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Introduction 
 
Anchorage-dependent cell growth and survival is a hallmark of most normal cells.  The ability of cells to 
adhere to an extracellular matrix (ECM) is mediated by a family of proteins called the integrins.  Integrins 
are transmembrane proteins that form the integral membrane complex that links the ECM to the intracellular 
cytoskeleton [1]. Except for anchorage-dependent growth, integrins also maintain tissue integrity and cell 
polarity within the organism and regulate differentiation.  The integrins are only expressed in the metazoan 
and homologues are not present in prokaryotes, plants or fungi [2].   
 
The integrins  
 
Integrins form a heterodimeric complex consisting of two subunits that are non-covalently linked in a αβ 
configuration.  Presently, there are 18 α subunits and 8 β subunits known that can form 24 different hetero 
dimers [3].  The β1 subunit is promiscuous and binds to 12 different α subunits but other β subunits are more 
restricted and only bind to a single α subunit [3] (Figure 1).  Heterodimerization occurs in the extracellular 
domain where continuous intersubunit contact exists between the βA region of the β subunit and the β-
propeller of the α subunit [4].  An arginine residue that protrudes from the βA region is locked in the core of 
the central channel of the β-propeller by two rings of mostly aromatic amino acids [5].  Interestingly, it has 
also been shown that the heterodimerization of α5β1 integrins depend on the glycosylation of three sites on 
the β-propeller of α5 [6].    
 
Organisms such as Caenorhabditis elegans have one β and two α subunits while Drosophila melanogaster 
has two β and two α subunits [7].  One of the two heterodimers recognizes the tripeptide RGD sequence 
present in ECM components such as fibronectin (FN) and vitronectin (VN) while the second binds to 
basement membrane laminin [3].  In vertebrates these classes are expanded to include collagen receptors 
containing an inserted I/A domain like α1 or α2 and a pair of related integrins that recognize ECM proteins 
like fibronectin and Ig-superfamily cell surface counterreceptors like VCAM-1 (Figure 1) [3].  The ability 
of integrins to adhere to their ligand needs to be regulated in order to promote dynamic processes such 
as migration and cell adhesion.  In the last years, structural biology has provided illuminating new insights 
into regulation of integrin activation.   
 
 

 
 
 
 
Figure 1.  The integrin heterodimers present in mammalian cells are divided into categories by their ability to bind to 
laminin, collagen or RGD-containing protein-containing proteins.  Integrins containing an inserted I/A domain are 
represented as blocked. 
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Figure 2.  A schematic diagram of an integrin and its activation after the opening of its cytoplasmic legs making the 
extracellular ligand-binding site accessible.   
 
Integrins are regulated by the affinity for their ligand that in turn is regulated by the conformation of the αβ 
heterodimer [3].  The extracellular domains of the α and β subunits are in a bend, closed conformation when 
the integrin is inactive, only allowing low affinity binding of ligand.  Different queues can initiate a 
conformational change resulting in an active, open extended position of the integrin.  For example, activation 
occurs when talin binds to the cytoplasmic tail of the integrin and separates the cytoplasmic legs from one 
another which in turn opens the extracellular domains allowing high affinity binding of the integrin to ligand 
(Figure 2) [3].  Therefore, adhesive properties of the integrins can be regulated from inside the cell in a 
process called inside-out signaling but ligand binding outside the cell also influences processes like cell 
growth and gene expression, through outside-in signaling. 
 
At the site of integrin-ligand interactions a protein complex, called the focal adhesion (FA), forms that 
contains more than fifty known interacting proteins and is connected to the intracellular actin cytoskeleton 
[8].  Focal adhesions were first identified as electron dense regions of the plasma membrane (PM) at the cell-
substratum interface in cultured cells [9].  As integrins themselves do not have inherent enzymatic or actin-
binding abilities, proteins associated with the integrins must mediate these activities.  These proteins can be 
divided into three classes according to their localization as shown in table 1 and include proteins in the 
extracellular space, at the cell membrane and in the cytoplasm [8].  FAs not only form the link between the 
ECM and the actin cytoskeleton but also actively govern this linkage and the organization of the 
cytoskeleton.  This regulatory activity is essential for processes like adhesion and migration but also 
influences transcription and protein expression.  The study of FA dynamics was greatly accelerated with the 
advent of fluorescence technology.  GFP-tagged proteins are now used to visualize the localization of FAs 
and to calculate their dynamics and turnover [10].  Several important features have been discovered using 
this technology.  Firstly, using GFP-tagged integrins, FAs can be divided into low-density and high-density 
adhesions.  Secondly, the density of FAs can change dramatically over time.  Thirdly, high- and low-density 
adhesions are located in different compartments within the PM and fourthly, only high-density adhesions 
have mobility or are sliding [10].  Furthermore, we now know that low-density adhesions are formed in 
response to the activity of the small GTPases Rac1 and cdc42 and transform to high-density adhesion 
formation when RhoA GTPase activity increases and acto-myosin contraction occurs [11]. 
 
