /31 alleles led to a large 
reductionn in metastatic capacity and an apparent change in the tissue 
distributionn of the residual metastases. Metastatic capacity could be 
largelyy restored by re-expression of /31 integrins in the DKO cells. We 
concludee that the ƒ31 integrins of this cell line, quite probably mainly 
cc401,, are indispensable for efficient colonization of certain tissues, in 
particularr the spleen and the liver. 

MATERIAL SS AND METHODS 

Generationn of Targeting Constructs. Standard techniques for DNA 
manipulationss were used (14). A DBA/2J-derived genomic library (Clon-
tech,, Inc., Palo Alto, CA) was screened with a JQ1 cDNA probe representing 
exonss 2-4 (15). A 6.5-kb Xhol-Sall fragment, containing exons 2 and 3, 
wass subcloned in pGEM-7Zf( + ) (Promega Corp., Madison, WI) and used 
too generate the targeting constructs. Exon 2, which starts with the ATG start 
codon,, is located 3' of a unique BstEll site and 5' of a unique Nhel site. 
Thesee sites were used to exchange exon 2 for the promoterless /3-galacto-
sidase-neomycinn fusion DNA (geo) cassette fused to exon 2, present in 
pKOgeo211 (16). Thus, the nonisogenic fil  gene DNA in this construct was 
replacedd by isogenic DBA/2 DNA. To generate a promoterless hygromycin 
cassette,, a 0.6-kb Hindlll-Sacl fragment containing exon 2 was subcloned 
inn pBluescript KS( - ) (Stratagene, La Jolla, CA). The fragment contains the 
uniquee BstEU site 5' and a unique Xbal site 93 bp 3' of exon 2. The plasmid 
wass cut with BstEll and Xbal, and the part consisting of the vector and two 
smalll  0/ gene fragments was isolated {fragment 1). Into this fragment, the 
hygromycinn cassette (made from fragments 2-6, described below) was 
clonedd between the fls/EII and Xbal sites. After having sequenced part of 
thee intron located 5' of exon 2, two primers were designed (AGTAGGT-
GAAAGGTAACCATCC and GACAGACGTCGCGGTGAGTTCAGGC-
TTTTTCATCTATAACAGAAAATGTATATT )) to amplify the 3' part of 
thee intron upstream of exon 2. The first primer contains the B5/EII site 
(underlined),, and the reverse primer matches the intron-exon boundary plus 
thee ATG start codon (underlined) and also contains the first nine codons of 
thee hygromycin B resistance gene, including the Aatll site (underlined). 
Afterr PCR with Pfu DNA polymerase (Stratagene), the 180-bp productwas 
cutt with BjrEII and Aatll (fragment 2). The plasmid pPGKhyg (17) was 
digestedd with Aatll and 7>«9l (the latter enzyme cuts after the stop codon 
andd before the polyadenylation signal) (fragment 3). The plasmid pPGK-
neoNTRtkpAA (18) was cut with Psp 14061 and Nsil to obtain the fragment 
containingg the IRES of the encephalomyocarditis virus (19), the thymidine 

22 The abbreviations used are: LFA-1. leukocyte function associated antigen-1; DKO, 
doublee knockout; DKO pi, DKO cells re-expressing 01 integrins; SKO. single knockout; 
IRES,, internal ribosome entry site; mAb. monoclonal antibody; VCAM-1, vascular cell 
adhesionn molecule-1; ICAM-1, intercellular cell adhesion molecule-1. 
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kinasee gene of the herpes simplex virus, and two polyadenylation signals 
(fragmentt 4). To connect the hygromycin gene and the IRES sequence, an 
adaptorr was used (TAACCCCTCTCCCTCCCCCCCCCCTAA and CGT-
TAGGGGGGGGGGAGGGAGAGGGGT)) that has a 5' 7>u9I and a 3' 
Psp\406\Psp\406\ overhang and regenerates the most 5' sequence of the IRES 
(fragmentt 5). Two oligonucleotides containing the loxP sequence were 
annealed:: (GTAACCCAGATGCATATAACTTCGTATAATGTATGCT-
ATACGAAGTTATTCTAGAGGATCCA:: GTTACTGGATCCTCTAGAA-
TAACTTCGTATAGCATACATTATACGAAGTTATATGCATCTGG). . 
resultingg in an adaptor with a BstEU overhang and containing a Nsi\ site 5' 
andd a Xbal and BamHl site 3' of the loxP sequence (restriction sites 
underlined).. The adaptor was cut with Nsil and Xbal (fragment 6). The 
fragmentss 1-6 were ligated in a hexamolecular reaction. After confirming 
thee correct assembly of the construct by sequencing, the cassette was cut 
outt of the plasmid with BstEU and Xbal and ligated between the SsfEII and 
NhelNhel site of the 6.5-kb X hoi-Sail fragment of the fil integrin gene. Finally, 
thee 5' loxP sequence was introduced into the BstEU site. 

Celll  Lines and Cultur e Conditions. ESb (20) and mutant cells were 
culturedd in enriched RPMI 1640 (Hybridoma medium; Ref. 13). RAC-11P 
cellss were cultured in DMEM supplemented with 10% FCS and TK1 cells in 
RPMII  1640 with 10% FCS and 0.1 mM 2-mercaptoethanol. Media and FCS 
weree from Lif e Technologies, Inc. (Paisley, United Kingdom). 

Generationn of Knockout Cells and Southern Analysis. Two X 107 ESb 
orr single knockout cells in 800 /xl RPMI 1640 were electroporated using a 
Bio-Radd Gene Pulser (360V; 960 up) in the presence of 100 /xg of targeting 
constructt (released from vector sequences). Cells were seeded in 48-well plates 
(22 X 105 cells/well). Selection was started after 24 h (1 mg/ml G418, Lif e 
Technologies,, Inc., Paisley, United Kingdom; 1.2 mg/ml hygromycin B, Cal-
biochem-Novabiochemm Corp., La Jolla, Ca). For Southern blot analysis, DNA 
wass isolated from the clones (21), digested with Kpnl or BamHl, and 10 /xg 
weree loaded on a 0.7% agarose gel. After electrophoresis, DNA was trans-
ferredd to a Nytran 13 N membrane (Schleicher & Schuell, Inc., Dassel, 
Germany)) and hybridized with a 150-bp Hindlll-Pvull cDNA probe of exon 4 
(Fig.. L4). 

Antibodiess and FACScan Analysis. The hybridoma producing rat anti-
mousee <xh mAb Ml7/4 was obtained from the American Type Culture Col-
lectionn (Rockville, MD), and the rat anti-mouse 02 Ml8/2 hybridoma was 
fromm Dr. T. A. Springer (Harvard Medical School, Boston, MA) . The hamster 
anti-mousee 03 mAb 2C9.G2, the hamster anti-rat 01 mAb Ha2/5, and the rat 
anti-mousee a4 mAb 9C10 were purchased from PharMingen (San Diego, CA). 
Ratt anti-human a6 mAb GoH3 (22) was kindly provided by Dr. A. Sonnen-
berg,, and the rat anti-mouse aM mAb 5C6 (23) was provided by Dr. C. Figdor. 
Thee rat anti-mouse CD44 mAb KM201 (24) was a gift of Dr. P. Kincade, and 
thee polyclonal rabbit antiserum D42 raised against a peptide identical to most 
off  the cytoplasmic domain of /31 was generated similarly as by Marcantonio 
andd Hynes (25). The rat anti-mouse 62 mAb GAME-46 has been described 
beforee (26). A polyclonal rabbit antiserum against the cytoplasmic domain of 
crVV (27) was kindly provided by Dr. G. Tarone. The rat anti-mouse £7 mAbs 
M2933 and M298 were obtained from Dr. P. Kilshaw, the rat anti-mouse 64 
mAbb 346-11A was from Dr. S. Kennel, and the rat anti-mouse 61 mAb MB 1.2 
wass from Dr. B. Chan. For flow cytometry, antibody incubations and washing 
stepss were performed on ice in PBS containing 0.5% BSA, 0.02% NaN3,1 mM 
Mg 2 +,, and 1 mM Ca2 +. FITC-labeled mouse anti-rat IgK and rabbit anti-rat 
antibodiess (MARK-FIT C and RARa-FITC, respectively; Nordic, Tilburg, the 
Netherlands)) and goat anti-rat and anti-mouse phycoerythrin-labeled F(ab')2 

fragmentss (Jackson Immunoresearch Laboratories, West Grove, PA) were used 
ass secondary antibody. Fluorescence was measured on a FACScan (Becton 
Dickinson,, Mountain View, CA) using the Lysis II program. Controls were 
cellss incubated with only secondary antibody. 

Immun ee Precipitation of  125I-labeled Cells. Cells were surface-labeled 
withh I25I (Amersham International, UK) by the lactoperoxidase method, 
washed,, and solubilized in lysis buffer containing 1% (v/v) NP40, 25 mM 
Tris-HCll  pH 7.5, 2 mM CaCl2, 100 mM NaCl, 50 U/ml aprotinin, 0.5 mM 
pefablocc SC, and 10 ju-g/ml leupeptin for 1 h at 4°C. Lysates were clarified at 
14,0000 rpm and precleared overnight at 4°C by incubation with Protein 
A-Sepharosee CL-4B (Pharmacia LK B Biotechnology Inc., Uppsala, Sweden). 
Preclearedd cell lysates were added to Protein A-Sepharose beads previously 
incubatedd with rabbit-anti-rat/7 S IgG and the precipitating antibodies. After 
incubationn at 4°C for 2 h, the beads carrying the immune complexes were 
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Fig.. 1. Targeted inactivation of the 01 integrin gene. A, partial restriction map of the 
5'' pan of the wild-type allele (upper line), the geo allele {middle line), and the hyg allele 
(lower(lower line). The targeting constructs used are indicated by a thicker line. IR, IRES. 
Triangles,Triangles, loxP sequences; open boxes, sequences containing polyadenylation signals. 
Relevantt restriction sites: B, BamUl; E, BstEW; K, Kpnl, N. Nhel; S, Sail; X, Xhol. The 5' 
Xho\Xho\ sites are derived from phage DNA and, therefore, only present in the constructs. 
Italicizedd Kpnl and SamHI sites are diagnostic for wild-type (wt) and homologous!)' 
recombinedd alleles in Southern blot analysis with the exon 4-specific, 150-bp cDNA 
probe.. B, Southern blot analysis of wild-type (ESb), two SKO, and three DKO cell lines. 
Thee sizes of fragments after Kpnl and BamHl digestion, of wt and knockout alleles, are 
indicatedd on the left and right, respectively. A partially digested fragment (uppermost 
band)band) is visible in all Kpnl lanes. 

washedd three times in lysis buffer and two times in PBS, incubated in SDS 
samplee buffer at IO0°C for 5 min, and proteins were analyzed by SDS-PAGE 
onn a 5% poly aery I amide gel under nonreducing conditions. 

InIn Vitro Adhesion Assays. Microtiter plates were coated overnight at 4°C 
withh 100 /xl of rat fibronectin (40 u-g/ml, diluted in H20), 100 /xl murine 
lamininn (20 /xg/ml, diluted in PBS), 100 /xl recombinant soluble murine 
ICAM-1,, purified from the supernatant of transfected cells, kindly provided by 
Dr.. F. Takei (28) (2 /xg/ml, diluted in PBS), or 100 /xl VCAM-1-immuno-
globulinn fusion protein containing the first two immunoglobulin domains of 
VCAM- 11 (kindly provided by Drs. P. Newham and M. Humphries) (10 /xg/ml, 
dilutedd in PBS). Unbound sites were subsequently blocked with Tris buffer (20 
mMM Tris, 150 mM NaCl, 6 mM KC1, 6 mM D-glucose, pH 7.2) containing 0.5% 
ovalbuminn for 2 h at room temperature. ESb and variant cells were labeled with 
1000 /xCi  51Cr (Amersham) per 107 cells in 250 /xl of culture medium for 45 
min.. Each well contained 5 X 104 cells in a final volume of 100 /xl of Tris 
bufferr supplemented with either 1 mM Ca2+ and 1 mM Mg2+ or 2 mM Mn2 ' . 
Afterr incubation for 30 min in 5% C 02 at 37°C, nonadherent cells were 
removedd by washing three times with 100 /xl Tris buffer supplemented with 1 
mMM Ca2+ and 1 mM Mg2+ and inverting the plate. The cells were lysed in 100 
jull  of 1 NNaOH, and the" percentage of bound cells was determined by counting 
thee radioactivity. All measurements were done in triplicate. Percentages were 
correctedd for spontaneous release of  5 lCr, and background binding of cells to 
wellss coated with only 0.5% ovalbumin. 

InIn Vivo Growth , Experimental Metastasis, and Histology. To compare 
thee capacity of the parental and mutant cell lines to grow in vivo, 7-week-old 
syngeneicc DBA/2 mice were injected i.p. with 104 or 106 cells in 200 uj of 
PBSS with 1 mM Mg2+ and 1 mM Ca2 +. After 16 or 9 days, respectively, ascites 
fluidd was collected, and the number of cells were counted. For s.c. tumor 
growth,, 103 cells were injected in the flank, and animals were monitored for 
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tumorr growth every week. To assess the metastatic capacity, 104 cells in 100 
u.11 PBS with 1 mM Ca2*  and 1 mM Mg2*  were injected into a lateral tail vein. 
Animalss were autopsied when moribund or after a fixed time period, and their 
liverss were weighed. Metastasis formation was determined both macroscopi-
callyy and microscopically. Tissues were fixed in ethanol-acetic acid-formol-
salinee fixative and embedded in paraffin; 5-u.m sections were mounted onto 
slidess and stained with H&E according to standard procedures. 

Transfectionn of DKO Cells with pi and ESb Cells with LacZ cDNA. To 
transfectt /31 cDNA into DKO cells, 107 DKO 18/22 cells were electroporated 
(ass described above) with 100 jug of X/ioI-linearized pBS|31N (15). This 
constructt contains a puromycin resistance gene and the 0! cDNA with the 
endogenouss polyadenylation signal, both under the control of a pgk-1 pro-
moter.. Cells were seeded in 24-well plates (5 X 104 cells/well), and after 48 h, 
1.22 u.g/ml puromycin (Clontech Inc., Palo Alto, Ca) were added. Resistant 
cloness were analyzed for (31 expression by FACScan analysis using the mAb 
MBB 1.2 (29). To produce ESb-geo cells stably expressing the 0-galactosidase-
neomycinn (geo) fusion protein, we generated a pMFG-LacZ-neo vector (30). 
Thee plasmid was used to produce geo-transducing retroviruses in BOSC23 
packagingg cells as described by Pear et al. (31). ESb-geo cells were obtained 
afterr cocultivation of 2 X 10' ESb cells and 5 X 106 BOSC23 cells. Positive 
cloness were selected by LacZ staining according to standard techniques. 

RESULTS S 

Targetedd Disruption of the pi Integrin Gene in ESb Cells. In 
thiss study, we have analyzed the role of /31 integrins in metastasis 
formationn by a T-cell lymphoma. We sequentially disrupted the two 
0// alleles in the highly metastatic murine T-cell lymphoma ESb, 
whichh expresses a401 (VLA-4) and «6/31 (VLA-6). Gene targeting in 
embryonicc stem (ES) cells has become a routine procedure in many 
laboratories,, but in more differentiated cells, it is much less efficient. 
However,, we and others have shown that this approach is feasible 
(32-36).. To increase the ratio of homologous recombination to ran-
domm integration, we used isogenic DNA (37) and promoterless se-
lectablee marker genes (38, 39). To disrupt the two alleles of the 0/ 
genee in ESb cells, which originate from a DBA/2 mouse, a 6.5-kb 
fragmentt of genomic DBA/2 DNA was used to generate the targeting 
constructs.. The fragment contains exon 2, which has a size of 67 bp, 
beginss with the ATG start codon, and contains the leader sequence 
(Fig.. 1A). To disrupt the first allele, the hygromycin B resistance gene 
(hyg),(hyg), fused to the IRES of the encephalomyocarditis virus and the 
thymidinethymidine kinase gene (tk) of the herpes simplex virus, was inserted in 
framee at the ATG start codon. Two loxP sequences were introduced 
thatt flank the cassette, the 5' loxP site -100 bp 5' from exon 2 to 
preventt interference with proper splicing of exon 2 (Fig. 1A). Al-
thoughh not used in this study, expression of the Cre recombinase in 
thesee cells will lead to deletion of the cassette containing the hyg and 
tktk genes, and cells in which this has occurred can be selected using 
ganciclovir. . 

Afterr transfection of the construct by electroporation, 74 clones 
weree obtained, in two of which a 0/ integrin allele had been disrupted 
(SKOO 18 and 43; Fig. IS). To target the second allele, we used 
essentiallyy the same construct as Fassler et al (16), with the B-galac-
tosidase-neomycinn fusion gene inserted in frame at the ATG start 
codonn in the 0/ gene fragment, with the difference that we had 
replacedd the 8/ gene fragments with the corresponding fragments 
fromm DBA/2 DNA. Electroporation of SKO 18 cells with the geo 
constructt resulted in 24 G418-resistant clones, of which three had two 
disruptedd alleles (Fig. IB). Southern blot analysis with probes repre-
sentingg the selectable marker genes revealed that only one copy of 
eachh of the constructs was integrated in the genome of the DKO cells 
(dataa not shown). 

Too demonstrate that the disruption of the (3/ integrin alleles had led 
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Fig.. 2. Surface levels of integrin subunits and CD44 on ESb and mutant cell lines. A, 

lysatess of  l25I-labeled cell lines were immunoprecipitated with the polyclonal antiserum 
D422 against the 01 subunit {Lane I), the mAb 9C10 against the aA subunit {Lane 2). the 
mAbb GoH3 against the ab subunit {Lane .?). and the mAb KM201 against CD44 {Lane 4). 
B.B. flow cytometry analysis of 01 and 03 (with hamster ami-mouse mAbs) and 02, a4. and 
«66 subunits (with rat anti-mouse mAbs). The hamster mAbs were detected with cross-
reactingg anti-mouse secondary antibodies. Control mouse and control rat: results obtained 
withh secondary antibodies (phycoerythrin-conjugated F(ab')2 fragments) only. The me-
diann fluorescence (arbitrary units) is shown in the upper right corner. 

too the loss of (31 integrin expression, we immune-precipitated lysates 
fromm 125I surface-labeled ESb. SKO, and DKO cells with antibodies 
againstt the 01, c*4, and a6 subunits and antibodies against CD44 as a 
control.. Disruption of one allele did not result in reduced surface 
expressionn of a401 and a60 1. but on the surface of the DKO cells, no 
heterodimerss could be detected (Fig. 24). A longer exposure did 
reveall  low surface levels of «4 and a6 subunits. However, no protein 
wass precipitated by a polyclonal antibody directed against the 61 
subunit,, which did precipitate integrins in ESb and SKO cells, and no 
00 subunits were visible in the precipitates obtained with the a4 and a6 
mAbs.. Conceivably, the presence of the a subunit at the surface may 
havee been due to up-regulation of 04 and 07 subunits and formation 
off  a604 and a407 heterodimers. However, immune precipitations 
andd FACScan analysis with the 07 mAbs M293 and M298 (40), using 
TK11 cells (41) as a positive control, and the 04 mAb 346-11A (42), 
withh RAC-1 IP cells (43) as positive control, showed that this was not 
thee case (data not shown). These results suggest that in the absence of 
appropriatee 0 subunit partners, some a4 and ab subunits can reach the 
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celll  surface, apparently not associated with other surface proteins, as 
hass in fact been described before for the c*4 subunit (44). These results 
weree confirmed by flow cytometry. Surface levels of pi integrins on 
ESbb and SKO cells did not differ, but on DKO cells, 01 could not be 
detected.. In contrast, low levels of «6 and moderate levels of a\ were 
detectedd (Fig. IS). Row cytometry analysis further revealed that the 
parentall  cell line expresses, besides a401 and a601, the 02 integrins 
aL/322 (LFA-1) and aM/32 (Mac-1), aV03, and CD44. Surface levels 
off  the 03 and 02 subunits were low and moderate, respectively, and 
similarr on all cell lines (Fig. 2B). Surface levels of aV03 and aL02 
(LFA-1)) were low, and the level of aM02 (Mac-1) was moderate but 
didd not differ between the cell lines (Fig. IB and data not shown). 

InIn  Vitro Adhesion of ESb and Mutant Cell Lines. The 01 
integrinss a601 and «401 bind to laminin and to both fibronectin and 
VCAM-1,, respectively. The two 02 integrins bind to ICAMs and 
aM022 also to several other proteins including fibrinogen. The aV03 
integrinn has multiple ligands including fibronectin, collagens, and 
vitronectinn (1). We assessed the ability of ESb and mutant cell lines 
too adhere to immobilized laminin, fibronectin, and recombinant 
VCAM-1.. Integrins on ESb cells are not active, and the cells hardly 
bindd spontaneously. We induced adhesion by the addition of Mn2 + , 
whichh activates integrins, probably by inducing a conformational 
changee in the ligand-binding domain of the integrin (45). ESb and 
SKOO cells did not differ in adhesion to these ligands. In contrast, none 
off  the three DKO cells bound to laminin or VCAM-1 (Fig. 3). 
However,, the DKO cells did bind to fibronectin. Adhesion of ESb and 
SKOO cells to fibronectin was inhibited to a similar extent by the mAb 
9C100 against the <*4 subunit and the mAb 2C9.G2 against the 03 
subunit,, indicating that both a401 and aV03 contribute to this adhe-
sionn (data not shown). The residual binding of DKO cells to fibronec-
tinn was completely blocked by mAb 2C9.G2 and is, therefore, medi-
atedd only by aV03 (Fig. 3). Al l cells adhered very poorly to ICAM-1 
(dataa not shown). 

InIn Vivo Growth and Experimental Metastasis. To investigate the 
abilityy of cells to grow in vivo, 10" or 106 ESb, SKO, and DKO cells 
weree injected i.p. into DBA/2 mice. After 9 or 16 days, the ascites 
fluidfluid  was collected, and the cells were counted. The growth rates, with 
ann average doubling time of —24 h, were not different. All animals 
showedd local tumor growth in the peritoneum at the site of injection, 
includingg the mice injected with DKO cells, s.c. injection of 103 cells 
ledd to tumor formation, and again no differences were observed 
betweenn ESb, SKO, and DKO cells (data not shown). 

Wee performed two metastasis assays. In the first, 104 ESb, SKO 18, 
orr DKO 18/22 cells were injected into a tail vein of 7-week-old 
syngeneicc DBA/2 mice. For the parental line, this dose leads to 
metastasiss formation in 100% of the mice. After 9 days, most of the 
animalss injected with the parental and SKO cells were dead, and those 
remainingg were moribund. All animals had developed extensive liver 
andd spleen metastasis, as determined macroscopically. Histological 
analysiss confirmed that the tumor cells formed multiple foci in the 
liverr and also spread diffusely between the hepatocytes. In the spleen, 
focuss formation was confined to the red pulp. In contrast, in mice 
injectedd with the DKO 18/22 cells and sacrificed at day 9, no liver or 
spleenn metastasis was observed. Liver metastasis formation by the 
ESbb and SKO cells had led to a 2-fold increase in liver weight as 
comparedd with the animals injected with the DKO cells (Fig. 4). 

Inn the second assay, we measured the survival time of the mice 
injectedd with, in this case, all three DKO cell lines. Animals were 
killedd when moribund, and autopsies were performed. Approximately 
one-halff  of the 50 mice injected with the three DKO cell lines, taken 
together,, survived for 100 days without metastasis formation. The 
otherr half became il l between days 20 and 60 (Fig. 5). Whereas ESb 
andd SKO cells formed multiple foci and spread diffusely in liver and 
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Fig.. 3. In vitro adhesion assay of  5lCr-labeled parental ESb cells, SKO 18. and the 
threee DKO ceil lines to laminin, fibronectin, and VCAM-1. Adhesion was assayed in the 
absencee ) or presence of 2 DIM Mn2+ (B). The residual binding of DKO cells to 
fibronectinn could be completely blocked with the anti-03 mAb 2C9.G2 (O). For each 
ligand,, one representative experiment of three is shown. Bars, SD of triplicate values. 

spleenn (Fig. 6, A and B), DKO cells hardly metastasized to these 
organs.. Of the animals that became moribund, 30% had developed 
liverr metastasis, but this was restricted to a few foci or only one very 
largee nodule, and only 10% had foci in the spleen. In contrast, skeletal 
muscless in these mice were massively invaded by tumor cells between 
thee muscle fibers. Many mice showed paralysis of the hind legs, due 
too tumor invasion into muscles along the vertebral column and mus-
cless of the pelvis region. Also intercostal muscles were sometimes 
heavilyy infiltrated (Fig. 6C). In addition, the meninges (brain mem-
branes;; Fig. 6D) and the periosteum (the membrane around bones) 
containedd large numbers of infiltrated tumor cells. In ESb-injected 
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Fig.. 4. Liver weight of moribund DBA/2 mice. 9 days after tail vein injection of 104 

parentall  ESb or SKO 18 cells. For comparison, 10 animals injected with DKO 18/22 cells 
weree sacrificed after 9 days. ESb. n = 21; SKO. n = 20, DKO. n = 10. 

mice,, some invasion of the periosteum and the meninges was also 
observedd but much less than in DKO-injected mice, obviously be-
causee of the much shorter survival time. No metastasis was observed 
inn lymph nodes, bone marrow, lungs, or kidneys, although many 
tumorr cells were often seen in the vessels. The differences in mortality 
betweenn the mice injected with the three DKO cell lines were not 
significantt (log-rank x2 test; P = 0.054), and we observed no differ-
encess in the pattern of dissemination between the three DKO cells. 

Rescuee of the Phenotype by Re-expression of pi Integrin s on 
DKOO Cells. To obtain definite proof that the reduced metastatic 
capacityy of the DKO cells was due to the absence of 01 integrins, we 
transfectedd /31 cDNA into DKO 18/22 cells (15). In one of the clones, 
thee surface levels of 01 (Fig. 7A), «4, and a6 (data not shown) were 
comparablee to ESb and SKO cells. The adhesion of this DKO-01 
transfectantt to laminin, fibronectin, and VCAM-1 after stimulation 
withh Mn2+ was restored to wild-type levels (data not shown), dem-
onstratingg that the transfected (31 was functional. 

Next,, we investigated the metastatic capacity of the transfectant by 
injectingg 10" DKO-01 cells into a tail vein of DBA/2 mice, as well as 
SKOO 18 and DKO 18/22 cells for comparison. As observed before, 
animalss injected with SKO cells became ill at day 9 or 10. Animals 
injectedd with the DKO-01 cells had many foci in the liver and the 
spleenn at day 9, whereas animals injected with DKO cells had no foci 
inn the liver and no or only a few foci in the spleen on day 9 (data not 
shown).. Surprisingly, however, mice injected with DKO-01 cells that 
weree not sacrificed on day 9 survived. Further analysis showed that 
focii  were no longer present in these mice, after 11-13 days. This 
suggestedd that the DKO-01 cells were rejected by the immune system. 
Thee first possibility that we envisaged was immunogenicity caused by 
thee LacZ-neo (geo) fusion protein, which is only present in the DKO 
andd DKO-01 cells. To study this, we generated ESb-geo cells that 
expressedd high levels of the geo protein. The metastatic capacity of 
thesee ESb-geo cells did not differ from parental cells, ruling out this 
possibility.. It is, therefore, most likely that rejection was due to a CTL 

responsee against ESb cells, as described by Schirrmacher et al. (46). 
Iff  the metastatic capacity of the DKO-01 cells would be slightly 
reducedd compared to ESb and SKO cells, this rejection might be 
sufficientt to eradicate the reduced number of metastatic cells. If so, 
thiss problem should be overcome by using a higher dose of cells. 
Therefore,, we injected 5 X 104 cells instead of 104 cells. Indeed, most 
off  the animals (85%) injected with DKO-01 cells did become mori-
bundd but 2-4 days later than animals injected with SKO cells (Fig. 
IB).IB). Al l SKO and DKO-01-injected animals had foci in die liver and 
spleenn and in addition skeletal muscle was invaded in all DKO-01 
animals.. In contrast, only 15% of the animals injected with the 
correspondingg DKO clone became moribund due to muscle invasion, 
andd only after a prolonged period of 30-55 days. Thus, die DKO-01 
cellss exhibited a greatly increased metastatic capacity, compared with 
thee DKO clone from which they were derived, demonstrating that the 
presencee of 01 integrins greatly increased the efficiency of metastasis 
formation. . 

DISCUSSION N 

Integrinss play a pivotal role in the migration of leukocytes into 
inflammedd tissues. These leukocyte integrins need to be activated by 
chemokiness and other factors at the inflammed site (47, 48). Leuko-
cytee trafficking through noninflammed tissues is less well defined, but 
evidencee is accumulating that the regulation is similar. For instance, 
migrationn of B cells into spleen follicles and into Peyer's patches in 
thee intestine is greatly reduced in mice lacking die putative chemokine 
receptorr BRL1 (49). Furthermore, the chemokine SDF-1, which is 
expressedd in many noninflammed tissues, is a potent chemoattractant 
forr T cells and may regulate the migration of T cells through those 
tissuess (50). 

Wee have proposed that neoplastic leukocytes use comparable 
mechanismss to invade noninflammed tissues where metastases are 
formed.. This notion was supported by our finding that hybridomas 
generatedd from activated T cells and nonmetastatic T-lymphoma cells, 
whichh retained the invasive capacity of the T cells, were highly 
metastaticc (51). These cells require the 02 integrin LFA-1 to metas-
tasizee (13), and LFA-1 activity during in vitro invasion is regulated by 
pertussiss toxin-sensitive Grproteins (52). We showed recently that 
expressionn of the catalytic subunit of pertussis toxin, which had no 
effectt on proliferation, blocked metastasis of these T-cell hybridomas, 
particularlyy to the liver (53). This strongly supports the notion that 
lymphomaa metastasis depends on local integrin-activating factors that 
signall  through G, proteins. 

Wee show here that ESb lymphoma cells, which express only low 
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Fig.. 6. Tumor pathology of DBA/2 mice after i.v. injection with 10" parental ESb (A and B) or DKO cells (C and D). TF, tumor focus; RP, red pulp T tumor mass" WP white 
pulp;; E, area of erythropotesis; Sc, sulcus; S, bone of sternum; M, muscle fibers; bm, bone marrow; R. rib. A, a tumor focus in the liver as well as diffusely'spread tumor cells Note 
tumorr cells in blood vessel at loner left, ft part of the spleen; the red pulp is filled with tumor cells. C. muscle invasion. D. invasion of meninges A and S X500- C X 125 D X1000 

levelss of LFA-1, require /31 integrins for metastasis, in particular to 
liverr and spleen. In this context, it is of interest that 01 integrins are 
absolutelyy required for influx of hematopoietic progenitor cells into 
thee fetal liver and are, therefore, essential for hematopoiesis (54). The 
dominantt role of 01 integrins in this organ, and also in the spleen, is 
furtherr illustrated by the fact that in 01 -null chimeric mice, the liver 
andd spleen are the only two organs in which no 01-null cells were 
foundd (55). 

Thee ESb cells contain two 01 integrins, the fibronectin and 
VCAM- 11 receptor «4/31, and the laminin receptor a601. It is most 
likelyy that a401 is the crucial molecule. The ESb cells metastasize 
mostt rapidly and extensively to the liver and the red pulp of the 
spleen.. In the liver, no basement membrane is present under the 
endotheliumm of microvessels from which lymphoma cells invade this 
organn (56). In the spleen, arterial capillaries terminate open-ended in 
thee reticular meshwork of the red pulp (57). This meshwork, as well 
ass the space of Disse between liver microvascular endothelium and 

hepatocytes,, contains abundant fibronectin with the alternatively 
splicedd CS1 segment (58, 59) to which r*401 binds (60). Furthermore, 
thee other «401 ligand, VCAM-1, is present in the red pulp of the 
spleenn and on part of the endothelial cells in the liver (61, 62). We 
propose,, therefore, that ESb cells bind to VCAM-1 and fibronectin to 
arrest,, invade and be retained in the two organs. In addition, or 
alternatively,, interaction with these ligands may be required for sus-
tainedd proliferation and cell survival. Given the absence of laminin at 
thesee sites, a role for a601 is less likely. This is further supported by 
thee lack of extravasation in the lungs, in which metastasis formation 
off  other tumor cell types depends on the interaction of a601 with the 
laminin-containingg basement membranes (10, 63). 

Despitee the presence of a401, ESb cells do not metastasize to the 
bonee marrow, whereas transfection of aA cDNA, and consequent 
expressionn of a401, was sufficient for Chinese hamster ovary cells to 
generatee bone marrow metastasis (64). The reason for this difference 
iss not clear, but a likely explanation is that integrins are constitutively 
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Fig.. 7. Re-expression of 01 integrins in the DKO cells and reversal of the phenotype. A, surface levels of 01 integrins on SKO 18, DKO 18/22, and DKO-B1 cells. Cells were 
incubatedd with the rat anti-mouse mAb MB1.2 (Ref. 29; 01) or only with secondary antibody as the control (c). B, Survival curve of DBA/2 mice after tail vein injection of 5 X 104 

SKOO 18, DKO 18/22, orDKO-81 cells. Indicated is the time after injection when mice died or were killed because they were moribund. SKO 18, n = 13; DKO 18/22 n = 12*  DKO-fil 
n - 2 1. . 

activee on Chinese hamster ovary cells but require activation in ESb 
cells.. ESb cells may not have the receptors for, or be responsive to, 
integrin-activatingg factors in the bone marrow. Our results seem to 
contradictt the observation by Gosslar et al. (65) that transfection of a4 
cDNAA into the LB T-cell lymphoma blocks metastasis. However, the 
celll  type is quite distinct: LB cells disseminate mainly to secondary 
lymphoidd organs and express the o>E/37 integrin, which is a marker for 
aa minor lymphocyte subset and is involved in homing to intestinal 
tractt epithelium (66). How aA interferes with metastasis has not been 
explained.. The difference with our cells further illustrates that the role 
off  particular integrins is determined by the cellular context. 

Inn the presence of the integrin activator Mn2+, the DKO cells no 
longerr bound to VCAM-1 but still adhered to fibronectin, the other 
o4/311 ligand. This adhesion was mediated by the integrin aV(33. 
Basedd on blocking antibodies, this integrin was reported to be in-
volvedd in liver metastasis by a large cell lymphoma (67), and the 
residuall  metastasis of DKO cells to the liver may, therefore, be due to 
«V03.. If so, this is clearly much less efficient, possibly because of 
differencess in activation. The aV03 integrin may also be responsible 
forr invasion of meninges, periosteum, and muscles. Another candidate 
iss the hyaluronic acid receptor CD44, which is expressed at high 
levelss in ESb cells. However, we have shown previously that 
MDAY-D 22 lymphosarcoma cells, in which the CD44 gene was mu-
tatedd by targeted disruption, invaded muscle in a similar fashion (36), 
andd therefore, a role for CD44 seems less likely. 

Inn T-cell hybridomas, invasion of liver, spleen, and many other 
organss depends on LFA-1 (aL|32; Ref. 13). ESb cells express LFA-1 
att low levels, and Mn2+-induced adhesion to the LFA-1 ligand 
ICAM-11 was limited and variable. Analysis of revertants of LFA-1-
deficientt T-cell hybridoma mutants with different LFA-1 levels 
showedd that relatively high levels are required for metastasis (68). It 
is,, therefore, unlikely that LFA-1 is important for metastasis forma-
tionn of ESb cells. In a recent paper by Rocha el al. (69), metastasis of 
ESbb cells was not impaired by an anti-a4 blocking mAb, in apparent 
contradictionn to our results. However, the ESb subline used had much 
higherr surface levels of LFA-1 than our cells, suggesting that in those 
cellss the role of LFA-1 was more important. 

Thee greatly enhanced metastatic capacity of the /31 transfectant of 

onee of the DKO clones, with restored ct4/31 and a601 surface levels, 
providedd the ultimate proof for the role of /31 integrins. However, 
metastaticc capacity was not fully restored, as demonstrated by the 
rejectionn of metastases that developed from 10" injected cells and by 
aa 2-4-day delay in death from 5 X 104 cells. This difference is 
probablyy due to clonal variation in one of the many other properties 
requiredd for metastasis formation. 

Inn ESb and SKO-injected mice, muscle invasion was very limited. 
Thiss may have been due to the early death of the animals, so that there 
wass not sufficient time for extensive proliferation in the muscles. 
Indeed,, at the higher dose, and after the 2-4-day delay, we observed 
hindd leg paralysis caused by muscle invasion in all animals injected 
withh the DKO-/31 cells. In DKO-injected mice, this occurred much 
laterr and only in 15% of the animals. This shows that (31 integrins 
contributee to invasion of skeletal muscle as well. 

Targetedd disruption of genes in whole organisms is a powerful 
methodd to unravel the functions of individual proteins in complicated 
inin vivo phenomena. The study of the behavior of tumor cells in vivo, 
andd of metastasis in particular, has relied heavily on correlations, and 
directt experimental evidence is scarce. Disruption of genes in tumor 
celll  lines would seem to be an obvious option but has rarely been 
used.. However, we and others have shown that this approach is 
feasiblee (35, 36). Previously, we have thus shown that CD44 is not 
requiredd for metastasis of the MDAY-D 2 lymphosarcoma (36). In the 
presentt study, the frequency of homologous recombination was rela-
tivelyy high. It is not clear as yet whether this was due to the use of 
promoterlesss constructs or to particular properties of the ESb cell line. 
ESbb and other lymphoid cell lines have the additional advantage that, 
inn contrast to other tumor cell types, the cells are often near-diploid 
(70),, so that disruption of two alleles is usually sufficient. We intend 
too elucidate other aspects of metastasis mechanisms by this approach. 