The Src protein family  
 
As mentioned above signaling from the FA regulates the dynamics of the actin cytoskeleton and its own 
turnover and these processes are mediated by protein tyrosine kinases such as Src. 



 13

 
 
 
  v-Src is the prototype of the Src protein tyrosine kinase family and was discovered as the transforming 
protein in the oncogenic retrovirus, Rous sarcoma virus (RSV) [12].  The Src family contains ten proteins 
with significant homology to Src.  They are Fyn, Yes, Yrk, Blk, Fgr, Hck, Lck, Lyn and the Frk subfamily 
proteins Frk/Rak and Iyk/Bsk (reviewed in: [13]).    
 
Src proteins contain six functional domains as depicted in Figure 3.  The domains are a Src homology 4 
domain (SH4), the unique region, the SH3 domain, the SH2 domain, the catalytic domain and a short 
negative regulatory tail.   The proteins are targeted to the membrane by the myristoylation moiety on the N-
terminal glycine residue [14].  Src is kept in an inactive state by several intramolecular connections that are 
released in a stepwise process when it is activated. The SH2 and SH3 domain bind to the catalytic domain 
preventing it from phosphorylating its substrates [15].  More specifically, the SH3 domain binds to the 
catalytic domain as well as the linker region that lies between the SH2 and the catalytic domain [16] while 
the SH2 domain interacts with the Tyr529 residue in the negative regulatory tail when it is phosphorylated by 
the tyrosine protein kinase Csk [17,18] .   
 
 

 
 
Figure 3.  Diagram of the structure of Src showing the six different domains and the two tyrosine residues involved in 
regulating the proteins activity.   
 
In a recent review Shattil [19] proposes that the first constraint, the interaction of SH3 with the catalytic 
domain, is removed when Src directly binds to the cytoplasmic C-terminal 4 amino acids of integrin β3 
resulting in a primed Src molecule [20].  When αIIbβ3 binds to the multivalent ligand fibrinogen the 
integrins are clustered and their associated Src molecules come in close contact to one another (Figure 4) 
[21].  This allows the autophosphorylation of Src in trans on Tyr418 that is essential for full activation of 
Src.  Simultaneously, clustering would lead to the displacement of Csk [22] and the dephosphorylation of 
Tyr529 by the protein tyrosine phosphatase, PTP-1B [23] making the catalytic cleft accessible.   
Within the FA, active Src can bind to the scaffold protein, focal adhesion kinase (FAK) and subsequently 
phosphorylate a number of sites on FAK that enable the docking of other FA proteins [24].  For example, 
Src-mediated phosphorylation of Tyr925 on FAK allows the recruitment of Grb2 [25] while the Crk-
associated tyrosine kinase substrate p130Cas binds to FAK when the residues Tyr576 and Tyr577 are 
phosphorylated [26].  Src-mediated FAK binding of p130Cas initiates a major signaling route to Rac GTPase 
and lamellipodia formation (Figure 5) [27].  Phosphorylated p130Cas recruits Crk, that in turn recruits the 
Rac1 activating protein, DOCK180 to FAs [28].  This complex then activates RacGTPase that induces 
lamellipodia formation at the leading edge of the cell.  On the other hand, Src-mediated binding of Grb2 to 
FAK initiates a pathway via Sos, Ras and Raf to Mek leading to ERK activation [29].  While these are two 
examples of signaling within the FA, many signaling pathways are initiated from the FA (Figure 5). 

Location Focal adhesion protein 
Extracellular Collagen, fibronectin, heparan sulphate, laminin, proteoglycan, vitronectin 
Transmembrane Integrins, LAR-PTP receptor, layilin, syndecan-4 
Cytoplasmic:      structural Actin, α-actinin, EAST, ezrin, filamin, fimbrin, kindling, lasp-1, LIM nebulette, 

MENA, moesin, nexilin, paladin, parvin, profilin, ponsin, radixin, talin, tensin, tenuin, 
VASP, vinculin, vinexin, MARCKS 

enzymatic Tyrosine kinases: Abl, Csk, FAK, Pyk2, Src, prot. Serine/threonin kinases: ILK, PAK, 
PKC,  
Protein phosphatases: SHP-2, PTP-1B, ILKAP,  
Small GTPase modulators: ASAP1, DLC-1, Graf, PKL, PSGAP, RC-GAP72 

adaptors p130Cas, caveolin-1, Crk, CRP, cten, DOCK180, DRAL, FRNK, Grb7, Hic-5, LIP.1, 
LPP, Mig-2, migfilin, paxillin, PINCH, syndesmos, syntenin, tes, Trip 6, zyxin 

Table 1.  Proteins present in the FA ordered by localization and general function [8].