Inn summary, we have shown that (31 integrins, quite probably 
a401,, are required for efficient metastasis formation by ESb lym-
phomaa cells, in particular to spleen and liver. This demonstrates the 
importancee of integrins in metastasis formation. It is clear, however, 
basedd on our previous results and those of others, that the particular 
integrinn involved differs between lymphoma subtypes. Furthermore, 
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expressionn of an integrin is not sufficient, because it requires activa-
tionn by tissue factors, to which the tumor cells must be responsive. 
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Cytoplasmicc domain mutants of fi\ integrin, expressed in fi\-knockout 
lymphomaa cells, have distinct effects on adhesion, invasion and metastasis 

Peterr JM Stroeken1, Ellen AM van Rijthoven', Esther de Boer1, Dirk Geerts' and Ed Roos*' 

'Division'Division of Cell Biology. The Netherlands Canter Institute. 1066 CX Amsterdam, The Netherlands 

Structurall  requirements for  ftl integrin cytoplasmic 
domainn functions in adhesion, migration and signaling 
havee been studied mainly for  fibroblasts in vitro. The 
relevancee for  ft I-dependent in vivo migration of lymphoid 
cellss has not been assessed. To study this, we transfected 
ftlftl  mutants into ftl -deficient double knockout (DKO) 
ESbb lymphoma cells, and tested the capacity of the cells 
too metastasize to liver  and spleen. This was compared to 
D(4/H-dependentt  invasion into cell monolayers in vitro 
andd Mn2'-induced adhesion to fibronectin. Deletion of 
thee five C-terminal residues or  mutation of both 
threoniness T788 and T789 to alanines blocked invasion 
andd metastasis and greatly reduced adhesion, in line with 
knownn in vitro effects. However, mutations of the NPXY 
motiff  tyrosines had unexpected consequences. A Y783F 
mutationn had no effect at all, but a Y783,795F double 
mutationn strongly reduced Yin2*-induced adhesion, 
whereass it had limited effects on invasion and metastasis. 
Furthermore,, cells expressing a ftlftl  chimeric subunit, 
whichh contains phenylalanines in the NPXY/F motifs, 
adheredd poorly but invasion and metastasis was fully 
restoredd to the same levels as for  cells expressing wild-
typee ftl. We conclude that part of the functions of the ftl 
cytoplasmicc domain that are required for  adhesion are 
nott  essential for  //1-dependent invasion and metastasis. 
OncogeneOncogene (2000) 19, 1232 1238. 

Keywords::  integrin cytoplasmic domains; dissemina-
tion;; lymphoid cells; migration 

Introductio n n 

Integrinss are heterodimeric cell surface proteins 
involvedd in attachment of cells to extracellular matrix 
proteinss or to other cells (Hynes. 1992). In addition, 
integrinss also transmit signals into the cell. Ligand 
bindingg and integrin clustering lead to recruitment of 
multiplee proteins involved in signal transduction 
(Schlaepferr and Hunter. 1998). This is often referred 
too as 'outside-in signaling'. Integrin ligation and 
clusteringg also lead to reorganization of the act in-
basedd cytoskeleton. which is required for cell spreading 
andd migration. Small GTPases of the Rlio family are 
involvedd in these post-receptor events (Keek et al., 
1998). . 

Inn blood cells, integrins often do not bind constitu-
tivelyy to hgands but require activation by signals from 
withinn the cell, a phenomenon termed 'inside-out' 
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signaling.. For instance, migration of leukocytes into 
tissuess depends on chemoattractants that activate 
integrinss via G protein-coupled receptors (Baggiolini, 
1998).. Also receptors such as CD2 or CD28 trigger 
integrinss upon ligand binding (Shimizu et al., 1995; 
Zeill  et al., 1996). Recently, several proteins that bind 
too integrin cytoplasmic domains were identified using 
thee yeast two-hybrid assay. These proteins are 
potentiallyy involved in signaling. Examples are cytohe-
sin-1.. Rack I and ICAP-1 (Kolanus et al., 1996; 
Lilientall  and Chang, 1998; Chang et al., 1997). 

Severall  amino acids and motifs within integrin ft 
subunitt cytoplasmic domains have been implicated in 
integrinn function, such as the two NPXY sequences 
whichh are potential phosphorylation sites. Indeed, 
tyrosinee phosphorylation of the membrane-proximal 
NPXYY plays a role in the regulation of ot\ft3 integrin 
avidityy (Blystone et al.. 1997). In ft! integrins tyrosine 
phosphorylationn does not play a role because the ftl 
subunitt contains NPXF instead of NPXY motifs. 
Furthermore,, the ft! subunit contains a stretch of 
threee threonines located between the two NPXF 
motifs,, which was reported to become phosphorylated 
afterr phorbol ester treatment or ligation of the CD3 
antigenn (Valmu and Gahmberg, 1995; Valmu et al.. 
1999),, and mutation of the threonines to alanines 
preventedd //2-dependent cell spreading (Peter and 
OToole.. 1995). The ftl subunit contains a VTT 
sequencee instead of TTT. These two threonines appear 
too be important for adhesion of fibroblast cells 
(Wennerbergg et a/.. 1998). 

Thesee studies were mainly focused on in vitro 
adhesion,, spreading and migration of anchorage-
dependentt cells, that do not require integrin activation. 
Thee relevance was difficult to assess because integrin 
mutantss were transfected into cells that expressed the 
wild-typee (wt) integrin, or did not contain that integrin 
andd may have lacked the appropriate interacting 
proteinss as well. This situation changed when ftl-
negativee cell lines, derived from differentiated knockout 
embryonicc stem cells, became available. This enabled 
elegantt in vitro studies on ftl function (Wennerberg et 
al..al.. 1996. 1998; Sakai et al.. 1998b). However, the role 
off  ftl in blood cells, which require integrin activation 
too adhere, was not addressed. Recently, this role was 
studiedd in /ïl-negative chemical mutants of the Jurkat 
TT cell line, but the significance for in vivo migration is 
nott clear (Romzek et al.. 1998). 

Wee previously generated ftl integrin-negative ESb T-
lymphomaa cells by homologous recombination (Stroe-
kenn et al.. 1998). ESb cells express yAftl and ot6jil. and 
aree highly metastatic to the liver and the red pulp of 
thee spleen, where the x4/?l ligands fibronectin and 
VCAM-11 are abundantly present. In contrast, the cells 
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doo not metastasize to lungs or kidneys in which the 
a6/nn ligand laminin is the most abundant, suggesting 
thatt a4/?l is the relevant integrin. In contrast, the /?1 
integrin-negativee double knockout (DKO) cells hardly 
metastasizedd to liver and spleen, resulting in extended 
survivall  of the mice. In the present study, we 
transducedd wt j51 and /H cytoplasmic domain mutants 
intoo the DK O cells to assess the role of specific residues 
inn j}\-dependent invasion in vitro and in vivo. The 
resultss show that the two threonines in the inter-NPXY 
domainn as well as the five C-terminal amino acids are 
essentiall  for fil-dependent adhesion, migration and 
metastasis.. The tyrosine residues in the NPXY motifs 
aree dispensable for migration and metastasis but 
requiredd for adhesion. The same phenomenon was 
observedd with cells expressing a fi\[12 chimeric subunit, 
containingg phenylalanines instead of tyrosines at the 
homologouss sites. 

Results s 

GenerationGeneration of transfectants 

Too identify residues in the /Jl cytoplasmic domain that 
aree important for /?l-dependent invasion and metas-
tasiss of ESb lymphoma cells, we transfected mutant fi\ 
cDNAss into [11 -deficient ESb DKO cells. We focused 
onn residues that have been implicated in 'inside-out' or 
'outside-in'' signaling. The mutants are listed in Figure 
1.. Already 1-2 weeks after transfection with the 
retrovirall  vector used, a zeocin-resistant cell population 
wass obtained that expressed the p\ subunit homo-
geneously,, so that further sorting was not necessary. 
Al ll  experiments were thus performed with bulk 
populations,, not clones, excluding the possibility that 
differencess in behavior would be caused by clonal 
variation.. The surface levels of the mutants were 
comparablee (Figure 2). The same was true for the a4 
subunit.. Note that in DKO cells the xA subunit is 
presentt on the cell surface as a monomer, and not 
associatedd with pi, as described in Stroeken et al. 
(1998). . 

InvasionInvasion into monolayers of BMS2 cells 

Inn the search for an in vitro model for invasion, we 
foundd that ESb cells massively invaded monolayers of 
murinee BMS2 bone marrow stromal cells (Pietrangeli 
etet al, 1988), whereas DKO cells did not invade at all. 
Invasionn of DKO cells reexpressing the wt p\ subunit 
wass blocked by x4-blocking mAbs (PS/2 and Rl-2) but 
nott by the a6-blocking mAb GoH3 (Figure 3a and 
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B11 wt 

Y783F F 

Y783795F F 

T788789A A 
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dataa not shown). Invasion of cells expressing mutant 
p\p\ that invaded the monolayers (see below) was 
similarlyy inhibited by the antibodies (data not shown). 
Thiss shows that a4/?l is the main, if not the only, 
integrinn involved. 

(311 mAb OL4 mAb 

DKO O 
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u u 
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Y783.795F F 

A793 3 

LOGG FLUORESCENCE 

Figuree 2 FACS analysis of surface x4 and ji\  inlegrin subunit 
levelss in ESb-DKO transfectants. Note that cell surface -A in 
DKOO cells is not associated with /?1 (see Stroeken el al.. 1998). 
Controll  (open histograms): secondary antibodies only 
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Figuree 1 Sequence of wt and mutant p\ cytoplasmic domains. 
NPXY/FF motifs are underlined, and inter-NPXY threonines 
italicized.. Mutated residues are bold 

1000 120 

Relativee invasion (%) 

Figuree 3 Invasion of ESb-DKO transfectants into BMS2 bone 
marroww stromal cell monolayers after 4 h. as compared to wt /?1-
transfectedd cells, (a) DKO and wt /(I cells pretreated or not ( - ) 
withh blocking antibodies against a6 or s4. (b) mutant 
transfectants.. Values are the means + s.e.mean of three experi-
ments s 
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Thee effect of /?1 cytoplasmic domain mutations are 
shownn in Figure 3b. The T788.789A double mutation 
completelyy blocked invasion. The Y783F mutation had 
noo effect at all, whereas invasion of the Y783,795F 
doublee mutant transfectants was reduced by ~50%. 
Wee could not determine whether this requires mutation 
off  both tyrosines or only Y795 because multiple 
attemptss to express a single Y795F mutant have so 
farr failed. We verified that the sequence was correct, 
insertedd the cDNA in different isolates of the vector 
thatt did work with the other mutants, and transfected 
thee construct several times in parallel with the other 
mutantss that did get readily expressed. The reason for 
thiss failure is not clear since the mutant has been 
expressedd in other cell lines (Romzek et til., 1998). 
Finally,, deletion of the last five amino acids (A793) 
blockedd invasion completely. 

AdhesionAdhesion to fibronectin 

Itt is difficult to induce adhesion of ESb cells to the 
 ligand fibronectin, because reagents such as 

phorboll  esters, that activate integrins by 'inside-out' 
signalingg in other cell types, have no effect. So far, we 
havee not yet identified a growth factor, cytokine, 
chemokinee or other factor that can induce this 
adhesion.. The cells do adhere, however, in the presence 
off  Mn2 ' . The primary effect of Mn!*  is supposed to be 
thee induction of an active conformation of the 
extracellularr domain, but its effect on adhesion of cells 
alsoo requires integrin-induced 'outside-in' signals such 
ass those involved in cell spreading (Driessens et al., 
1997;; Retta et al., 1998; Mastrangelo et al., 1999). 

Mn2+-inducedd adhesion of the [3\ transfectants to 
fibronectinn was assessed in the presence of a /J3-
blockingg mAb since the cells express aV/J3 which also 
contributess to this adhesion (Stroeken et al, 1998). 
Resultss are shown in Figure 4. The Y783F mutant 
supportedd adhesion to the same extent as wt 01, in line 
withh the result of the invasion assay. The adhesion of 
cellss expressing the T788,789A or the A793 mutant was 
veryy strongly reduced, by more than 70%, again in 
agreementt with the invasion data. However, cells 
expressingg the double tyrosine mutant Y783,795F also 
adheredd very poorly, whereas they did invade quite 
well,, although less extensively (~50%) than wt jSl cells 

100 20 30 

%% adhesion 

Figuree 4 In vilro adhesion of ESb and (mutant) f, l -transfected 
DKOO cells to fibronectin. induced by Mn ! ' , in the presence of an 
anti-/)33 mAb. Shown are the n of at least three 
experiments s 

(comparee Figures 3 and 4). Clearly, the requirements 
forr stable adhesion in this type of assay are more 
stringentt than for /Jl-dependent invasion. 

Inn transfected fi\-deficient embryonal cell lines, 
mutationn of these threonines led to reduced binding 
off  the 9EG7 antibody, which detects an active 
conformationn of the /?1 extracellular domain (Wenner-
bergg et al., 1998). However, 9EG7 did not bind to ESb 
cellss and the 9EG7 epitope did not appear upon 
treatmentt with Mn!*  (data not shown). 

MetastaticMetastatic capacity 

Too assess the effect of the mutations on metastasis 
formation,, 5 x 104 cells were injected into a tail vein of 
syngeneicc DBA/2 mice. Previously, we reported that 
suchh animals become moribund after ~ 10 days, due to 
extensivee metastatis formation in liver and spleen. In 
contrast,, of mice injected with DKO cells ~ 50% die, 
butt only after an extended period of 20-60 days (see 
Figuree 5a). In these mice no or limited liver and spleen 
metastasiss was seen but skeletal muscles were heavily 
invaded,, causing hind leg paralysis (Stroeken et al., 
1998). . 

Similarlyy as before, mice injected with DKO cells 
thatt re-express wt pi died after ~ 10 days, with 
massivelyy invaded livers and spleens (Figure 5a-c). 
Thee Y783F mutation in the first NPXY motif did not 
affectt metastasis formation at all (Figure 5a), in line 
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Figuree 5 Survival of mice i.v. injected with 5xl04 wt /U or 
mutantt transfectants. Shown is the time after tail vein injection at 
whichh mice became moribund. Results obtained with the wt [i[ 
transfectantt (n=l3) and with untransfected DKO cells (dotted 
line;; n= 20: see Stroeken et al., 1998) is shown for comparison in 
a -cc and a, respectively, (a) Y783F, n=15. (b) A793, n = 25. 
(c)) T788.789A, n=18 
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withh the lack of effect on invasion and adhesion. 
Similarly,, the A793 mutant which did not support 
adhesionn or invasion, did not confer metastatic 
capacity.. In fact, the phenotype appeared less severe 
thann that of DKO cells: only 15% of the mice became 
moribundd and these animals had no tumors in liver, 
spleenn or muscle (Figure 5b). Instead, they had 
developedd ascites and a tumor in the abdomen. 

Forr the double threonine mutant the results were 
alsoo clear. This mutation did not restore metastatic 
capacity:: the survival curve was essentially identical to 
thatt of mice injected with DKO cells, and invasion 
mainlyy occurred in skeletal muscle (compare Figure 5a 
andd c). Only 20% of the mice had liver and spleen 
metastasis,, restricted to one focus or a few small foci. 
Thiss in vivo behavior correlated with the in vitro 
adhesionn and invasion data. 

Initially ,, it appeared that the Y783,795F double 
mutationn led to reduced metastasis formation and 
increasedd survival, as compared to wt /il . Strikingly, 
however,, mice that were sacrificed early because they 
developedd hind leg paralysis did have liver and spleen 
metastases,, that were no longer found in mice killed 
afterr longer time periods. This suggested that liver and 
spleenn metastases developed but were rejected later. We 
describedd a similar phenomenon previously for /?1-
transfectedd DKO cells (at a lower cell dose) compared 
too the parental ESb cells (Stroeken el a/., 1998). We 
proposedd that the clone from which the DKO cells 
weree derived proliferated somewhat slower in the 
tissues,, causing a shift in balance between proliferation 
andd a host defense reaction against these cells in 
syngeneicc mice, as described by Schirrmacher et al. 
(1979).. To investigate this, all mice were sacrificed after 
99 days in a second experiment. Indeed, all animals 
injectedd with Y783,795F cells (10/10) had foci in liver 
andd spleen and there was no difference between the wt 
andd the mutant /ll transfectants (see Table 1). We 
concludee that the Y783.795F double mutation does not 
affectt initial metastasis formation but appears to 
reducee long-term survival in the liver and spleen. 

Too study whether the same phenomenon also 
occurredd with the A793 and T788.789A cells, we 
injectedd ten animals per cell line and examined 
metastasiss formation after 9 days. None of these 
animalss had developed foci in the liver. Also, no 
spleenn metastases were seen in mice injected with the 
A7933 transfectant. However, the T788,789A transfec-
tantt formed spleen metastasis in 8/10 mice, in half of 
thee animals quite extensive (see Table 1). We conclude 
thatt the A793 transfectant does not metastasize to liver 
andd spleen and that the threonine mutant transfectant 
cann not form liver metastases. However, the threonine 
mutantt does seem capable of forming metastases in the 
spleen.. Nevertheless, since the survival of mice is 

Tablee 1 Mel l astasis s formationn in liver and spleen after 9 days 

LiverLiver Spleen 

01 1 
Y783.795F F 
T788.789A A 
A793 3 

10/100 10/10 
100 10 10 10 
0/100 8/10 
o/ioo o/io 

similarr to those injected with DKO cells (see Figure 5), 
andd none of these mice contained foci in the spleen 
uponn autopsy, these spleen metastases appear to be 
rejectedd with time. 

AA [31/12 chimera restores invasion and metastasis but not 
adhesion adhesion 

Thee results obtained with Y783F and Y783,795F 
mutantt cells suggested that tyrosine 795 was required 
forr stable adhesion but less so for invasion and 
metastasiss formation. This notion was confirmed by 
thee behavior of cells expressing a /?l/?2 chimeric 
subunitt with the f}2 cytoplasmic domain which also 
containss phenylalanines instead of tyrosines in the 
NPXY/FF motifs (see Figure 1). The /3lj?2 surface levels 
weree comparable to the /?1 levels on the wt fi\ 
transfectantss and the /?l/32 transfectants invaded 
BMS22 monolayers to a similar extent as the wt ji\-
expressingg cells (Figure 6a.b). Also metastasis forma-
tionn and survival were comparable. More than 80% of 
thee mice became moribund after the same time period 
ass the control fl\ transfectants (Figure 6c). with 
massivelyy invaded livers and spleens and hind leg 
paralysis.. However. Mn:"-induced adhesion of these 
cellss was very low (Figure 6d) and similar to the cells 
expressingg the Y783J95F mutant. We conclude that 
thee tyrosines in the [i\  cytoplasmic domain, and 
possiblyy only tyrosine Y795 in the C-terminal NPXY 
motif,, are required for Mr"-induced y.4ji\-mediated 
adhesionn to fibronectin but not for oc4/?l-dependent 
invasionn into cell monolayers or metastasis formation. 