 14

 
 
Figure 4.  The steps leading to the activation of Src as proposed by S.H. Shattil is a multi-step process dependent on 
integrin binding to fibrinogen and subsequent clustering of the integrins.   

 
Integrins and gene regulation 
 
As depicted in Figure 5 signaling pathways initiated from the integrins via FA proteins can also regulate 
gene expression.  For instance, in cultured mammary epithelial cells it was shown that upon integrin binding 
to ligand, casein transcription is upregulated [30].  In Drosophila, expression of mutants of the integrin βPS 
were used to identify genes whose transcription is compromised
indicating that the integrin is important for gene expression [31].  Moreover, fibroblasts adhering to a mixed 
matrix of FN and tenascin had increased collagenase, stromelysin, gelatinase and c-fos expression [32] while 
the addition of antibodies against the integrin subunits α1 or α2 to cells inhibited stromelysin expression 
[33].  In another study it was shown that α5β1 binding to FN or αvβ3 binding to VN resulted in increased 
Bcl-2 expression mediated by the PI3K-Akt pathway [34].  Lastly, re-expression of αvβ3 expression in a β3-
knockout cell line resulted in increased cdc2 expression along with increased migration [35] while β3 
overexpression in CHO cells led to decreased uPAR expression [36].   
Integrins not only regulate transcription but can also influence other checkpoints of expression.  For 
example, protein expression is altered in platelets from patients with Glanzmann’s thrombastenia during the 
platelet activation response [37] through the regulation of pre-mRNA splicing even though platelets are 
anucleate [38].   
FAs contain proteins that can shuttle between the FA and the nucleus and are involved in transcription or 
mRNA localization.  Treating cells with Leptomycin B to inhibit CRM-1-dependent nuclear export promotes 
the nuclear accumulation of a number of FA proteins such as zyxin family proteins including zyxin, LPP and 
TRIP6 and paxillin family proteins including paxillin and Hic-5 (for review: [39]).  In the cytoplasm zyxin 
regulates the assembly and organization of actin [40] but it accumulates in the nucleus when cells are 
mechanically stimulated while zyxin knockdown influences stretch-induced gene expression [41].  Zyxin 
simultaneously binds to p130Cas and ZNF384 (zinc finger protein 384) linking these two proteins together in 
the nucleus where they influence transcription [39].   
Paxillin is another protein that shuttles between the FA and the nucleus [39].  At FAs it recruits proteins such 
as Crk and influences cell migration [42]. Paxillin binds to the mRNA polyA binding protein, PABP1, in the 
nucleus and assist in the nuclear export of mRNA to sites of translation in the ER but also at the leading edge 
of cells [43].  Localized translation at the leading edge regulated by paxillin and PABP1 was subsequently 
shown to be important for migration and FA turnover [44].  Therefore, integrins can signal through focal 
adhesion proteins to regulate gene expression.   
 
N-glycosylation and its role in integrin-mediated cell adhesion. 
 
As mentioned above some integrins like α5β1 are highly glycosylated and these N-glycan chains are 
important for the heterodimerization of the integrin [6].   
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Figure 5.  A diagram showing a number of pathways originating from the focal adhesion and ultimately regulating 
processes like motility, proliferation and focal adhesion turnover. 
 
More specifically, the N-glycosylation of residues on the extracellular β-propeller domain of the α subunit 
are essential for the dimerization of the integrin [6].  Moreover, inhibition of glycosylation was shown to 
inhibit adhesion of cells to the ECM [6].     
 
What are N-glycan chains?  They are carbohydrate chains consisting of  Glc3Man9GlcNAc2 that are co-
translationally added from the dolichol carrier onto the Asn residue of almost 70% of the Asn-X-Ser/Thr (X≠ 
Pro) motifs exposed to the lumen of the endoplasmic reticulum (ER)(Figure 6) [45].  These chains are 
subsequently trimmed and remodeled upon passage through the Golgi resulting in heterogeneous chains [46].  
Remodeling and addition of N-glycan chains is dependent on the availability of the substrate UDP-N-
acetylglucosamine (UDP-GlcNAc) and determines the heterogeneous mix of modified N-glycan chains on 
receptors [46].   
 
A class of proteins called lectins is characterized by their ability to bind to carbohydrate chains.  Within this 
class one family of proteins, called galectins, binds specifically but with low affinity to β-galactose.  
However, when β-galactose is attached to other saccharides like acetylglucosamine to form N-
acetyllactosamine, galectins can bind with high affinity [47].  Branching of the N-glycan chains into tri- or 
tetra-antennary forms in the trans-golgi creates the high affinity ligand galectins preferentially binds to [46].  
Galectins are defined by the conserved, 130 amino acid long carbohydrate-recognition-binding domain 
(CRD) [48].  Thus far 14 mammalian galectins have been identified but homologues are also present in 
plants, fungi, sponges, nematodes, insects and viruses, but not in yeast [49].  Based on the number and 
organization of the CRD, galectins can be divided into three subtypes.  These are (1) the prototype group 
consisting of galectin-1, -2, -5, -7, -10, -11, -13, and -14 and characterized by the presence of a single CRD, 
(2) the chimera group consisting only of galecin-3 that contains a single CRD connected to a long N-
terminal proline- and glycine-rich region and (3) the tandem repeat group consisting of galectin-4, -
6, -8, -9, and –12 characterized by the presence of two CRD domains [48].  
The CRD is responsible for the binding to N-glycan side chains.  While all galectins bind to the basic 
disaccharide unit, Galβ1-3/4GlcNAc, some specificity has been observed due to different affinity for 
branched, repeated or substituted glycan chains [47].    
 
Of all the galectins, galectin-3 has been studied most since it has been recognized as a prognostic marker in 
different cancers [50].  Galectin-3 expression is a poor prognostic marker in colorectal cancer [51] while 
overexpression of galectin-3 in gastric cancer is correlated with metastasis formation [52].  Expression of 
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galectin-3 has been observed in non-small-cell lung cancer [53] and medullary thyroid carcinoma [54].  
Interestingly, it was reported that galectin-3 is expressed in normal mammary ducts and lobules of the breast 
but this expression is downregulated in cancers of these tissues, correlating with increasing histologic grade 
[55]. 
 
 

 
 
Figure 6.  The addition and modification of N-glycan chains to integrins as it passes through the endoplasmic reticulum 
and the Golgi.   

 
 
Galectin-3 was first identified as a cell surface antigen of peritoneal macrophages called Mac-2.  Synonyms 
for galectin-3 include CBP-35, εBP, RL-29, Hl-29 and L-34, LBP or non-integrin laminin binding protein 
[56].  Galectin-3 is expressed in a number of tissues including macrophages, neutrophils, mast cells, 
gastrointestinal epithelia, kidneys and neurons [56]. 
 

 
 

 

Structure Group Galectin 

 
prototype 1,2,5,7,10,11,13,14 

 
chimera 3 

 
Tandem repeat 4,6,8,9,12 

Table 2.  The galectin family is organized into three groups according to their domain structure. 
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Galectin-3 contains one CRD attached to a long, flexible, 100-150 amino acid long N-terminal region made 
up of homologous repeats each including the consensus region Pro-Gly-Ala-Tyr-pro-Gly [49], [56].  The N-
terminus does not bind to carbohydrates itself but is essential for the activity of the protein and capable of 
protein-protein interactions [49].  Moreover, the N-terminus is important for the secretion of galectin-3 
through a novel but unknown pathway [57].   
The CRD of galectin-3 is responsible for the preferential binding to N-acetyllactosamine [49].  Within the 
protein sequence of the CRD the NWGR motif is of interest since it is homologous to the highly conserved 
motif within the BH1 domain of Bcl-2 proteins that is responsible for the anti-apoptotic activity of both Bcl-
2 and galectin-3 [58].  The structure of the CRD with two anti-parallel β-sheets composed of five and six β-
strands is typical for all galectins [59].     
Although galectin-3 has a single CRD it has multivalent binding properties [60].  It was shown that galectin-
3 precipitates as a pentamer in the presence of ligand [61], while FRET was used to show that galectin-3 can 
form pentamers on the extracellular surface of cells [62].  Therefore, while galectin-3 exists in solution as a 
monomer it is assumed that ligand binding induces its oligomerization.   
 
Galectin-3 is found at the plasma membrane, but has also been observed in the extracellular space, in the 
nucleus and in the cytoplasm [49] where it can bind to a large number of proteins (Figure 7).  As mentioned 
above, galectin-3 binds to Bcl-2 and inhibits apoptosis [58,63].  Galectin-3 also binds other proteins involved 
in apoptosis and cell survival such as CD95, a member of the death receptor family [64] and nucling, a 
regulator of apoptosis and this interaction induces apoptosis.  Nucling also regulates the expression of 
galectin-3 by interfering with NF-κB activation [65].  Moreover, it was shown that galectin-3 interacts with 
K-Ras.  Interestingly, it has a higher affinity for activated K-Ras-GTP than for inactive K-Ras-GDP [66].  By 
binding to K-Ras-GTP, galectin-3 increases ERK activation and induces apoptotic resistance and anchorage-
independent cell growth [67].  
Some controversy still exists about the mechanism responsible for the import of galectin-3 into the nucleus.  
It is known that galectin-3 is present in the nucleus in some cells types but this is not a general characteristic 
[49].  Galectin-3 associates with ribonucleoprotein complexes [68] and assists in the assembly of 
spliceosomes [69].   Nuclear galectin-3 is also implicated in the regulation of transcription by stabilizing 
transcription factors to CRE and SP1 sites present in the cyclin D1 promoter region [70].  Other genes such 
as cyclin A, cyclin E, p21WAF1/CIP1 and p27KIP1 also contain these sites and are regulated by galectin-3 
expression (Figure 7) [71].   
 