InteractionInteraction of ICAP-I with integrin jl  subunils 

ICAP-1.. which specifically interacts with the fl\ integrin 
subunit,, has been implicated in cell adhesion, spreading 
andd migration (Chang el a/.. 1997: Zhang and Hemler. 
1999).. Several of the 13 ft\ C-terminal amino acids are 

/\/\ 31 mAb a4 mAb B 

DBA/22 mice were injected with 5 x 10" cells into a tail vein, sacrificed 
afterr 9 days, and metastasis formation was determined macroscopi-
cally.. Indicated is the number of animals with metastasis in liver or 
spleen n 
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Figuree 6 Cells expressing the /JI/J2 chimeric integrin subunit 
invadee and metastasize like (i\ cells, but do not adhere, (a) 
Surfacee levels of/Jl and a4. Control (open histograms): secondary 
antibodiess only, (b) Invasion into BMS2 monolayers. Shown is 
thee mean percentage, as compared to ihe control wt /il 
transfectantss n of three experiments, (c) Survival 
off  mice injected with 5 x 104 /JI/J2 cells (n = 30). i.e. time after tail 
veinn injection at which mice became moribund. Results obtained 
withh wt /Jl transfectants are shown for comparison, (d) Adhesion 
off  wt /Jl and /J1/J2 transfectants to fibronectin. induced by M r " , 
inn the presence of an anti-/J3 mAb. Shown are the percentages of 
addedd cells that adhere and are the means+ s.e.mean of three 
experiments s 
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requiredd for this interaction. However, the role of T788 
andd T789 was not assessed. Using the yeast two-hybrid 
assay,, we confirmed that ICAP-1 binds to /ill , but not /Ï2, 
andd found that the double threonine mutant does not 
bindd to ICAP-1 (data not shown). 

Discussion n 

Too define mechanisms involved in /Jl-dependent metas-
tasiss of ESb lymphoma cells, we studied the effects of /Jl 
cytoplasmicc domain mutations on metastasis and on jSl-
dependentt invasion and adhesion. Invasion of ESb cells 
wass assessed using monolayers of a bone marrow 
stromall  cell line. This invasion was rapid and massive 
andd completely dependent on «4j81. ESb cells express two 
/HH integrins, a4/?l and a6/?l, and metastasize to the liver 
andd spleen which contain the a4/Jl ligands fibronectin 
andd VCAM-1 but very littl e laminin, the ligand of x6/?l. 
Thus,, x4fi\ is probably the relevant integrin (Stroeken et 
al.,al., 1998), and this assay is therefore an appropriate 
modell  for /?1 -mediated invasion during metastasis 
formation.. Adhesion was induced with Mn2 i , because 
ESbb cells do not respond to the protein kinase C 
activatorr PMA, which is generally used to induce 
integrin-mediatedd adhesion, and because we have not 
yett identified chemokines, cytokines or other factors that 
mightt be the physiological activators of p\ integrin on 
ESbb cells in vivo. The primary effect of Mn : ' is a 
conformationall  change of the extracellular domain 
whichh is probably not affected by the mutations. 
Adhesionss of cells induced by Mn:*  also depends on 
post-receptorr ('outside-in') signaling events that require 
intactt cytoplasmic domains {Driessens et al., 1997; Retta 
etet al., 1998; Mastrangelo et al., 1999), and the effect of 
thee mutations seen are therefore quite probably due to 
theirr impact on post-receptor events. 

Thee most straightforward conclusions can be drawn 
aboutt two of the mutants, A793 and Y783F. Deletion 
off  the five C-terminal residues (A793) abolished 
adhesion,, invasion and metastasis. The results show 
thatt these residues are extremely important, either for 
cytoskeletall  connections or interactions with signaling 
molecules,, or both. Previously, they were shown to be 
requiredd for tyrosine phosphorylation induced by x4fi\ 
cross-linkingg (Finkelstein et al., 1997; Hunter and 
Shimizu,, 1997), e.g. of Cas proteins that have been 
implicatedd in cell migration (Klemke et al., 1998). 
However,, we have not been able to induce such 
phosphorylationn in ESb cells (P Stroeken, unpublished 
results).. The C-terminal part is also essential for 
bindingg of ICAP-1, a protein that interacts specifically 
withh j31, is phosphorylated upon adhesion to fibro-
nectin,, and promotes migration when overexpressed 
(Changg et al., 1997; Zhang and Hemler, 1999). ICAP-1 
iss expressed in ESb cells, as assessed by RT-PCR (not 
shown).. It is thus conceivable that the effect of the 
mutationn is due to the inability to bind ICAP-1. 

Inn contrast, the Y783F mutation had no effect at all 
onn adhesion, invasion and metastasis. The homologous 
mutationn in /i3 prevents the phosphorylation of this 
residue,, which is required for /?3 function in K562 cells 
inn which integrins require activation similarly as in 
mostt blood cells, whereas this tyrosine is not essential 
inn melanoma cells in which aV/?3 is constitutively 
activee (Filardo et al.. 1995; Blystone et al., 1997). We 

thuss expected that Y783 phosphorylation was required 
forr activation of z4fl\ in ESb cells in vivo. Our results 
show,, however, that the tyrosine is dispensable. This 
indicatess that x4(l\ is activated by a different 
mechanismm or, alternatively, that activation is not 
requiredd for the role of a4/?l in invasion and metastasis 
formation. . 

Thee strongly reduced adhesion and invasion of the 
doublee threonine mutant cells is also in line with the lack 
off  metastasis to the liver. However, in this case some 
spleenn metastasis was observed in mice sacrificed after 9 
days.. The difference between liver and spleen may reflect 
distinctt requirements in the two organs. As discussed in 
Stroekenn et al. (1998), the ceils invade through the 
endotheliumm into the liver tissue whereas in the spleen the 
cellss are probably passively transported through open-
endedd arterioles into the fibronectin-rich meshwork of 
thee red pulp (Weiss, 1963). The threonine mutant cells 
mayy have some residual capacity to attach to this 
meshworkk whereas they can not invade the liver. 
Strikingly,, however, this metastasis formation in the 
spleenn did not shorten the survival time of the mice. In 
fact,, no spleen foci were observed at later time points, 
indicatingg that these had disappeared. A similar 
phenomenonn was observed previously for DKO cells 
transfectedd with wt /Jl (Stroeken et al, 1998). We 
proposedd that the clone from which the DKO cells were 
derivedd had a slightly reduced survival or proliferation 
capacityy in vivo, allowing the mice to reject the cells by a 
hostt defense reaction. In line with this notion, the 
problemm was overcome by increasing the injected dose 
fromm 104 to 5 x 104 cells. In the present study the effect 
wass also observed for the Y783,795F mutant cells, that 
initiall yy formed metastases in liver and spleen, to the 
samee extent as wt /Jl transfectants. Yet, survival of the 
micee was the same as observed with untransfected DKO 
cells.. Apparently, both mutations lead to a reduced 
survivall  and/or proliferation capacity in vivo, allowing 
thee mice to reject the cells. 

AA three residue sequence containing two or three 
threoniness is located between the two NPXY/F motifs in 
mostt fi subunit cytoplasmic domains. These residues 
weree shown to be required for /J2 function in adhesion 
assayss (Hibbs et al., 1991; Peter and OToole, 1995). 
Replacementt by alanines impaired /32-mediated cell 
adhesionn without an effect on ligand affinity, and was 
ascribedd to effects on post-receptor events required for 
celll  spreading. In contrast, the mutations did not affect 
/?2-dependentt transendothelial migration (Weber et al., 
1997).. The role of the threonines in j?l was studied in /Jl-
deficientt embryonal cells, and shown to be required for 
adhesion.. Mutation of these threonines led to reduced 
levelss of the 9EG7 antibody epitope. This antibody 
detectss an active conformation of the /?1 extracellular 
domainn (Wennerberg et al., 1998). We found that, in 
contrastt to the reported effects on /J2 function, 
replacementt of the /Jl threonines impaired not only 
adhesionn but also invasion into cell monolayers in vitro 
ass well as invasion in vivo. This confirms the important 
rolee of these threonines in ƒ?! function. However, the 
9EG77 epitope was not detected on ESb cells and did not 
appearr upon treatment with Mn : ' , indicating that the 
threoninee mutations had no effect on the extracellular 
conformationn detected by this antibody. 

Thee threonines in /J2 were reported to be phos-
phorylatedd upon PMA treatment, although this could 
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onlyy be shown when a phosphatase inhibitor was 
addedd (Valmu and Gahmberg, 1995). Such phosphor-
ylationn has, to the best of our knowledge, not been 
reportedd for the /?1 threonines, but phosphorylation 
mayy be transient and not easy to detect. An alternative 
possibilityy is suggested by our finding that the double 
threoninee mutant does not bind to ICAP-1. supporting 
thee notion that ICAP-1 may be involved. 

Thee effects of the tyrosine double mutation 
(Y783,795F)) were surprising because they are the 
oppositee of results reported for fi\-deficient embryonic 
fibroblastsfibroblasts (Sakai et al., 1998a,b). in which the mutant 
supportedd adhesion whereas chemotaxis through 
fibronectin-coatedfibronectin-coated filters was impaired. In contrast, 
wee found that migration of the lymphoid ESb-DKO 
transfectants,, as detected in the invasion assay, was 
onlyy partially inhibited. Furthermore, invasion of the 
cellss into the liver in vivo, as assessed after 9 days, was 
comparablee to that of wt (i\ transfectants. In contrast, 
adhesionn to fibronectin was strongly reduced. The role 
off  the tyrosines is not clear. It is assumed that their 
phosphorylationn is required (Sakai et al., 1998b), but 
thiss has not been demonstrated. Phosphorylation of the 
homologouss tyrosines in /?3 appears to be required for 
linkagee to the cytoskeleton, possibly by direct binding 
too myosin (Jenkins et al.. 1998). It remains to be 
demonstratedd whether this is also true for fi\. 

Sincee the Y783F had no effect on fi\ function, it seems 
likelyy that the Y795F mutation is responsible for the 
reducedd adhesion. We could not express the single 
Y795FF mutant, so this remains to be established. 
However,, assuming that only the Y795F mutation is 
responsible,, this result differs from that of Romzek et al. 
(1998)) who found that exchange of Y795 by a 
phenylalaninee did not affect CD3- or PMA-induced fi\-
mediatedd adhesion of Jurkat T cells, although a mutation 
too alanine did reduce adhesion. This difference may be 
duee to distinct mechanisms triggered by PMA and CD3. 
ass compared to M r * . In this context it is remarkable 
thatt an aL/?2 integrin containing a />2/?7 chimeric 
subunit.. which contains a phenylalanine in the second 
NPXX Y motif and a tyrosine in the first NPX Y motif was 
unablee to mediate PMA-induced adhesion. In contrast, 
aL/^22 containing a jilfil  chimeric subunit was as 
responsivee as endogenous fi\ integrins (Lub et ai, 
1997).. This also suggests that the C-terminal tyrosine is 
thee most important. 

Strikingly,, the distinct effects on adhesion and 
invasionn of the Y783.795F mutation were confirmed 
usingg DKO cells transfected with the fi\{12 chimera. The 
f$2f$2 cytoplasmic domain contains phenylalanines instead 
off  tyrosines in the NPXY F motifs, similarly as in the 
Y783.795FF double mutant. In agreement with this, the 
cellss expressing the chimera adhered very poorly to 
fibronectinfibronectin after stimulation with Mn- , but did invade 
thee BMS2 cell monolayer, to the same extent as wt /il -
transfectedd cells. The /Ï1//2-transfected cells metastasized 
almostt as efficiently as the wt (i\ -transfected cells, 
indicatingg that the /?1 -dependent invasion, as determined 
inn the monolayer assay, is the relevant function in vivo. 
Thiss invasion is probably not dependent on ICAP-1. 
whichh does not bind to (12 (Chang et al., 1997). However, 
thee signaling pathways and cytoskeleton interactions are 
likelyy to be specific for /J2 and may involve distinct 
proteins.. We conclude that part of the functions of the (1\ 
cytoplasmicc domain that are required for stable 

adhesion,, are not essential for jl\-dependent invasion 
andd not for metastasis formation. 

Material ss and methods 

GenerationGeneration of mutant (II integrin subunits 

Mutantt fl\ constructs were generated by PCR using murine 
(i\(i\  cDNA as template. The sense primer contained the Real 
sitee in the region encoding the membrane-proximal part of 
thee cytoplasmic domain. For ihe (i\ji2  chimeric subunit we 
usedd an antisense primer in which the internal jil  Real site 
wass abolished. All antisense primers contained a Soil site 
nextt to the stop codon. The Real Not] fragments and a 
BamHl-RealBamHl-Real fragment encoding the extracellular and 
transmembranee domain of (i\ were ligated in the BamHl 
Not\Not\ digested LZRS-IRES-Zeo vector (Kinsella and Nolan. 
1996:: Michiels et al.. manuscript in preparation). The 
nucleotidee sequence of the cytoplasmic domain of the 
constructss was confirmed by sequence analysis. 

CellCell lines and culture conditions 

Wee used one of the three fl\-deficient ESb cells that were 
previouslyy generated. ESb-DKO 18 22 cells (Stroeken et al.. 
1998).. DKO and transduced cells were cultured in enriched 
RPMII  1640 medium (Hybndoma medium. Roossien et al.. 
1989).. Phoenix cells (kindly provided by Dr GP Nolan) were 
culturedd in Dulbecco's Modified Eagle's Medium (DMEM). 
supplementedd with 10% FCS and 1% L-glutamine BMS2 
cellss were cultured in DMEM supplemented with 5% FCS 
andd 0.0004% 2-mercaptoethanol. 

TransectionsTransections o/ Phoenix celts and transduction of DKO cells 

Constructss were transfected by calcium phosphate precipita-
tionn into the ecotropic viral packaging cell line Phoenix 
(Gngnanii  et al.. 1998). Twenty-four hours before transfee-
tion.. 1.6x10" Phoenix cells were seeded in a culture dish 
(Falcon.. Becton Dickinson. NJ. USA). Immediately before 
transfectionn the medium was replaced by medium supple-
mentedd with 25 mM chloroquin Ten y;g DNA in 450 u\ H ;0 
wass mixed with 50 ;<l 2.5 M C'aCl; and suhsequentlv with 
500/(11 2xHBS (50 mM HEPES pH 7.05. 10 m\i' KCI. 
2800 mM NaCl. l.5mM Na2HP04, 12 mM n-glucose) and 
addedd to the Phoenix cells. After 8 and 24 h incubation the 
cellss were washed. The supernatant was collected 72 h after 
transfectionn and ccntrifuged at 1200 r.p.m. for 5 nun. and 
II  ml was mixed with 10 u\ DOTAP (Boehringer Mannheim) 
andd added to 10' DKO cells. After 8 h. the medium was 
refreshedd and after 72 h. 200 ug ml zeocin was added. 

AntibodiesAntibodies and F AC Sean analvsis 

Thee hamster anti-rat (i\ mAb Ha2 5. the rat anti-mouse ?4 
mAbb 9CI0 and the rat anti-mouse jll  mAb 2C9.G2 were 
purchasedd from Pharmingen (San Diego. CA. USA). 
Hybridomass producing rat anti-mouse a4 mAbs PS 2 and 
RI-22 were obtained from the ATCC. Rat anti-human x6 
mAbb GoH? was kindly provided by Dr A Sonnenberg. Goat 
anti-ratt and anti-mouse phycoerythrin-labeled F(ab')2 frag-
mentss (Jackson ImmunoResearch, West Grove. PA. USA) 
weree used as secondary antibodies. 

Inn vitro adhesion and invasion assavs 

InIn vitro adhesion assays were performed as described before 
(Stroekenn et al.. 1998). For in vitro invasion assays. BMS2 
bonee marrow stroma cells (Pietrangeh et al.. 1988) were 
seededd in 24-well plates (Falcon) and grown to 80% 
confluence.. ESb cells were washed twice with RPMI 1640 
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medium,, and resuspended in RPMI 1640 medium (5x l (F 
cellss ml). BMS2 cells were washed twice with RPMI 1640 
mediumm and 2.5 x 10' ESb cells were added per well. After 
44 h incubation at 37 C and 5% C02, plates were washed with 
PBS,, and cells fixed with 2% paraformaldehyde in PBS 
supplementedd with 1 mM Ca: and 1 mM M g : ' . Invaded 
cellss were counted using phase contrast microscopy. The Ï 4 
mAbss PS 2 and Rl-2. and the ib mAb GoH3 were used to 
blockk a4 or 26 integrins, respectively. In these experiments. 
ESbb cells were incubated with antibody for 30 min at 37 C 
beforee addition to the BMS2 cells. 

ExperimentalExperimental metastasis assays 

Too compare metastatic capacity of the /il-transduced cells, 
5 x l 044 cells in 100/d PBS supplemented with 1 mM Mg : ' 
andd 1 mM Civ' were injected into a lateral tail vein of 
syngeneicc DBA 2 mice. Animals were autopsied when 
moribundd or after a fixed time period. Metastasis formation 
wass determined macroscopically. 

YeastYeast two-hybrid interactions 

Thee yeast two-hybrid interaction assay was performed 
essentiallyy as described before (Schaapveld et ai, 1998). The 
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Chapterr 5 

Thee Integri n Cytoplasmi c Domain-Associate d Protein- 1 
(ICAP-1)) Interact s wit h the RhoA Effecto r ROCK 
att  the Cell Membrane : Possibl e Implication s for Cell 
Spreadin gg and Migratio n 

Peterr J. M. Stroeken, Belén Alvarez, Yvonne M. Wijnands, Ellen A. M. van Rijthoven, 
Dirkk Geerts and Ed Roos 

Abst rac t t 
Thee integri n cytoplasmi c domain-associate d protein- 1 (ICAP-1) bind s to th e (31 
integri nn cytoplasmi c tail . I t contain s an N-termina l Ser/Thr-ric h domai n and a C-
termina ll  putativ e PTB (phosphotyrosine-binding ) domain . Usin g th e yeas t two -
hybri dd assay , we foun d tha t ICAP-1 bind s to th e ROCK-I kinase , an effecto r of th e 
smal ll  GTPase RhoA . By coimmunoprecipitatio n we sho w tha t ICAP-1 and ROCK 
for mm complexe s in cell s and tha t ICAP-1 contain s tw o bindin g site s fo r ROCK. 
Uponn overexpressio n of ICAP-1 and ROCK in COS-7 cell s th e protein s colocalize d 
att  th e cel l membran e predominantl y in lamellipodi a and membran e ruffles , bu t 
alsoo in retractio n fibers . In lamellipodi a ICAP-1 and ROCK colocalize d wit h 
endogenou ss p i integrin s and thi s localizatio n of ICAP-1 depende d on an intac t 
PTBB domai n wherea s localizatio n of ROCK depende d on th e ICAP-1-bindin g site . A 
kinase-inactiv ee ROCK mutan t also localize d at th e cel l membrane . Thus , trans -
locatio nn of ROCK to th e plasm a membran e appear s to depen d on ICAP-1 and p i 
integrin ss bu t no t on ROCK kinas e activity . Beside s th e 27 kD standar d for m of 
ICAP-1 ,, a 16 kD and a 31 kD varian t have been described . We sho w tha t cell s also 
contai nn 40 kD disulfide-linke d ICAP-1 dimers . Possibl e function s of th e p i 
integrin-ICAP-ROC KK comple x are discussed . 