Galectin-3 is secreted into the extracellular space through an unknown mechanism since the protein contains 
no signal motif.  In the extracellular space it can bind to a myriad of receptors that influence various 
processes.  Except for binding to cell surface receptors, galectin-3 can also bind to a variety of extracellular 
proteins (Figure 7).  ECM proteins that carry the tri- and tetra-antennary complex-type glycans such as 
laminin [72], fetal-derived fibronectin [72] and tenascin [73] are excellent galectin-3 ligands.  Cell surface 
receptors like integrins have also been shown to directly interact with galectins.  For instance, it has been 
shown that galectin-1 binds to α7β1 in myoblasts [74], galectin-3 to α1β1 [75] and galectin-8 to α3β1 [76].  
Furthermore, galectin-1 and galectin-3 can bind to the α subunit of αMβ2 on macrophages [77,78].   
There is direct evidence for a role of galectin-3 in cell adhesion.  Addition of exogenous galectin-3 at low 
concentrations blocks adhesion of fibroblasts to laminin [75].  On the other hand, addition of increasing 
amounts of galectin-3 to neutrophils strengthened cell adhesion to fibronectin [79].  Moreover, 
overexpression of galectin-3 in the breast carcinoma cell line, BT549,  leads to increased adhesion to laminin 
and collagen IV [80].  The role of galectin-3 in adhesion has been highlighted by studies in mice lacking the 
enzyme N-acetylglucosaminyl transferase (Mgat5) that catalyzes the formation of the tri- and tetra-antennary 
N-glycans that galectin-3 recognize.  In Mgat5 knockout mouse, cells adhere poorly to FN and fibronectin 
fibrillogenesis is strongly inhibited, while knockdown of galectin-3 also inhibited fibrillogenesis suggesting 
that the proper glycosylation of integrins such as α5β1 is important for the binding of galectin-3.  The 
interaction between galectin-3 and integrins mediates cell adhesion and fibrillogenesis [81].    
 
An overview of the structure and function of the MARCKS protein family. 
 
The actin cytoskeleton is essential for the ability of cells to maintain their shape and needs to be actively 
regulated during cellular processes like migration and spreading.  The integrins regulate the actin 
cytoskeleton through their effect on the localization and activity of downstream proteins.  There are a large 
number of actin-interacting proteins of which the family of MARCKS proteins is one.   
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The MARCKS family consists of two related proteins, MARCKS and MacMARCKS.  MARCKS, which 
stands for myristoylated alanine rich C-kinase substrate is a 32kD protein that is ubiquitously expressed 
while MacMARCKS or macrophage related MARCKS, also called MRP, MLP or F52 is a 20kD protein 
mainly expressed in the brain, the reproductive tissue and macrophages [82], [83].  Both proteins are highly 
acidic which results in a higher apparent molecular weight when analyzed by SDS-PAGE.  The proteins in 
this family have three characteristic motifs (Figure 8a).  The N-terminus is myristoylated on the glycine  
residue present directly after the initial methionine residue.  Myristoylation occurs when a C14 saturated fatty 
acid is added to the amino group of a glycine residue via an amide bond [84].   
 

 
 
Figure 7.  A schematic representation of the interactions between galectin-3 and cellular proteins at different locations. 
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The myristoylation moiety can penetrate into the hydrophobic core of lipid bilayers and in so doing can 
anchor proteins to lipid membranes.  A MH2 domain, or MARCKS homology 2 domain (GQENGHV) in the 
N-terminal half of MARCKS and MRP is homologous to a region within the cytoplasmic tail of the cation-
independent mannose-6-phosphate receptor [84].  While no function for this motif has been identified, it is 
part of a region of the mannose-6-phosphate receptor that contains many sorting motifs regulating the 
localization of the receptor.  Lastly, a central region called the effector domain (ED) is present in both 
proteins [85].  This region is basic due to the lysine residues but the region also contains several serine 
residues that can be phosphorylated by PKC (Figure 8b).  Moreover, the ED interacts electrostatically with 
negatively charged phospholipids present in membranes [86].  Except for the features the ED of MARCKS 
and MRP have in common there are also some differences.  Within the MARCKS ED there are four serine 
residues while in the MRP ED one central serine residue is replaced by a proline residue (Figure 8b) [84].  
Of the four serine residues in the MARCKS ED three are in a consensus site for PKC phosphorylation while 
in the MRP ED only two serines are phosphorylated by PKC [87].   
Other phosphorylation sites have been identified that are outside of the ED.  Within the C-terminus of 
MARCKS two serine residues (serine-291 and serine-299 in rat) followed by proline residues are 
phosphorylated by proline-directed kinases [88].  A third site for proline-directed kinases in the N-terminus 
(serine-25 in rat) is specifically phosphorylated in differentiating chick neurons [89,90].  Two proline-
directed kinases were identified that can phosphorylate MARCKS, namely cdc42 kinase and tau protein 
kinase II (TPKII) [91].  A potentially important finding is that mitogen-activated kinase (MAPK) 
phosphorylates MARCKS at serine-113 [92].  MAPK is responsible for the long-term phosphorylation of 
MARCKS in glutamate–stimulated rat hippocampal neurons [93] but the function of this phosphorylation is 
still not known.     
 