I n t r oduc t i o n n 
Cell-celll and cell-extracellular matrix inter-
actionss play a major role in embryonic de-
velopmentt and cell and tissue differentiation 
andd function. These interactions are also 
involvedd in pathological processes like tumor 
metastasiss formation and inflammation. In-
teractionss of cells with components of the 
extracellularr matrix (ECM) are mainly me-
diatedd by integrins, which are heterodimeric 
transmembranee proteins. After initial ECM 
binding,, integrins recruit cytoskeletal and 
cytoplasmicc proteins. This leads to the local 
remodelingg of the cytoskeleton and the 
formationn of more stabie adhesive structures 
suchh as focal adhesions. Furthermore, cy-
toplasmicc complexes containing adaptor 
proteinss and signaling molecules such as 
kinasess associate with integrins and trigger 

signalss that affect gene expression, pro-
liferationn and cell survival (outside-in sig-
naling)) (for reviews see Clark and Brugge, 
1995;; Giancotti and Ruoslahti, 1999). Cy-
toskeletall reorganization required for cell 
spreadingg and migration also depends on 
integrin-triggeredd signaling events in which 
thee Rho-like GTPases Cdc42, Racl and RhoA 
aree critically involved. These proteins act as 
molecularr switches that are activated upon 
exchangee of GDP for GTP and induce fi-
lopodiaa (Cdc42), lamellipodia, membrane 
ruffless and focal complexes (Racl), and fo-
call adhesions and stress fibers (RhoA). 
Thiss is achieved by binding to and activating 
effectorr proteins involved in the reorga-
nizationn of the cytoskeleton (for reviews see 
Bishopp and Hall, 2000; Schmitz et al., 2000; 
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Ridley,, 2001). Signaling from within the cell 
cann enhance cell adhesion (inside-out sig-
naling).. This can be due to conformational 
changess in the extracellular domain of inte-
grinss or to increased integrin clustering, or 
both.. The Rho-like GTPases are likely in-
volvedd in integrin clustering. 

Inn search for proteins involved in inte-
grinn function, Chang eta/. (1997) as well as 
Zhangg and Hemler (1999) and Brancaccio et 
al.al. (1999) identified integrin cytoplasmic 
domain-associatedd protein-1 (ICAP-1), a no-
vell protein that binds to the cytoplasmic tail 
off p i , but not to any of the other integrin 
subunitss in yeast two-hybrid assays. Cells 
overexpressingg ICAP-1 showed enhanced p i 
integrin-dependentt chemotactic migration 
(Zhangg and Hemler, 1999). ICAP-1, which 
hass an apparent size of 27 kD, contains a C-
terminall putative phosphotyrosine-binding 
(PTB)) domain, as predicted by a Conserved 
Domainn Database search. PTB domains in 
otherr proteins bind, among others, domains 
containingg an NPXY (Asn-Pro-X-Tyr) motif. A 
phosphorylatedd tyrosine residue is, however, 
nott required for binding (Siegal, 1999; 
Forman-Kayy and Pawson, 1999). Two NPXY 
motifss are present in the p i cytoplasmic do-
mainn but only the C-terminal motif is re-
quiredd for the interaction with ICAP-1 
(Changg et al., 1997). A 16 kD polypeptide, 
encodedd by an alternatively spliced ICAP-1 
mRNAA (ICAP-1 p) lacks part of the PTB 
domainn and does not bind the p i tail (Chang 
eta/.,eta/., 1997). The N-terminal part of ICAP-1 
containss many serine and threonine resi-
dues.. Both Chang et a/. (1997) and Zhang 
andd Hemler (1999) showed that the protein 
iss constitutively phosphorylated but the level 
off phosphorylation was further enhanced by 
p ii integrin-mediated cell-matrix interactions. 
Activee RhoA, which attenuated cell sprea-
dingg and thus reduced cell-matrix inter-
action,, abrogated the increase in ICAP-1 
phosphorylationn (Chang et a/., 1997). The 
samee authors showed that a slowly mi-
gratingg form of ICAP-1 (31 kD) represents 
hyperphosphorylatedd protein but this con-
clusionn was contradicted by data obtained 
byy Zhang and Hemler (1999). 

Wee have previously analyzed the effect 
off mutations in the p i cytoplasmic domain 
onn invasion and metastasis of ESb lym-
phomaa cells. For this we used ESb-pi-DKO 
cellss in which both p i alleles had been 
disruptedd by homologous recombination, 
andd as a consequence had virtually lost 
invasivee and metastatic capacity (Stroeken 
etet a/., 1998). In these cells p i cytoplasmic 
domainn mutants were expressed, and the 
mutantss that did not bind ICAP-1 had in 
commonn that they did not restore me-
tastasis.. For instance, mutation of the two 
threoniness between the two NPXY motifs 
preventedd ICAP-1 binding as well as me-
tastasiss formation (Stroeken et a/., 2000). 
Thiss suggested a role for ICAP-1 in pl-de-
pendentt migration. However, the function of 
ICAP-11 remains unknown. To obtain more 
insight,, we performed a yeast two-hybrid 
screenn to search for proteins that bind to 
ICAP-1,, and identified the RhoA effector 
ROCK-I.. This serine/threonine kinase (also 
calledd pl60ROCK and ROKp) is closely 
relatedd to Rho kinase (also called ROCK-II or 
ROKa)) and the main difference between the 
twoo kinases appears to be their tissue 
distribution.. ROCK proteins are involved in 
thee formation of focal adhesions and stress 
fiberss as downstream effectors of RhoA 
(Amanoo et al., 1997). Formation of these 
structuress depends on contractility (Chrza-
nowska-Wodnickaa and Burridge, 1996) 
whichh is regulated by ROCK either directly 
byy phosphorylation of the myosin light chain 
(Amanoo et a/., 1996) or indirectly by an 
inhibitoryy phosphorylation of myosin light 
chainn phosphatase (Kimura et a/., 1996). 
ROCKK also phosphorylates LIM-kinase which 
inn turn phosphorylates cofilin. This reduces 
thee actin depolymerizing activity of cofilin 
andd thus leads to increased formation of 
actinn filaments (Maekawa et a/., 1999). 
Otherr substrates of ROCK include cytoske-
letall or cytoskeleton-associated proteins 
suchh as ERM (ezrin/radixin/moesin) family 
members,, adducin, MARCKS, and various 
intermediateintermediate filament proteins (Narumiya et 
a/.,a/., 1997; Amano et al., 2000; Nagumo et 
al.,al., 2001). Activation of ROCK probably 
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occurss after binding of RhoA-GTP to the 
Rho-bindingg domain of ROCK causing the 
releasee of an inhibitory intramolecular inter-
actionn (Amano eta/., 1999). 

Heree we show by immunoprecipitation 
thatt ICAP-1 and ROCK form complexes in 
vivovivo and that ICAP-1 contains at least two 
bindingg sites for the kinase. ICAP-1 and 
ROCKK colocalize at the cell membrane of 
COS-77 cells upon overexpression, predomi-
nantlyy in ruffles and lamellipodia but also in 
structuress that appear to be retraction 
fibers.. At these sites ICAP-1 and ROCK 
colocalizee with p i integrins. Surprisingly, we 
foundd that ICAP-1 is present in the cyto-
plasmm as disulfide-linked dimers. 

Material ss  and Method s 
Yeastt  two-hybri d scree n 
Yeastt strain PJ69-4A (with the genotype MATa, t rp l -
901,, Ieu2-3,112, ura3-52, his3-200, gal4A, gal80A, 
GAL2-ADE2,, met2::GAL7-lacZ, and LYS2::GAL1-HIS3) 
{Jamess et al., 1996) was used as host strain for the 
two-hybridd assay. The strain contains two tightly 
regulatedd selectable GAL4-driven reporter genes for 
thee prey-bait interaction, His and Ade, and is therefore 
suitablee for sensitive detection of protein-protein 
interactionss (James et al., 1996). The ICAP-1 cDNA 
(seee below) was cloned in the pAS2-l bait vector in 
framee with the GAL4 (1-147) DNA-binding domain 
(Clontech,, Palo Alto, CA). A mouse 17-day embryo 
cDNAA library in frame with the GAL4 (768-881) 
activationn domain in the pGADIO vector (Clontech) 
wass used as prey. Late logarithmic phase cells of 
yeastt strain PJ69-4A (OD600 = 0.720, approximately 
1.22 x 1010 cells) were cotransformed with 300 M9 
ICAP-11 bait DNA and 150 \xq mouse E17 library prey 
DNAA (Clontech; 3 x 106 independent clones) in the 
presencee of 12 mg sheared denatured salmon testes 
DNAA (Sigma, St. Louis, MO). Yeast cells were trans-
formedd using a high-efficiency PEG/LiAc method 
essentiallyy as described in Schaapveld et al. (1998). 
Afterr transformation, cells were spread at a density of 
1066 cells per cm2 on SC-LTHA selection medium: 
syntheticc complete medium lacking Leu and Trp 
(aminoo acid auxotrophy selection markers for the 
presencee of the pGADIO library and pAS2-l bait 
plasmm ids, respectively) as well as the bait-prey protein 
interactionn markers His and Ade. The screen contained 
3.22  0.7 x 10s colony forming units (counted on 
SC-LTT medium, which selects only for cotransfor-
mationn of both the library and bait plasmids). Clones 
whichh showed continuous efficient growth on selective 
mediumm after two rounds of reptating and one round 
off endpoint dilution replating were used to isolate 
libraryy plasmid DNA. Positive prey clone DNA was 
retransformedd into yeast PJ69-4A cells to check for 
strictlyy ICAP-1-dependent activation of the His and 
Adee selection marker genes. The ICAP-1 bait construct 
alonee was not capable of autonomous activation of the 
Hiss and Ade genes. 

cDNAA construct s 
Mousee ICAP-1 constructs were generated by PCR from 
ESbb lymphoma cell cDNA (Faisst and Gruss, 1998; 
Stroekenn et al., 2000). 5'-gatc 6>W77CTTT CGC AAA 
GGCC AAG AAG AGA C-3' was used as sense primer 
(FL-ICAPj.2000 and N-ICAPM00) and 5'-gatc GCGGCCGC 
TCAA GGA CTT GTC AGA GGT C-3' (FL-ICttVa») and 
5'-gatcc GCGGCCGCJCA CTT TCC ATC TTG CTG GOG-
S'' (N-ICAPj-ioo) as antisense primers. To generate 
C-ICAPJOI-2000 5'-gate GAATTCTTG CCT TTT GTG CCT 
TTGG GAA G-3' was used as sense primer together with 
thee FL-ICAP antisense primer. Sense and antisense 
primerss contain EcdPI and No& restriction sites, 
respectivelyy (italicized). 5'-gatc CCCGGG GT TTT CGC 
AAAA GGC AAG AAG AGA C-3' (sense) and 5'-gatc 
GGTACCTCAGGTACCTCA TAA ATT GCT GTT ACT CTG TCC TG-3' 
(antisense)) were used to generate ICAP-APTB^s? and 
5'-gatcc CCCGGG GT GAC ACA TGT GCT GAG TTC C-3' 
(sense)) and 5'-gatc GGTACCTCA GGA CTT GTC AGA 
GGTT C-3' (antisense) were used to generate ICAP-
PTB58.2oo-- Sense and antisense primers contain Smal 
andd Kpril restriction sites, respectively (italicized). 5'-
gatcc GCGGCCGCC GAC ACA TGT GCT GAG TTC CG-3' 
andd 5'-gatc CTCGAGTCA CTT TCC ATC TTG CTG GGC 
G-3'' were used to generate ICAP-N-PTB58.10o. Sense 
andd antisense primers contain No& and XhA restric-
tionn sites, respectively (italicized). PCR was performed 
usingg a mixture of Taq and Pwo polymerases (9:1). 
Thee nucleotide sequence of the constructs was con-
firmedd by sequence analysis. For transfection experi-
mentss the cDNAs were cloned in frame with the cDNA 
encodingg an hemagglutinin (HA) epitope tag in the 
pMT22 vector (Kaufman et al., 1989). ROCK1.365 and 
ROCK1.7266 in the pCAG-m/c-stop vector (Ishizaki et al., 
1997)) encode N-terminal truncated human ROCK-I 
proteins.. ROCK^s contains the kinase domain and a 
smallsmall part of the interdomain (up to the unique Spel 
site;; the construct encodes 13 of the 53 amino acids 
presentt in the prey). ROCKi.726 contains the kinase 
domain,, the interdomain, and part of the coil-coiled 
regionn (up to the unique Xhd. site). ROCK-KDIA is a 
dominant-negativee ROCK cDNA in the pCAG-m/c-stop 
vectorr encoding a ROCK protein with an inactive 
kinasee domain and lacking an amino acid essential for 
RhoAA binding (Ishizaki etal., 1997). 

Antibodie s s 
Forr the generation of the polyclonal rabbit antiserum 
D333 against murine ICAP-1, the full length ICAP-1 
cDNAA was cloned in the pGEX-4T-l vector (Amersham 
Pharmaciaa Biotech, Little Chalfont, England) and ex-
pressedd as glutathione-S-transferase (GST)-tagged 
fusionn proteins in Escherichia coli strain BL21 (Amer-
shamm Pharmacia Biotech, Little Chalfont, England). 
Fusionn proteins were purified according to standard 
techniquess and used as immunogen. The D33 poly-
clonall antibodies bind only to the N-terminal half of 
ICAP-1.. The goat polyclonal serum K-18 against 
ROCK-II was obtained from Santa Cruz Biotechnology 
(Santaa Cruz, CA), the mouse mAb 9E10 against the 
mycc epitope tag from Sigma (St. Louis, MO), the 
mousee mAb 12CA5 against the HA epitope tag from 
Boehringerr Mannheim (Indianapolis, IN), and the 
hydridomaa of the mouse mAb TS2/16 against the 
humann | i l integrin from the American Type Culture 
Collectionn (Manassas, VA). Horseradish peroxidase-
conjugatedd donkey anti-rabbit and sheep anti-mouse 
secondaryy antibodies were obtained from Amersham 
Pharmaciaa Biotech (Little Chalfont, England) and the 
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horseradishh peroxidase-conjugated rabbit anti-goat se-
condaryy antibody was obtained from Zymed Labo-
ratoriess Inc. (South San Francisco, CA). 

Cel ll  t ransect io n and immunofluorescenc e 
COS-77 cells were cultured in Dulbecco's Modified 
Eagle'ss medium (DMEM) supplemented with 10% FCS. 
Cellss were transfected by the DEAE-dextran method 
accordingg to standard procedures. For immunofluo-
rescencee analysis, COS-7 cells were allowed to adhere 
too coverslips for 1-2 h at C in the presence of 10% 
FCS,, or without FCS to purified mouse fibronectin (10 
ng/ml;; Telios Pharmaceuticals Inc., San Diego, CA) or 
poly-L-lysinee (1 mg/ml; Sigma). All subsequent steps 
weree performed at room temperature. The cells were 
fixedd for 10 min with 2% paraformaldehyde in PBS, 
washedd with PBS, permeabilized with 0.5% Triton X-
1000 for 5 min, and blocked for 10 min with PBS 
containingg 1 % BSA. All antibody incubations were 
performedd for 30 min in PBS containing 1 % BSA. The 
secondaryy antibodies used were Alexa Fluor 594 goat 
anti-rabbitt IgG conjugate, Alexa Fluor 488 donkey 
anti-goatt IgG conjugate, Alexa Fluor 568 rabbit anti-
mousee IgG conjugate and Alexa Fluor 594 rabbit anti-
mousee IgG conjugate (Molecular Probes Inc., Eugene, 
OR).. Coverslips were washed, mounted with Vecta-
shieldd (Vector Laboratories Inc., Burlingham, CA) and 
viewedd with a Leica TCS NT confocal laser scanning 
microscope.. In some experiments we added the ROCK 
inhibitorr Y-27632 (10 ^M; Yoshitomi Pharmaceutical 
Industries,, Osaka, Japan) or the pan-caspase inhibitor 
Z-VA-DL-D-FMKK (100 nM; Alexis Biochemicals, San 
Diego,, CA) to prevent apoptosis.. Medium and inhi-
bitorss were refreshed every 24 h. To visualize endo-
genouss ICAP-1 proteins we used a Tyramide signal 
amplificationn system (NEN Life Science Products Inc., 
Boston,, MA) according to the manufacturer's protocol. 

Immunoprecipitatio nn and cel l fractionatio n 
Forr immunoprecipitation studies, transfected or un-
transfectedd COS-7 cells in 10 cm dishes were lysed in 
1 %% (v/v) Nonidet P-40, 100 mM NaCI, 25 mM Tris-HCI 
pHH 7.4, 2 mM CaCI2 containing protease inhibitors 
(proteasee inhibitor cocktail, Sigma) for 1 h on ice, Cells 
weree scraped with a rubber policeman and the lysates 
weree cleared by spinning at 14,000 rpm for 15 min. 
Lysatess were precleared with GammaBind G Sepha-
rosee beads (Amersham Pharmacia Biotech AB, Upp-
sala,, Sweden). GammaBind G Sepharose beads were 
incubatedd with Abs for 1 h and were then, after 
washingg the beads three times with lysis buffer, added 
too the lysates. The immunoprecipitates were boiled in 
Laemmlii sample buffer and analyzed by SDS-PAGE 
underr non-reducing or reducing (100 mM dithiotreitol) 
conditions.. For cell fractionation studies, cells were 
lysedd in lysis buffer, scraped with a rubber policeman 
andd the lysates were spun at 14,000 rpm for 15 min. 
Thee supernatant was transferred to a fresh tube and 
thee pellet was resuspended in Laemmli sample buffer 
andd sonicated twice for 5 s. Supernatant and pellet 
fractionss were analyzed by SDS-PAGE under non-
reducingg or reducing (100 mM dithiotreitol) conditions. 
Too study ICAP-1 multimerization and to prevent mul-
timerizationn due to the lysis procedure, 10 mM iodo-
acetamidee was added to the lysis buffer or to RIPA 
bufferr (25 mM Tris-HCI pH 7.4, 150 mM NaCI, 1 mM 
EDTA,, 1 % SDS, 1 % sodium deoxycholate, 1 % Triton 
X-1000 containing protease inhibitors). Immunopreci-
pitatedd material and cell fractions were, after sepa-

rationn by SDS-PAGE, transferred to Protran nitro-
cellulosee membranes (Schleicher and Schuell, Dassel, 
Germany).. The membranes were blocked for 2 h at 
roomm temperature with 3% low fat milk powder and 
1 %% BSA in 10 mM Tris-HCI, pH 7.4, 150 mM NaCI, 
0.2%% Tween-20. Membranes were incubated for 1 h 
withh primary antibodies, washed, and incubated for 1 
hh with horseradish peroxidase-conjugated secondary 
antibodies.. Immunoreactive proteins were visualized 
afterr washing using enhanced chemiluminescence 
(ECL,, PIERCE, Rockford, IL). 

Result s s 
Yeastt  two-hybri d scree n 
AA yeast two-hybrid screen was used to 
identifyy polypeptides that interact with the 
ICAP-11 protein in yeast. The bait plasmid 
encodingg the full length murine ICAP-1 
cDNAA was cotransformed with prey plasm ids 
containingg a mouse 17-day embryo (E-17) 
cDNAA library in yeast strain PJ69-4A. From 
approximatelyy 3 x 106 transformants 25 
positivee clones were obtained and 1 clone 
representedd amino acids 353-405 of the 
RhoAA effector ROCK-I. These residues are 
partt of an interdomain (amino acids 339-
434)) which is located between the kinase 
domainn and the coiled-coil region of ROCK 
(seee Fig. 1A). 

ICAP-11 and ROCK for m complexe s in 
vivo vivo 
Too investigate whether ICAP-1 and ROCK 
formm complexes in vivo we performed co-
immunoprecipitationn studies. From lysates of 
COS-77 cells overexpressing wild-type ICAP-1 
andd ROCK-I proteins ICAP-1 was coimmu-
noprecipitatedd with ROCK and vice versa 
(Fig.. 2A). To further characterize the part of 
ICAP-11 involved in the interaction, we co-
transfectedd COS-7 cells with ROCK and 
variouss partial ICAP-1 cDNAs (Fig. IB). The 
fulll length as well as the truncated ICAP-1 
cDNAss encoded proteins with an N-terminal 
hemagglutininn (HA) epitope tag. Immuno-
precipitationn analysis showed that both the 
N-terminall (N-ICAPi-i00) and C-terminal 
(C-ICAP10i-2oo)) halves of ICAP-1 coimmuno-
precipitatedd with ROCK. Also the putative 
phosphotyrosine-bindingg domain (ICAP-
PTB58.2oo)) and ICAP-1 lacking this domain 
(ICAP-APTB!^)) coimmunoprecipitated with 
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Figuree 1. Structur e of ICAP-1 and ROCK-I proteins . (A) ICAP-1 contains an N-terminal serine-threonine rich 
domainn (23 of the 41 amino acids are serine or threonine residues) and a C-terminal putative PTB domain. Part of 
thiss domain (line) is lacking in the ICAP-ip splice variant. ROCK-I contains an N-terminal Ser/Thr kinase domain, 
aa large coiled-coil region also containing the Rho-binding domain, a C-terminal split PH domain and a cysteine-
richh region. Part of the cDNA encoding the interdomain of ROCK-I, located between the kinase domain and the 
coiled-coill region, was present in a yeast two-hybrid prey plasmid (line) and represents (one of) the interaction 
site(s)) for ICAP-1. (B) ICAP-1 cDNAs encoding full length and truncated ICAP-1 proteins used for coimmuno-
precipitation,, colocalization and cell fractionation studies. Numbers indicate amino acid positions. 

ROCKK (Fig. 2B). These results show that 
ICAP-11 contains (at least) two binding sites 
forr ROCK: one present in ICAP-APTBj.s? and 
onee present in C-ICAP10i-2oo- ROCK did not 
coimmunoprecipitatee with the N-terminal 
partt of the PTB domain (ICAP-N-PTB58-ioo) 
indicatingg that ROCK does not bind to this 
partt of ICAP-1 (Fig. 2C). These results were 
nott an artefact due to overexpression since 
endogenouss ICAP-1 and ROCK proteins were 

alsoo coimmunoprecipitated from untransfec-
tedd COS-7 cells, as shown in Fig. 2D. Fur-
thermore,, endogenous proteins also coim-
munoprecipitatedd from lysates of murine 
C2C122 myoblast cells and human HMEC-1 
microvascularr endothelial cells (data not 
shown).. We conclude that ICAP-1 and ROCK 
formm complexes in wo and that ICAP-1 
containss at least two binding sites for the 
kinase. . 
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Figuree 2. ICAP- 1 and ROCK for m complexe s in  vivo.  (A) Coimmunoprecipitation analysis of COS-7 cells 
overexpressingg wild-type ICAP-1 and ROCK-I. Proteins were immunoprecipitated using ICAP-1 (D33) or ROCK-I 
(K-18)) antisera and blots were stained with K-18 and D33, respectively. (B) Coimmunoprecipitation analysis of 
COS-77 cells overexpressing ROCK-I and N-ICAPH0O (N-ICAP), C-ICAP10j.2oo (C-ICAP), ICAP-APTBi_57 (APTB) or 
ICAP-PTB58.20oo (PTB). Proteins were immunoprecipitated using the mAb against the HA epitope tag and blots 
weree stained with the K-18 ROCK-I antiserum. (C) Coimmunoprecipitation analysis of COS-7 cells overexpressing 
ROCK-II together with ICAP-N-PTB58.,00 or FL-ICAP^oo (control). Proteins were immunoprecipitated and blots 
stainedd as in (B). (D) Coimmunoprecipitation analysis of endogenous COS-7 ROCK-I and ICAP-1 proteins. Immu-
noprecipitationn and western blotting analysis was performed as in (A). 
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ICAP-11 and ROCK colocaliz e at th e cel l 
membran e e 
ICAP-11 interacts with the p i integrin cyto-
plasmicc domain in vitro (Chang et a/., 1997; 
Zhangg and Hemler, 1999) but it is not clear 
whetherr ICAP-1 binds p i integrins in cells. If 
so,, the proteins should at least be partially 
colocalized.. To study this, we used immuno-
fluorescencee analysis of COS-7 cells over-
expressingg ICAP-1, and found that the 
proteinn is predominantly present at the 
plasmaa membrane particularly in lamelli-
podia,, ruffles and filopodia. Also the border 
betweenn the lamellipodium and the cell 
body,, the ectoplasm-endoplasm boundary 
(Nishizakaa et ah, 2000), is enriched for 
ICAP-11 staining (Fig. 3A and B). Double 
immunostainingg showed that ICAP-1 and p i 
integrinss colocalize in membrane ruffles, at 
thee ectoplasm-endoplasm boundary (Fig 3C 
andd C') and in the membrane at the edge of 
lamellipodiaa (Fig. 3D and D'). To investigate 
whetherr the putative PTB domain of ICAP-1 
iss required for membrane localization we 
transferredd COS-7 cells with ICAP-PTB58.200 
cDNAA or, as a control, ICAP-APTBi.57 cDNA. 
Fig.. 3E shows that ICAP-PTB58-2oo proteins 
clearlyy localize at the cell membrane. In 
contrast,, the ICAP-APTBi-s? protein is not 
presentt at the cell membrane although most 
off it is present in the periphery of the cell in 
dot-likee structures (Fig. 3F). Next, we in-
vestigatedd the localization of endogenous 
ICAP-11 in COS-7 cells which was visualized 
usingg Tyramide signal amplification. We 
observedd ICAP-1 localization at the edge of 
thee cell membrane (Fig. 3G). The staining of 
thee nucleus and the perinuclear region is not 
specific,, as shown in Fig. 3H. In cells trans-
fectedd with ICAP-1 or with ICAP-1 and ROCK 
aa considerable amount of these proteins was 
alsoo present in the cytoplasm. Colocalization 
wass apparently not dependent on p i inte-
grinn ligation because we observed no differ-
encess in the localization of ICAP-1 (or in the 
colocalizationn of ICAP-1 and ROCK proteins 
describedd below) between cells attached to 
substratess coated with poly-L-lysine, serum, 
orr the p i integrin ligand fibronectin. 

Unfortunately,, we were not able to show 
thee localization of the endogenous ROCK 
proteinss by Tyramide amplification because 
thee secondary antibodies gave rise to high 
backgroundd staining. In COS-7 cells overex-
pressingg only ROCK, some staining of the 
ectoplasm-endoplasmm boundary was seen 
butt very little ROCK was located at the edge 
off the membrane (Fig. 4A). However, coex-
pressionn of ICAP-1 and ROCK resulted in the 
colocalizationn of the two proteins in mem-
branee ruffles but also in what appeared to 
bee retraction fibers (Fig. 4B and B' and Fig. 
4CC and C') and at the ectoplasm-endoplasm 
boundaryy (Fig. 4C and C). In circular, non-
polarizedd spread cells ICAP-1 and ROCK 
weree colocalized at the ectoplasm-endo-
plasmm boundary and in 'ribs' perpendicular 
too that boundary (Fig. 4D and D'). Ex-
pressionn of ICAP-PTB58.2oo was sufficient to 
localizee ROCK at the cell membrane (Fig. 4E 
andd E'), whereas ICAP-APTB1-57 did not 
causee membrane localization of ROCK (Fig. 
4FF and F'). Coexpression of ROCK and 
ICAP-11 also led to colocalization of ROCK 
andd p i integrins. The kinase colocalized with 
thee integrin at the edge of the cell 
membranee but also in lamellipodia in dot-
likee structures (Fig. 4G and G'). 

Finally,, we cotransfected COS-7 cells 
withh ICAP-1 and a kinase-inactive ROCK mu-
tantt (ROCK-KDIA). This mutant colocalized 
withh ICAP-1 at the cell membrane, indis-
tinguishablee from wild-type ROCK (Fig. 5A 
andd A') showing that the kinase activity of 
ROCKK is not required for its localization. To 
verifyy that the interdomain of ROCK is re-
quiredd for the localization of the protein at 
thee cell membrane we generated an N-ter-
minall myc epitope-tagged deletion construct 
off ROCK containing the kinase domain but 
lackingg most of the interdomain (ROCK1.365) 
andd a construct containing the myc epitope-
taggedd kinase domain, the interdomain and 
partt of the coiled-coil region (ROCK1-726). 
Cleavagee of ROCK at its C-terminus by cas-
pase-33 has been reported to induce apop-
toticc membrane blebbing (Coleman et a/., 
2001;; Sebbagh et a/., 2001) and indeed we 
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Figuree 3. ICAP- 1 is presen t at th e edg e of th e cel l 
membran ee and colocalize s wit h | i l integrins . 
Confocall immunofluorescent pictures of COS-7 cells 
transientlyy expressing HA epitope-tagged FL-ICAP^oo 
(A-D),, ICAP-PTB58-2oo (E) or ICAP-APTB,.57 (F). In 
panelss A-D cells were stained with the ICAP-1 poly-
clonall antiserum D33 and panels E and F with the 
mAbb 12CA5 against the HA epitope tag. Panels C and 
DD show double immunostaining for the (51 integrin 
subunitt (TS2/16 mAb) (C and D) and ICAP-1 (C and 
D').. Panel G shows ICAP-1 staining with the D33 
polyclonall antiserum using Tyramide signal amplifica-
tionn and panel H the staining obtained by Tyramide 
amplificationn with secondary antibody only. 
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observedd membrane blebbing in COS-7 cells 
transfectedd with these deletion constructs. 
Thereforee we cultured transfected cells in 
thee presence of ROCK or pan-caspase inhibi-
tors.. Fig. 5B and B' show that the ROCKi.726 
proteinn and ICAP-1 colocalized at the cell 
membranee in membrane ruffles and filopo-
diaa but also in dot-like structures in the 
cytoplasm.. In contrast, hardly any coloca-
lizationn was observed at the edge of the 
cellss coexpressing ICAP-1 and ROCK^s pro-
teinss although there is some colocalization in 
dot-likee structures in the cytoplasm (Fig. 5C 
andd C). 

Inn conclusion, we have shown that 
ICAP-11 and ROCK colocalize at the cell 
membranee predominantly in ruffles, lamelli-
podiaa and filopodia but also in retraction fi-
bers.. The localization of ROCK at these sites 
dependss on the the putative PTB domain of 
ICAP-1.. Furthermore, a segment of ROCK 
containingg the interdomain is required for 
thee localization of ROCK, in line with the no-
tionn that the interdomain binds ICAP-1. 

Intracellula rr  ICAP-1 protei n isoform s 
andd disulflde-linke d dimer s 
Changg eta/. (1997) and Zhang and Hemler 
(1999)) observed different molecular weights 
forr ICAP-1 proteins. Chang eta/, described a 
fulll length 20 kD ICAP-1 protein and a 16 kD 
splicee variant. Zhang and Hemler, however, 
describedd proteins of 27 kD and 31 kD. To 
solvee this discrepancy, we investigated this 
inn more detail. Western blot analysis of 
untransfectedd COS-7 cell lysates ( 1 % NP-40) 
andd stained with the D33 ICAP-1 antiserum 
afterr SDS-PAGE under non-reducing condi-
tionss revealed proteins with several different 
molecularr weights. First, a 16 kD protein 
wass present only in the supernatant fraction 
(Fig.. 6A). This form may represent the splice 
variantt ICAP-lp which lacks part of the 
putativeputative PTB domain (amino acids 128-177). 
Second,, a 27 kD protein is present in both 
thee supernatant and pellet fractions. This 
formm likely represents the standard form of 
thee protein since, upon overexpression of 
FL-ICAP1-2ooo in COS-7 cells, we observed a 

majorr 27 kD band after staining with the 
D333 antiserum as well as a mAb against the 
N-terminall HA epitope tag (see below). We 
didd not observe a 31 kD form of ICAP-1 in 
lysatess of COS-7 cells although it is a major 
variantt in lysates of e.g. endothelial cells 
(Fig.. 6B). Besides the 16 and 27 kD forms, 
otherr proteins of approximately 40 and 56 
kDD as well as several other high molecular 
weightt bands are present in COS-7 lysates 
(seee Fig. 6A). These proteins might concei-
vablyy represent ICAP-1 multimers, possibly 
linkedd by disulfide bridges. To test this, we 
transfectedd COS-7 cells with FL-ICAPî oo, 
ICAP-APTBi-577 and ICAP-PTB58-2oo. The puta-
tivee PTB domain contains four cysteine resi-
duess whereas ICAP-APTBi-57 does not con-
tainn cysteine residues. Western blot analysis 
off lysates shows that cells expressing FL-
ICAPi-2000 or ICAP-PTB58-200 contain high mo-
lecularr weight complexes after SDS-PAGE 
underr non-reducing conditions whereas cells 
transfectedd with the ICAP-APTB1-57 cDNA 
containn only monomeric proteins (Fig. 6C). 

Next,, we transfected COS-7 cells with 
cDNAss encoding FL-ICAPi.200, N-ICAPMM, 
C-ICAP101-200,, ICAP-APTBi.57 and ICAP-
PTB58-2oo,, and two days later the cells.were 
lysedd in the presence of 10 mM iodoacet-
amidee which blocks free cysteine residues of 
proteinss preventing the formation of disul-
fide-bondedd proteins during the lysis pro-
cedure.. The lysates of these cells, except 
thosee expressing the ICAP-APTB1-57 protein, 
containedd monomeric proteins as well as a 
higherr molecular weight form that we 
assumee to be dimers under non-reducing 
conditionss (Fig. 6D). Addition of 100 mM 
DTTT (dithiothreitol) to the lysates converted 
alll complexes into monomeric proteins (Fig. 
6D).. The ICAP-APTBi-57 proteins were, for 
ann unknown reason, not detected after 
treatmentt with DTT (Fig. 6D). We also 
investigatedd dimer formation of endogenous 
ICAP-11 proteins. COS-7 cells were lysed in 
RIPAA buffer in the presence of 10 mM 
iodoacetamidee and the samples were 
subjectedd to SDS-PAGE under reducing and 
non-reducingg conditions. Fig. 6E shows that 
thee 40 kD band disappears under reducing 
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Figuree 4. ICAP-1 and ROCK colocaliz e (see lef t page) . Confocal immunofluorescent pictures of COS-7 cells 
transientlyy transfected with ROCK (A), with FL-ICAP^oo and ROCK (B-D, G), with ICAP-PTB58,2oo and ROCK (E) or 
withh ICAP-APTB^ and ROCK (F). Cells were stained for ROCK with the mAb 9E10 recognizing the myc epitope 
tagg (A) or the polyclonal antiserum K-18 (B', C, D', E', F', G'). Cells were double stained for ICAP-1 with the 
polyclonall antiserum D33 (B-D) or with mAb 12CA5 against the HA epitope tag (E-F). Panel G was double stained 
forr the pi integrin subunit with mAb TS2/16. 

Figuree 5. The interdomai n of ROCK but not its kinas e activit y is require d for membran e localizatio n 
(seee above) . Confocal immunofluorescent pictures of COS-7 cells transiently transfected with FL-ICAP^oo (A-C) 
andd kinase-inactive full length ROCK (A), a ROCK cDNA containing the interdomain (ROCK^^; panel B), or a 
ROCKK cDNA lacking most of the interdomain (ROCK^^; panel C). Cells were stained with the ICAP-1 polyclonal 
antiserumm D33 (B), mAb 12CA5 against the HA epitope tag (A and C), with the ROCK antiserum K-18 (A'), or the 
9E100 mAb against the myc epitope tag (B' and C). 
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conditionss suggesting that the 40 kD protein 
representss the dimeric form of ICAP-1. 
Disappearancee of the 40 kD band upon 
reductionn can also be seen in lysates of 
HMEC-11 endothelial cells (data not shown). 
Thee running behavior of monomeric (200 
aminoo acids: ~22 kD) and dimeric ICAP-1 in 
SDS-PAGEE is clearly aberrant. 

Finally,, we investigated the distribution 
off the truncated ICAP-1 proteins between 
supernatantt and pellet fractions. After lysis 
inn 1 % NP-40, FL-ICAPi-zoo, C-ICAP10i-2oo and 
ICAP-PTB58.2ooo proteins were about equally 
distributedd between supernatant and pellet 
fractions.. In contrast, only a minor fraction 
off N-ICAPi.joo was present in the pellet (Fig. 
6F).. From these results we conclude that the 
intactt putative PTE domain is required for 
associationn with the pellet fraction because 
noo 16 kD splice variant proteins and few of 
thee N-ICAPi-ioo proteins were present in this 
fraction.. Furthermore, ICAP-APTB^? pro-
teinss were only observed in the supernatant 
fractionn (see Fig. 6C). 