 

 
 
 
Figure 8.  (a) The structure of MARCKS proteins showing the different domains.  (b)  Sequence comparison of 
different domains of MARCKS and MRP.  Within the effector domain phosphorylated serine residues are in bold and 
the proline residue replacing a serine residue in MRP is represented in italics.   
 
Proteins involved in transformation regulate MARCKS expression.  For instance, cells transformed by the 
expression of v-Jun [94] or NIH3T3 cells transformed by p21-Ras or pp60-V-Src have reduced MARCKS 
levels [95].  Another factor that regulates not only MARCKS but also MRP expression is lipopolysaccheride 
(LPS).  In two reports it was shown that LPS induces a rapid increase in the expression of both proteins in 
microglia [96], [97].   
 
A number of proteins have been identified that associate with MARCKS and MRP.  The Ca2+ regulated 
protein calmodulin can bind to the ED of MARCKS when it is activated by increased intracellular Ca2+ 
levels [98].  This association between calmodulin and MARCKS prevents the phosphorylation of the serine 
residues within the ED [99].  However, in smooth-muscle cells PKC activation triggers CaM translocation 
from the plasma membrane to the cytoplasm before MARCKS is translocated.  The authors suggest that the 
function of MARCKS is to target CaM to the plasma membrane and release it in a PKC-dependent manner 
to contribute to CaM-mediated signaling in differentiating smooth-muscle cells [100].  Different reports 
show that MARCKS and MRP can associate with F-actin [101], [102].  Moreover, full-length MARCKS can 
induce the aggregation of filamentous F-actin in vitro and this ability is regulated by PKC phosphorylation of 
the ED [101].  The ED of MARCKS is responsible for the aggregation of F-actin as an isolated ED is still 
able to induce aggregation [101].  However, it was also shown that myristoylation of the full-length protein 
enhances its actin polymerizing activity probably by changing the proteins conformation [103]. 
Subsequently, it was shown that the MARCKS ED has two distinct actin-binding sites; one in the N-terminal 
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part (KKKKK) and one in the C-terminal part (KKNKK) [104].  The ED of MARCKS and MRP are 96% 
identical and it was assumed that it would have the same actin aggregation ability.  However, while MRP can 
bind to F-actin and the isolated ED is very efficient in F-actin aggregation [105], the full-length protein does 
not induce F-actin aggregation [106].   
 
Diverse functions have been suggested for MARCKS and MRP but most of these can be related to their 
ability to regulate the cortical actin network.  The cortical actin network is a mesh of actin filaments present 
just below the plasma membrane that acts as a barrier for vesicle movement in and out of the cell and is 
involved in the regulation of cell shape, cell spreading and the formation of cell extensions [107].   
After egg activation, cortical granule exocytosis (CGE) is initiated to block polyspermy [108].  MARCKS 
was shown to be important during GCE because inhibition of MARCKS phosphorylation reduced the 
relaxation of the cortical actin network thereby preventing CGE [109].  Later, during embryogenesis 
MARCKS regulates cortical actin formation, cell adhesion, formation of protrusions and cell polarity during 
gastrulation [110].   
In different respiratory diseases such as asthma and chronic bronchitis mucin hypersecretion has been 
observed [111].  MARCKS is required for mucin secretion from bronchial epithelial cells in vitro [111].  
Subsequently, in a mouse model of asthma it was shown that a peptide corresponding to the N-terminus of 
MARCKS was able to inhibit mucin hypersecretion from goblet cells providing a possible therapy for these 
respiratory diseases [112].  Chromaffin cells store their secretory products in vesicles close to the PM.  
MARCKS phosphorylation results in F-actin disassembly and potentiation of secretion of these vesicles 
[113].  Together, these data show that MARKCS is important for exocytosis by regulating the rigidity of the 
actin cortical network.  Dendritic spine formation and maintenance is an F-actin dependent process and 
knockdown of MARCKS expression or expression of a pseudophosphorylated MARCKS results in reduced 
spine density and size [114].  The reduction in size is accompanied by a reduction of F-actin content in the 
spines [114].   
Another process that involves actin reorganization is cell spreading.  Multiple reports suggest that both 
MARCKS and MRP are involved in cell spreading [115-119].  First, it was shown that expression of a 
MARCKS mutant containing two palmitoyl residues results in the permanent anchorage of the protein to the 
plasma membrane and inhibits fibroblast spreading on fibronectin [119].  Conversely, when MARCKS is 
expressed in tumor-derived choroidal melanoma cells that do not express MARCKS, spreading, tyrosine 
phosphorylation of paxillin and focal contact formation is increased [118].  A detailed study of cell spreading 
showed that during initial adhesion integrin-mediated activation of PKC causes the translocation of 
MARCKS.  This translocation is important as mutants of MARCKS that can not be phosphorylated inhibit 
cell adhesion [116].  Dephosphorylation and relocation back to the plasma membrane of MARCKS was 
shown to be important during later stages of cell spreading [116].   
 
The group of Jianxun Li implicates MRP in integrin-mediated cell adhesion and cell spreading in a series of 
papers.  Firstly, they show that the expression of an ED-deletion mutant of MRP inhibits PMA-stimulated 
macrophage spreading [117].  Next, using single particle tracking they implicates MRP in the diffusion of β2 
integrins on the cell surface and they argue that the PKC-mediated relaxation of the cortical actin network by 
the phosphorylation of MRP is important for the diffusion of the integrin [120].  Intriguingly, MRP binds 
directly to dynamitin [121].  Dynamitin is a subunit of dynactin, the regulator of the minus-end motor protein 
dynein [121].  It was shown that dynamitin and MRP associate with one another at the plasma membrane but 
that after phosphorylation of MRP by PKC, the interaction is lost while both proteins translocate away from 
the plasma membrane [121].  Disruption of the microtubule network has long been known to inhibit cell 
spreading, especially in macrophages [122].  Now the interaction between dynamitin and MRP is implicated 
in cell spreading as overexpression of dynamitin abrogates the necessity for an external PKC activation 
signal leading to MRP phosphorylation to initiate of cell spreading [123]. 
MARCKS and MRP not only bind to proteins but also associate with lipids.  More specifically, both proteins 
can associate with negatively charged phospholipids because of an electrostatic interaction with the 
positively charged ED [86].  The ED of MARCKS binds to phosphatidylserine and phosphatidylglycerol 
resulting in its own phosphorylation while the binding of the ED to phosphatidic acid, phosphatidylinositol 
(PI), phosphatidylinositol-4-phosphate, and phosphatidylinositol-4, 5-biphosphate (PIP2) results in the 
inhibition of its own phosphorylation [124].   
 



 21

The binding and sequestration of PIP2 is seen as a very important function of MARCKS [125].  In this paper 
it is argued that cellular MARCKS sequesters the majority of PIP2 in the plasma membrane and protects it 
degradation [125].  This pool of PIP2 can be released when MARCKS is phosphorylated.      
The association of the ED and the myristoylation moiety with membranes is important for MARCKS and 
MRP to associate with the plasma membrane.  A model for the binding of MARCKS and MRP to the plasma 
membrane and the regulation of this binding has been proposed and is called the myristoyl-electrostatic 
switch model (Figure 9) [126].  According to this model, MARCKS and MRP will associate with the plasma 
membrane by inserting the myristoyl moiety into the lipid bilayer, bringing the ED to in close proximity to 
the membrane, allowing the electrostatic interaction between the positively charged ED and the negatively 
charged phospholipids and thus generating a stable association between the protein and the PM [126].  Upon 
phosphorylation of the serine residues within the ED by PKC, the positive charge of the ED is reduced 
leading to the dissociation of the ED from the lipid membrane, weakening the association between the 
protein and the plasma membrane and subsequently resulting in the translocation of the protein away 

 

 
 
Figure 9.  The myristoyl electrostatic switch model predicts that the phosphorylation of the effector domain results in 
the translocation of MARCKS and upon subsequent dephosphorylation it associates with lysosomes.  Through an 
unknown pathway MARCKS returns to the plasma membrane.  Binding of calmodulin inhibits phosphorylation and 
plasma membrane binding of MARCKS. 
 
from the plasma membrane to the cytoplasm.  It has also been shown that after several hours cytoplasmic 
MARCKS is dephosphorylated and re-associates with the membranes of internal vesicles like lysosomes 
[116].   
While this model has been experimentally tested for MARCKS it is still unknown if MRP behaves in the 
same way.  Moreover, some differences between MARCKS and MRP suggest that it is possible that MRP 
does not behave exactly the same as MARCKS.  For instance, it was shown that MRP has a 100-fold lower 
affinity than MARCKS for vesicles containing negatively charged phospholipids [87].  Moreover, the 
phosphorylation of MARCKS inhibited its affinity while phosphorylation of MRP did not have an effect on 
its affinity for these vesicles [127].  Also, MARCKS does become cytoplasmic when phosphorylated but no 
data is available that MRP becomes cytoplasmic although it does translocate away from the plasma 
membrane after PKC activation [121].   