Discussio n n 
ICAP-11 was identified as a 200-amino acid 
proteinn that binds specifically to the pi in-
tegrinn cytoplasmic tail. However, so far its 
functionn is unknown. In an attempt to 
elucidateelucidate this, we employed a yeast two-
hybridd screen with ICAP-1 as bait and iden-
tifiedd the RhoA effector ROCK-I as one of 
thee binding partners. ICAP-1 bound to a 
shortt sequence from the interdomain be-
tweenn the kinase and the coiled-coil do-
mainss of ROCK-I. The ICAP-ROCK inter-
actionn was substantiated by coimmuno-
precipitationn in line with colocalization seen 
uponn overexpression in COS-7 cells. Surpri-
singly,, both N-terminal (N-ICAPMOO and 
ICAP-APTBi-57)) and C-terminal truncated (C-
ICAP101-2ooo and ICAP-PTB58-2oo) ICAP-1 pro-
teinss coimmunoprecipitated with ROCK. 
ICAP-N-PTB58-ioo,, however, did not coimmu-
noprecipitatee with ROCK. Therefore, we 
concludee that ICAP-1 contains two ROCK-
bindingg sites present within the N-terminal 
577 amino acids (ICAP-APTBj.s?) and the C-
terminall 100 amino acids (C-ICAP101.200), 

respectively.. The two sites may both bind to 
thee ROCK interdomain or, alternatively, only 
onee site binds the interdomain whereas the 
otherr binds to another region of the protein. 
Whichh of these two possibilities is correct 
remainss to be determined. Protein-protein 
interactionss which depend on two inter-
actionn sites are not uncommon. For instan-
ce,, protein kinase N (PKN), which is also a 
Rho-activatedd serine/threonine kinase, binds 
too two distinct domains of the actin cross-
linkingg protein a-actinin (Mukai et al., 1997). 

ROCKK and ICAP-1 colocalize in ruffles, 
lamellipodiaa and filopodia, structures in-
ducedd by Racl and Cdc42 activity. The 
presencee of a RhoA effector may therefore 
seemm surprising, especially since the RhoA 
inhibitorr Y-27632 stimulates lamellipodia for-
mationn in certain cells (Rottner et al, 1999). 
Thiss is, however, not always found. For 
instance,, RhoA induces membrane ruffles in 
KBB cells after treatment with hepatocyte 
growthh factor (HGF) or phorbol ester (Ni-
shiyamaa et al., 1994) and treatment of 
MDCKK cells with HGF or phorbol ester in-
ducess the translocation of active RhoA to 
membranee ruffles (Takaishi et al., 1995). 
ROCKK phosphorylates the membrane cyto-
skeletall protein adducin which subsequently 
accumulatess in membrane ruffles. Cells 
expressingg mutant adducin that cannot be 
phosphorylatedd show defects in ruffle for-
mationn and cell migration (Fukata et al., 
1999).. RhoA and p i integrins colocalize in 
membranee ruffles of colon carcinoma cells 
andd RhoA has been implicated in lamelli-
podiumm extension in these cells (O'Conner et 
al.,al., 2000). The epithelial to mesenchymal 
transitionn of tumor cells induced by trans-
formingg growth factor-pi, a process likely 
involvedd in tumor invasion and metastasis, 
dependss on RhoA and ROCK (Bhowmick et 
al.,al., 2001) and also the polarization and 
migrationn of certain tumor cells depends on 
RhoAA and ROCK in vitro (Wicki and Niggli, 
2001)) as well as in vivo (Itoh et al., 1999). 
Togetherr these results suggest that RhoA 
andd ROCK activity are required for the 
establishmentt of lamellipodia in normal cells 
ass well as tumor cells. An alternative 
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possibilityy is that, although RhoA and ROCK 
aree delivered to the edge of lamellipodia, 
theyy function at a later stage when focal 
adhesionss are formed in that area. Their 
presencee may thus be a prerequisite for the 
formationn of these structures. The switch 
betweenn the Racl and the RhoA phenotype 
mayy occur at the border of the lamelli-
podiumm and the cell body. Our observation 
thatt ICAP-1 and ROCK colocalize at this 
ectoplasm-endoplasmm boundary suggests 
thatt ROCK has a function in this switch. 
Interestingly,, Hall et al. (2001) showed that 
coexpressionn of collapsin response mediator 
proteinn (Crmp-2) with dominant active RhoA 
inducess a Racl morphology (neurite out-
growth)) in neuronal cells. Expression of 
Crmp-22 in cells already expressing dominant 
activee Racl inhibits the Racl morphology 
(neuritee retraction) concomitant with RhoA 
activation.. In the latter case phosphorylation 
off Crmp-2 by ROCK is required and it is 
temptingg to speculate that the localization of 
ROCKK via ICAP-1 affects this process. In 
otherr cell types Crmp proteins (Crmp-1 to -5 
whichh form heterotetramers; Wang et al., 
1997;; Fukada et al., 2000) may fulfill similar 
functions,, i.e. the outgrowth and retraction 
off leading edge structures important for the 
dynamicc modulation of cell migration. For 
instance,, Crmp-1 mRNA and protein levels 
havee recently been shown to be inversely 
associatedd with the invasive capacity of lung 
cancerr cell lines (Shih et al,, 2001). 

Wee have shown that ROCK localizes at 
thee cell membrane in an ICAP-1-dependent 
manner.. The interdomain of ROCK as well as 
thee putative PTB domain of ICAP-1 are 
requiredd for this localization. Based on the 
colocalizationn of p i integrin and ICAP-1 and 
thee demonstrated interaction in vivo, we 
assumee that the ICAP-ROCK complex binds 
too the p i integrin in cells although direct 
evidencee for this is lacking. It is clear, 
however,, that the interaction between 
ICAP-11 and ROCK at the cell membrane is 
nott dependent on p i integrin ligand since it 
wass also observed in cells attached to 
serum-- or poly-L-lysine-coated substrates. 

Inn preliminary experiments, we did not ob-
servee ICAP-1 localization in focal adhesions 
off GD25-pl cells (Wennerberg et at., 1998; 
dataa not shown). A plausible explanation for 
thee exclusion of ICAP-1 from focal adhesions 
iss that the multitude of pi-interacting pro-
teinss present in these structures occupy or 
maskk the pi-ICAP-1 interaction site. Alter-
natively,, ICAP-1 may have to be actively 
displacedd from the integrin before focal 
adhesionss can form. In this respect it is 
interestingg that a site adjacent to the 
ICAP-1-bindingg site in the p i integrin cyto-
plasmicc domain binds the adaptor protein 
14-3-3pp (Han et al., 2001), which was re-
centlyy shown to bind the RhoA-activating 
proteinn pl90RhoGEF (Zhai et al., 2001). The 
14-3-3pp protein is also not present in focal 
adhesions.. Instead, 14-3-3p is localized at 
thee periphery of the lamellipodium at early 
stagess of cell spreading (Han et al., 2001). 
Thiss suggests that the cytoplasmic proteins 
thatt associate with p i tails at such cell 
edgess differ from those that bind p i in focal 
adhesions.. The presence of 14-3-3p and 
ICAP-11 in the former location suggests that 
thee pi cytoplasmic domain provides an an-
choragee site for two proteins that recruit an 
activatorr of RhoA and its effector ROCK, 
respectively. . 

Twoo recent papers show that ROCK is 
requiredd for the release of the trailing edge 
off migrating blood cells (Alblas et al., 2001; 
Worthylakee et al., 2001). In these studies 
thee localization of ROCK was not inves-
tigated.. Our data show that ICAP-1 and 
ROCKK colocalize in structures reminiscent of 
retractionn fibers in line with a role of ROCK 
inn the release of the rear of the cell. Rear 
releasee has been shown to be the rate-
limitingg step during cell migration at high 
andd intermediate adhesiveness (Palecek et 
al.,al., 1998). Therefore, increased chemotactic 
migrationn upon overexpression of ICAP-1 
(Zhangg and Hemler, 1999) may be due to 
enhancedd ROCK activity in the rear of the 
cell. . 

Changg et al. (1997) and Zhang and 
Hemlerr (1999) assigned different molecular 
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Figuree 6. ICAP- 1 protei n isoforms . Untransfected COS-7 cells (A, B, E) or COS-7 cells transfected with 
FL-ICAP,.20oo (FL-ICAP), N-ICAP,.10o (N-ICAP), C-ICAP10,-2oo (C-ICAP), ICAP-APTB,.57 (APTB) or ICAP-PTB58-2oo (PTB) 
(C,, D, F) were lysed in 1 % NP-40 (A-D, F) or RIPA buffer (E). Supernatant (A-F) and pellet fractions (A, F) were 
subjectedd to SDS-PAGE, blotted and stained with the D33 polyclonal antiserum against ICAP-1 (A, B, E) or the 
mAbb 12CA5 against the HA epitope tag (C, D, F). Lysates were analyzed under non-reducing conditions (A-F) or 
reducingg (100 mM DTT) conditions (D, E). 
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weightss to the ICAP-1 proteins. Chang et al. 
describedd a 20 kD full length protein and a 
166 kD protein representing the splice variant 
ICAP-ipp that lacks part of the PTB domain. 
Inn contrast, Zhang and Hemler showed that 
ICAP-11 is present as 27 kD and 31 kD 
proteins.. In lysates of COS-7 cells we ob-
servedd endogenous ICAP-1 proteins of 16 
andd 27 kD and the 27 kD band is usually the 
mostt prominent one. Upon overexpression 
off HA epitope-tagged full length ICAP-1 in 
COS-77 cells we detected a 27 kD protein 
afterr staining with three different antibodies: 
thee polyclonal antiserum D33 that we 
generatedd ourselves, the polyclonal anti-
serumm CA135 generated by Chang and 
coworkerss (data not shown), and the mouse 
mAbb against the HA epitope. This shows 
thatt the 27 kD form represents the standard 
formm of ICAP-1. A 200-amino acid protein 
hass an expected molecular weight of 22 kD. 
Thee reason for the larger apparent mole-
cularr weight is unknown, but may be due to 
posttranslationall modifications or to struc-
turall properties of the protein. The 16 kD 
variantt may indeed represent the splice 
variantt because it is only present in the 
supernatantt and not in the pellet fraction. In 
somee experiments we detect a 31 kD protein 
andd in endothelial cells this is in fact a major 
form.. It is not clear whether its appearance 
iss due to phosphorylation or to alternative 
splicingg of the ICAP-1 mRNA. Chang et al. 
showedd that a slow migrating form of 
ICAP-11 (without assigning a molecular 
weightt to this form) can be converted to the 
standardd form by activation of endogenous 
phophatases.. In contrast, Zhang and Hemler 
obtainedd data showing that both the 27 and 
311 kD forms of ICAP-1 are constitutively 
phosphorylatedd and that the extent of 
phosphorylationn is increased by integrin-
dependentt cell-matrix interactions. In our 
experimentss the 31 kD isoform was mainly 
presentt in the pellet fraction suggesting 
that,, if phosphorylation events are involved, 
theyy enhance the association of ICAP-1 with 
thee cytoskeleton (data not shown). ICAP-1 
containss consensus phosphorylation sites for 
severall kinases (Chang et al., 1997) but only 

forr Ca2+/calmodulin-dependent protein ki-
nasee I I some data support a role for phos-
phorylationn in ICAP-1 and (31 integrin func-
tionn (Bouvard and Block, 1998). Another 
possibilityy is that ROCK phosphorylates 
ICAP-1.. If so, this phosphorylation may 
affectt the ICAP-ROCK interaction although 
wee observed that ROCK activity is not re-
quiredd for colocalization, at least not when 
overexpressedd in COS-7 cells. Alternatively, 
phosphorylatedd ICAP-1 may recruit other 
proteins.. Our attempts to show that ICAP-1 
iss a substrate for ROCK have, however, been 
unsuccessfull so far. 

Wee found that a proportion of the 
ICAP-11 proteins in cells exists as 40 kD 
disulfide-linkedd dimers. This is surprising 
becausee of the reducing intracellular en-
vironment.. However, although disulfide-
linkedd intracellular proteins are rare, some 
exampless have been described. For in-
stance,, the nm23 nucleoside diphosphate 
kinasess form disulfide-linked dimers in vivo 
(Hambyy et al., 2000; Song et al., 2000). The 
cytoplasmicc domains of the RET receptor 
proteinn tyrosine kinases also form disulfide-
linkedd dimers (Takeda et al., 2001). Stri-
kingly,, nm23 and RET dimer formation was 
enhancedd after applying stress to cells 
(oxidativee and osmotic stress, respectively) 
andd in both cases this enhanced the kinase 
activityy (Song et al., 2000; Takeda et al., 
2001).. The function of the ICAP-1 dimer is 
unknownn at present and whether dimeri-
zationn is influenced by stress remains to be 
determined.. ICAP-1 is unlikely to possess 
kinasee activity but as an adaptor molecule 
itss dimerization may indirectly affect the 
kinasee activity of other proteins, such as 
ROCK.. Alternatively, monomeric and dimeric 
ICAP-11 proteins may fulfill different func-
tionss in different parts of the cell. 

Inn summary we have shown that ICAP-1 
andd ROCK form complexes in vivo and that 
thee two proteins colocalize in cells, together 
withh (31 integrins, in leading edge structures 
ass well as in the trailing edge. These results 
suggestt a role for (31-ICAP-ROCK complexes 
inn processes like cell spreading and migra-
tion. . 
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Summar y y 
Celll migration is essential during embryonic development as well as in the adult organism. 
Forr instance, cell migration is important during wound healing and for the proper functioning 
off the immune system. Cell migration is, however, also involved in diseases such as auto-
immunityy and cancer. In the latter, malignant tumor cells have the capacity to invade tissues 
andd to migrate. In this way malignant tumor cells can enter into and exit blood and lym-
phaticc vessels, which can thus lead to metastases at multiple locations in the organism. This 
iss the most life-threatening aspect of cancer. 

Celll adhesion molecules, including the integrin family, are critically involved in cell migra-
tion.. The extracellular domains of heterodimeric integrins can bind to extracellular matrix 
proteinss and cell adhesion molecules on other cells. The cytoplasmic domain of an integrin 
cann interact with the cytoskeleton. In this way these proteins provide a connection between 
thee outside and the inside of the cell so that contractile forces necessary for cell migration 
cann be exerted. In addition, integrins play a role in signaling processes. Integrins are 
sometimess in an inactive state and do not bind to ligand. Ligand binding can be induced 
fromm within the cell by a process called inside-out signaling. Moreover, after ligand binding, 
integrinss can signal across the membrane leading to the activation of several intracellular 
signalingg pathways affecting e.g. gene expression and cell proliferation. This outside-in 
signalingg is also important for the reorganization of the cytoskeleton which is required for 
adhesion,, spreading and migration of cells. Besides cytoskeletal proteins, many other 
cytoplasmicc as well as membrane-associated proteins are known to interact with integrins 
andd are important for integrin functions. Chapte r 1 describes these interactions and the 
signalingg pathways which are involved in integrin-mediated cell adhesion and migration. 

Chapte rr  2 describes the role of the adhesion molecule CD44 in metastasis formation of 
lymphosarcomaa cells. Alternative splicing of the CD44 mRNA as well as posttranslational 
modificationss of the proteins creates a set of distinct CD44 glycoproteins which bind, among 
others,, the extracellular matrix protein hyaluronic acid. Almost all cell types express CD44 
proteinss and the standard isoform (CD44s) is the most abundant. Several isoforms had 
previouslyy been described to play a role in metastasis formation, predominantly based on 
CD444 expression levels. In particular, expression of CD44s in lymphomas correlated with 
metastasiss formation. To obtain more direct evidence for the supposed role of this protein in 
thiss process we replaced the endogenous CD44 gene in the lymphosarcoma cell line 
MDAY-D22 with a mutated gene by homologous recombination. Two different isogenic 
targetingg constructs were used to inactivate the two alleles of the CD44 gene consecutively. 
Thee obtained knockout cells, which did not express CD44, had lost the capacity to bind to 
hyaluronicc acid. The same was true for a mutant of which only one allele had been 
inactivatedd by homologous recombination whereas the other allele apparently was silenced 
spontaneously.. However, neither the growth of the cells in mice after subcutaneous injection 
norr metastasis formation after intravenous injection was affected by the loss of CD44 
showingg that CD44 is not required for metastasis of lymphomas, at least not for this cell line. 

Inn chapte r 3 the same methodology was used as in chapter 2 but now applied to the (31 
integrinn gene of the lymphoma cell line ESb. In this case three independent knockout cell 
liness were generated. These knockout cells did not bind to pi ligands. The ability of the 
threee knockout cell lines to form metastases in liver and spleen was largely reduced in 
comparisonn with the parental cells. Metastasis did not occur at all or was greatly delayed, 
andd in the latter case occurred in muscle tissue rather than liver and spleen. Finally, we 
couldd revert this phenotype by re-expressing p i integrins to wild-type levels in one of the 
knockoutt cell lines. Thus, for this lymphoma, pi integrins are absolutely essential for efficient 
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metastasis,, particularly to liver and spleen. The results in chapter 2 and 3 show that the 
generationn of mutant cell lines by homologous recombination is a feasible approach to 
analyzee the role of molecules involved in complex biological processes such as metastasis 
formation. . 

Re-expressionn of p i integrins in the ESb knockout cells by conventional techniques as 
describedd in chapter 3 was not easy to achieve. A retroviral transduction system, however, 
turnedd out to be very efficient and led to wild-type expression levels. This allowed us to 
studyy the effect of various mutations within the p i cytoplasmic tail on integrin function in 
bloodd cells. This was relevant for two reasons: almost all blood cells express p i integrins 
endogenouslyy and especially integrins on blood cells are affected by inside-out signaling. We 
havee focussed on the two tyrosine and the two threonine residues in the C-terminal part of 
thee p i cytoplasmic domain because these amino acids are important for p i function in e.g. 
fibroblastss and because homologous residues in other p subunits are important for integrin 
functionn of blood cells. Chapte r 4 describes the effects of these mutations on adhesion, 
invasionn into a cell monolayer in vitro, and metastasis formation in vivo. Cells containing a p i 
subunitt of which both threonines were mutated revealed defects in adhesion, invasion and 
metastasiss formation. Mutation of the N-terminal tyrosine residue had no effect at all on 
thesee processes. Cells expressing a mutant of which both tyrosines were mutated could still 
invadee and metastasize but adhesion of the cells to p i ligands in vitro was largely reduced. 
Becausee the wild-type p2 cytoplasmic tail does not contain tyrosine residues but phenyl-
alaninee residues as in the mutant, we generated a chimeric integrin subunit containing the 
extracellularr and transmembrane domain of pi and the cytoplasmic domain of the p2 
subunit.. Cells that expressed this chimeric subunit behaved similarly as the cells expressing 
thee mutant. Particular amino acids may thus be important for some integrin functions but not 
others.. Moreover, homologous residues in different p subunits do apparently not perform the 
samee functions. For instance, the N-terminal tyrosine residue of the p3 subunit is required 
forr integrin functions in blood cells. 

ICAP-11 was identified as a cytoplasmic protein that binds directly to the cytoplasmic 
domainn of the p i subunit. Based on published data as well as our own data described in 
chapterr 4 it appeared that amino acids in the p i cytoplasmic tail which are important for the 
pl-ICAP-11 interaction are also important for ESb lymphoma cell migration in vitro and in 
vivo.vivo. This suggested a role for ICAP-1 in pi-dependent migration. Upon pi integrin-mediated 
cell-matrixx interactions ICAP-1 becomes phosphorylated. However, the function of ICAP-1 
remainss unknown. To obtain more insight, we performed a yeast two-hybrid screen to 
searchh for proteins that bind to ICAP-1. In chapte r 5 we describe the interaction of ICAP-1 
withh the RhoA effector ROCK, a kinase involved in the formation of focal adhesions and 
stresss fibers. We show that ICAP-1 and ROCK form complexes in vivo and that ICAP-1 
containss at least two binding sites for the kinase. In COS-7 cells, ICAP-1 and ROCK colocalize 
att the cell membrane, especially in ruffles, lamellipodia and retraction fibers. At these sites 
ICAP-11 and ROCK colocalize with p i integrins. Surprisingly, we found that ICAP-1 is present 
inn cells as disulfide-linked dimers despite the reducing intracellular environment. The function 
off these dimers is unknown as yet. ICAP-1, ROCK and p i integrins have all been implicated 
inn cell migration. The presence of the putative pi-ICAP-ROCK complex in structures impor-
tantt for cell migration therefore strongly suggests that the complex has a role in this 
process.. The exact function of the complex requires further investigation. 
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Samenvatting Samenvatting 
Celmigratiee is essentieel zowel gedurende de embryonale ontwikkeling als in het volwassen 
organisme.. Zo is celmigratie bijvoorbeeld van belang tijdens wondheling en voor een ade-
quaatt functionerend immuunsysteem. Celmigratie speelt echter ook een rol in ziekte-
processenn zoals autoimmuniteit en kanker. Kwaadaardige tumorcellen hebben bijvoorbeeld 
hett vermogen om te migreren en zodoende weefsels te invaderen. Zo kunnen kwaadaardige 
tumorcellenn bloed- en lymfevaten binnendringen en weer verlaten, hetgeen kan leiden tot 
vormingg van uitzaaiingen op diverse plekken in het organisme. Dit is het meest levens-
bedreigendee aspect van kanker. 

Celadhesiemoleculen,, waaronder de familie van de integrines, zijn van groot belang voor 
celmigratie.. De extracellulaire domeinen van de heterodimere integrines kunnen binden aan 
extracellulairee matrixeiwitten en aan celadhesiemoleculen op andere cellen. Het cytoplas-
matischee domein van een integrine kan een interactie aangaan met het cytoskelet. Op deze 
manierr vormen deze eiwitten een verbinding tussen de buiten- en binnenkant van de cel 
waardoorr contractiele krachten die nodig zijn voor celmigratie uitgeoefend kunnen worden. 
Integriness spelen ook een rol bij signaleringsprocessen. Integrines zijn soms in een inactieve 
toestandd en binden niet aan hun ligand. Ligandbinding kan van binnen uit de cel worden 
geïnduceerdd door een proces dat Nnside-out' signalering wordt genoemd. Bovendien kunnen 
integriness na ligandbinding signalen over de membraan doorgeven die leiden tot de activatie 
vann verschillende intracellulaire signaaltransductieroutes die bijvoorbeeld genexpressie en 
celproliferatiee beïnvloeden. Deze 'outside-in' signalering is ook van belang voor de reorga-
nisatiee van het cytoskelet die nodig is voor adhesie, spreiding en migratie van cellen. Behalve 
dee cytoskeletaire eiwitten zijn er vele cytoplasmatische en membraan-geassocieerde eiwitten 
bekendd die interacties aangaan met integrines en die van belang zijn voor integrine functies. 
Inn hoofdstu k 1 worden deze interacties en de signaleringsroutes die een rol spelen bij 
integrine-gemedieerdee celadhesie en migratie beschreven. 

Inn hoofdstu k 2 wordt de rol van het adhesiemolecuul CD44 in de vorming van metas-
tasenn door lymfosarcoomcellen beschreven. Zowel alternatieve splicing van het CD44 mRNA 
alss post-translationele modificaties van de eiwitten leiden tot de vorming van verschillende 
CD444 glycoproteïnen die onder andere het extracellulaire matrixeiwit hyaluronzuur binden. 
CD444 eiwitten komen tot expressie op bijna alle celtypen en de standaard isovorm (CD44s) 
komtt het meest voor. Van verschillende isovormen was reeds beschreven dat het expres-
sieniveauu verband houdt met de vorming van metastasen. Vooral de expressie van CD44s in 
lymfomenn correleerde met metastasevorming. Om meer direct bewijs te verkrijgen voor de 
vermeendee rol van dit eiwit in dit proces hebben we het endogene CD44 gen in de iymfo-
sarcoomcellijnn MDAY-D2 door middel van homologe recombinatie vervangen door een 
gemuteerdd gen. Twee verschillende isogene targetingconstructen werden gebruikt om suc-
cessievelijkk de twee allelen van het CD44 gen te inactiveren. De verkregen 'knockoutcellen', 
diee geen CD44 expressie meer hadden, waren niet meer in staat te binden aan hyaluronzuur. 
Hetzelfdee gold voor een mutant waarvan slechts één allel geïnactiveerd was door homologe 
recombinatiee terwijl het andere allel kennelijk spontaan geïnactiveerd was. Echter, noch de 
groeii van de cellen in muizen na subcutane injectie, noch de vorming van metastasen na 
intraveneuzee injectie werd beïnvloed door de afwezigheid van CD44. Dus voor metastasering 
vann lymfomen, althans van deze cellijn, is CD44 niet noodzakelijk. 

Inn hoofdstu k 3 werd dezelfde methodiek als in hoofdstuk 2 gebruikt maar nu toegepast 
opp het p i integrine gen van de lymfoomcellijn ESb. In dit geval werden drie onafhankelijke 
knockoutcellijnenn verkregen. De knockoutcellen hechtten niet meer aan pi liganden. Vor-
mingg van metastasen in lever en milt van de drie knockoutcellijnen was aanzienlijk vermin-
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derd,, zodanig dat vee! muizen overleefden en bij andere muizen de levensduur aanzienlijk 
verlengdd werd met uiteindelijke metastasering in spierweefsel in plaats van lever en milt. 
Tenslottee konden we het vermogen tot metastasering herstellen door p i integrines in een 
vann de knockoutceliijnen weer op het wild-type niveau tot expressie te brengen, p i 
integriness zijn voor dit lymfoom dus absoluut noodzakelijk om efficiënt te kunnen 
metastaserenn naar lever en milt. De resultaten zoals beschreven in hoofdstuk 2 en 3 tonen 
aann dat het mogelijk is gemuteerde cellijnen te maken door middel van homologe 
recombinatiee om zodoende de rol van moleculen betrokken bij complexe biologische 
processenn zoals metastasevorming te analyseren. 

Hett tot expressie brengen van p i integrines in ESb knockoutcellen door middel van con-
ventionelee technieken zoals beschreven in hoofdstuk 3 was niet eenvoudig. Retrovirale 
transductiee bleek echter een efficiënte methode om wild-type expressieniveaus te bereiken. 
Hierdoorr kon het effect van verschillende mutaties in het p i cytoplasmatische domein op 
integrinefunctiee in bloedcellen nader bestudeerd worden. Dit was vanwege twee redenen 
relevant:: bijna alle bloedcellen brengen p i integrines endogeen tot expressie en juist inte-
griness op bloedcellen zijn onderhevig aan 'inside-out' signalering. We hebben ons gecon-
centreerdd op de twee tyrosine en de twee threonine residuen in het C-terminale deel van het 
cytoplasmatischee domain van p i omdat deze aminozuren van belang zijn voor p i functie in 
bijvoorbeeldd fibroblasten en omdat homologe residuen in andere p ketens van belang zijn 
voorr integrine functie van bloedcellen. Hoofdstu k 4 beschrijft de effecten die deze mutaties 
hebbenn op adhesie, invasie in een monolaag van cellen in vitro en metastasevorming in vivo. 
Cellenn met een p i keten waarvan beide threonines waren gemuteerd vertoonden defecten in 
adhesie,, invasie en metasasevorming. Mutatie van het N-terminale tyrosine residue had geen 
enkelenkel effect op deze processen. Cellen die een mutant tot expressie brachten waarvan beide 
tyrosinee residuen gemuteerd waren konden nog wel invaderen en metastaseren maar de 
adhesiee van de cellen aan p i liganden in vitro was sterk gereduceerd. Omdat het wild-type 
cytoplasmatischee domein van de p2 keten geen tyrosines bevat maar net als de mutant 
fenylalanines,, hebben we een chimère integrine keten gemaakt die het extracellulaire en 
transmembraandomeinn van de p i keten bevat en het cytoplasmatische domein van de p2 
keten.. Cellen die deze chimère keten tot expressie brachten gedroegen zich net zo als de 
cellenn die de mutant tot expressie brachten. Bepaalde aminozuren kunnen dus van belang 
zijnn voor sommige integrine functies maar niet voor andere. Verder hebben homologe resi-
duenn in verschillende p ketens kennelijk niet dezelfde functies. Zo is het N-terminale tyrosine 
vann de p3 keten bijvoorbeeld noodzakelijk voor integrine functies in bloedcellen. 

ICAP-11 werd geïdentificeerd als een cytoplasmatisch eiwit dat direct bindt aan het cyto-
plasmatischee domain van de p i keten. Op basis van gepubliceerde gegevens en onze eigen 
gegevenss uit hoofdstuk 4 bleek dat de aminozuren die van belang zijn voor de pl-ICAP-1 
interactiee ook van belang zijn voor migratie van ESb lymfoomcellen in vitro en in vivo. Dit 
suggereerdee een rol voor ICAP-1 bij pl-afhankelijke migratie. Als p i integrines binden aan 
matrixeiwittenn wordt ICAP-1 gefosforyleerd. De functie van ICAP-1 is echter onbekend. Om 
meerr inzicht te verwerven, hebben we een gist 'two-hybrid screen' uitgevoerd en gezocht 
naarr eiwitten die aan ICAP-1 binden. In hoo d stu k 5 beschrijven we de interactie van 
ICAP-11 met de RhoA effector ROCK, een kinase betrokken bij de vorming van focale adhesies 
enn stress fibers. We laten zien dat ICAP-1 en ROCK complexen vormen in vivo en dat ICAP-1 
tenminstee twee bindingsplaatsen voor het kinase heeft. In COS-7 cellen colocaliseren ICAP-1 
enn ROCK aan de celmembraan voornamelijk in ruffles, lamellipodia en retractievezels. Op 
dezee plaatsen colocaliseren ICAP-1 en ROCK met p i integrines. Tot onze verbazing hebben 
wee gevonden dat, ondanks het reducerende intracellulaire milieu, ICAP-1 in cellen dimeren 
vormtt verbonden door zwavel bruggen. De functie van deze dimeren is nog onbekend. Zowel 
p ii integrines als ICAP-1 en ROCK zijn geïmpliceerd in celmigratie. De aanwezigheid van het 
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vermeendee pl-ICAP-ROCK complex in structuren die van belang zijn voor celmigratie 
suggereertt dan ook sterk dat het complex een rol heeft in dit proces. De precieze functie van 
hett complex behoeft nader onderzoek. 
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Dankwoor d d 

Bijnaa 10 jaar nadat ik voor het eerst voet op Hl-grond zette, is het dan eindelijk zover. Op 
hett dankwoord na ligt het manuscript klaar om naar de drukker te gaan. Tijd dus om 
iedereenn te bedanken die eraan heeft bijgedragen. Behalve door te pipetteren of de 
wetenschappelijkee voortgang te overpeinzen kan dat natuurlijk ook door het vergroten van 
dee gezelligheid op de afdeling. Wat dat laatste (en zeker niet het minst belangrijke) punt 
betreftt wil ik alle Hl'ers bedanken die door de jaren heen de afdeling hebben bevolkt. Maar 
sommigee mensen vragen natuurlijk om een persoonlijk woordje. Allereerst wil ik Ed 
bedanken,, de Medline die je, zonder je op de electronische snelweg te begeven, altijd kunt 
raadplegen.. Je enthousiasme voor wetenschap (natuurwetenschap uiteraard) kan extreme 
vormenn aannemen waarbij onder andere je freestylende imitaties van bewegende cellen 
onvergetelijkk zijn. Je optimisme kon ik goed gebruiken op de (zij het schaarse) momenten 
waaropp ik dacht dat mijn gehele oeuvre zo de prullenbak in kon. In een mum van tijd wist je 
mijnn zwartgalligheid om te vormen tot een uitdaging voor de toekomst. De soms gehoorde 
kritiekk dat stafleden geen tijd hebben is zeer zeker niet op jou van toepassing. Ik kon (en 
kann hoop ik) altijd bij je binnenvallen, al is het maar omdat we op één kamer zitten. 
Tenslottee wil ik jou, mijn promotor Anton Berns en de overige leden van de promotie-
commissiee mijn excuses aanbieden voor de enigszins lang uitgevallen introductie. 

Marièttee wil ik bedanken voor de mogelijkheid om mijn stage bij haar te doen. Ik kon 
kiezenn tussen een project bij jou of bij Hans maar ik koos voor het maken van de CD44 
knockout,, al wist ik op dat moment absoluut nog niet wat er allemaal op me af zou komen. 
Felixx wil ik bedanken voor de aanval op het tweede allel, zonder welke er natuurlijk nooit een 
artikell uit dit werk zou zijn voortgekomen. Achteraf gezien is het knockout-project dus geen 
verkeerdee keuze geweest, temeer omdat ik zodoende na mijn afstuderen meteen aan een 
OIO-baann kon beginnen. 

Dee gestadigde drup holt de steen. Na de vruchteloze pogingen om het p i gen in de ene 
cellijnn uit te knocken keerde het tij op het moment dat ik overschakelde op een andere 
cellijn.. Bovendien kreeg ik hulp, eerst van Ellen en later van Yvonne. Ik ben veel dank 
verschuldigdd voor de vele experimenten die jullie voor mij hebben gedaan. De eerlijkheid 
gebiedtt te zeggen dat de enige ervaring die ik met sommige van de gebruikte technieken 
hebb alleen maar bestaat uit het beschrijven ervan in de Materiaal & Methode sectie. In de 
loopp der jaren heb ik ook assistentie gekregen van verschillende stagiaires en studenten. Ik 
will Lucas, Desirée, Esther en Marjan bedanken voor hun inzet al heeft helaas alleen het werk 
vann de laatste twee een weg gevonden naar een artikel. 

Enn dan is er natuurlijk nog Belén. Tijdens mijn OIO-bestaan heeft mijn werk nauwelijks 
overlapp gehad met dat van andere OIO's of postdocs. Daar is dus sinds enige tijd 
veranderingg in gekomen en ik moet zeggen dat dat me uitstekend bevalt. Gezamenlijk 
proberenn we te achterhalen wat ICAP en ROCK nou precies met elkaar van doen hebben 
waarbijj de taakverdeling zich als vanzelf heeft uitgekristalliseerd. Je doorzettingsvermogen 
enn je goede humeur zijn net zo vermeldenswaardig als je vindingrijkheid om (veelal 
tevergeefs)) lekkende gelletjes te rescuen. Van minder eminent belang maar toch: je 
opmerkingenn over de haken en ogen van de Spaanse taal zullen me in de toekomst hopelijk 
behoedenn voor enkele compromitterende situaties. 

Dee tijden zijn veranderd. Zo was het 10 jaar geleden nog normaal dat er op de kamers en 
inn de proefdierkantine werd gerookt. Toen dat niet meer mocht werd er gebruik gemaakt 
vann de balkonkamer alwaar bij goed weer de hele afdeling samendromde om koffie te 
drinken.. Aan dit alles kwam een einde met de komst van Kees. Het resultaat is dat wij rokers 
nuu vriendelijk doch dringend naar buiten worden gedirigeerd. Nu is dat niet zo erg, vooral 
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niett als je niet in je eentje gaat roken. Door de jaren heen is er dus een flinke lijst van 
rookmaatjess ontstaan waarvan Frits, Esther, Reza en Marjan wel tot de hardliners mogen 
wordenn gerekend. Tegenwoordig wordt die rol glansrijk vervuld door Frank. Nu wordt altijd 
beweerdd dat dit gerook de baas veel geld kost maar dat is toch niet helemaal waar. Men zou 
hett meer moeten zien als 5 minuten durende mini-werkbesprekingen (nou ja, niet altijd 
dan).. Hoe dan ook, het is natuurlijk slecht voor je gezondheid. Dus Frank, zullen we maar 
stoppen?? Je kunt het toch? 

Zo,, dat waren de Roosjes. Een bijzondere blijk van dank gaat natuurlijk ook uit naar het 
Sonnénbergg adoptieflab. De tijd (5 voor 12) dat ik als een kelpie de Sonnenbergkudde bij 
elkaarr dreef mag dan wel voorbij zijn maar de lunches worden over het algemeen toch nog 
gezamenlijkk genuttigd. Arnoud wil ik bedanken voor de kritische opmerkingen (you never 
don'tt know) bij de manuscripten voordat die de deur uitgingen. En Duco: je kunt me altijd 
alss referent opgeven als je een carrière als TPG'er ambieert. 

Dirkk wil ik bedanken voor de succesvolle yeast two-hybrid assays en sereens. Het re-
sultaatt is een nieuw project en voor mij het begin van het echte celbiologische en bio-
chemischee werk. En dan zijn er natuurlijk nog de, samen met Ronald en Annemieke, 
regelmatigg terugkerende libaties en copieuze malen. Dit samenzijn met ex-Hl'ers heeft als 
prettigee bijkomstigheid dat je je maar al te goed realiseert dat het op het NKI zo slecht nog 
niett is. 

Mijnn dank gaat ook uit naar de Jalinkjes (ocharm). Jacco, Sijmie en Ontzettend-Lelijk wil 
ikk bedanken voor de pogingen om aan te tonen dat ICAP en ROCK ook 'fretten'. De eindeloze 
enn ongebreidelde platitudes waarmee die gepaard gingen (en hopelijk gaan) maakte dit alles 
tott een waar genoegen. 

Ookk enkele mensen van Proefdieren zijn memorabel. Vooral Henk en Ton wil ik bedanken 
voorr de vele injecties die soms meer weg hadden van ware operaties, en Henk voor het 
beginn van de werkzaamheden op de meest onchristelijke tijden waardoor men mij in elk 
gevall niet voor de voeten kan werpen dat ik altijd laat begin. Tenslotte wil ik Martin be-
dankenn voor het beoordelen van de resultaten van de injecties. 

Enn dan is er nog m'n zusje (al zeg je dat niet van een dertiger). Het duurde effe ('wat 
voorr een nimf?' en 'partenimf toch?') maar uiteindelijk heb je toch het zware ambt van 
paranimff aanvaard. 

Naa de stage en de OIO-baan nu dus een postdocbaan, geen bijzondere drie-eenheid ware 
hett niet dat het bij één en dezelfde groep is. Een groot voordeel is in elk geval dat je voor 
eenn belangrijk deel gevrijwaard bent tegen alle stress bij het afronden van het boekje waar 
anderee promovendi altijd over lamenteren. Voorlopig is Hl , m'n echte alma mater, dus nog 
niett van me af. 
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