 
Scope of this thesis  
 
It has been reported that the re-expression of the integrin β1 in the mouse embryonic β1 knockout cell line, 
GE11, causes dramatic changes in morphology and influences the activity of an important signaling 
molecule, RhoA [128].  Later studies showed that the overexpression of another integrin subunit, β3, induces 
a different morphology.  This is partially related to the fact that β3, in contrast to β1, does not increase the 
activity of the small GTPase, RhoA [129].  Moreover, FA turnover and migration of the cell lines expressing 
β1 or β3 are different suggesting that the integrins initiate distinct signaling pathways [130].   
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As discussed in this introduction, integrins can mediate signaling pathways leading to the regulation of gene 
expression.  Since dramatic changes were observed in the morphology of GE11 cells when either β1 or β3 
integrins were introduced we hypothesized that gene expression would also be altered.  In chapter 2, we 
analyzed the gene expression of cells expressing β1 and identify three genes.  Thymosin β10 and IGFBP-4 
are both downregulated when β1 is introduced in cells while galectin-3 is upregulated.  We further analyze 
the role of galectin-3 and its relation to the integrin and suggest that galectin-3 assists in integrin-mediated 
adhesion.  In chapter 3, we analyze the effect of β3 overexpression on gene expression and identify one 
gene coding for MRP that is downregulated.  We demonstrate that while the Ras/MAPK pathway regulates 
the basal level of MRP expression, β3 overexpression bypasses this to downregulate MRP.  In chapter 4, we 
continued to investigate MRP and test if the myristoyl-electrostatic switch model applies to the regulation of 
MRP membrane binding just like it does for MARCKS.  Using different techniques we show that MRP is 
targeted to the plasma membrane by the association of the ED to PIP2 but that phosphorylation of the protein 
leads to a rapid relocation to vesicles we identify as late endosomes and lysosomes.  We further show that 
the ED is not essential while the myristoylation motif is sufficient for membrane binding.  We conclude that 
the model is only partially supported by the behavior of MRP because there is no cooperation needed 
between the myristoyl moiety and the ED for membrane binding.  However, the ED is important for the 
proper targeting of the protein and the phosphorylation of the ED results in the rapid relocalization of MRP.  
Lastly, the cooperation between integrins and oncogenes is analyzed in chapter 5 by investigating the role of 
the integrin in the oncogenic transformation by primed Src.  We show that primed Src transforms cells in the 
presence of β3 but not of β1.  The cytoplasmic tail of β3 is essential for this transformation confirming that 
Src and β3 have a functional connection.    
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Reconstitution of the integrin β1 in β1-knockout cells results in dramatic changes in morphology, 
migration and RhoA activity.  Considering these dramatic changes we hypothesized that gene 
regulation might also be affected.  We used micro array analysis to evaluate gene transcription in cells 
with or without β1 and identified three genes whose transcription is regulated by β1.  Of these three 
only the transcription of the gene coding for the galactose binding lectin galectin-3, is highly increased.  
Furthermore, our data shows that β1, but not β3, regulates galectin-3 expression while the expression 
of only one other galectin family member, galectin-1, is increased by β1 and β3.  Therefore, increased 
galectin-3 expression is a specific β1-mediated effect.   Further investigations show that the 
extracellular domain and more specifically the presence of the hypervariable region within the I-like 
domain of β1 is required for increased galectin-3 expression.  Since this region has also been shown to 
regulate RhoA GTPase activity, we investigated if RhoA is important for galectin-3 expression.  Using 
different approaches we show that RhoA activity does not regulate galectin-3 expression.  
Furthermore, functional analysis reveals that galectin-3 promotes cell adhesion to fibronectin and 
migration.  However, galectin-3 is not involved in β1-mediated fibronectin fibrillogenesis or the 
maintenance of cell morphology.  In conclusion, β1 increases galectin-3 expression through a RhoA-
independent pathway in order to increase cell adhesion and migration.       
 
Introduction 
 
Integrins are heterodimeric transmembrane glycoproteins that bind to the extracellular matrix in order to 
facilitate cell adhesion and relay extracellular signals to the cell interior.  These signals can regulate different 
processes such as proliferation, migration, survival and differentiation (1).  Integrin mediated cell signaling 
also plays a role in the regulation of gene expression.  For instance, the binding of α5β1 to fibronectin or of 
αvβ3 to vitronectin leads to an increase in Bcl-2 transcription (2).  Moreover, re-expression of αvβ3 in β3 
knockout cells results in an increase in cdc2 expression (3) while the overexpression of β3 leads to the 
downregulation of MacMARCKS (4) and of uPAR expression (5) .   
 
Previously, we have shown that the expression of the β1 integrin subunit in the β1-knockout cell line GE11, 
(called GEβ1) results in the loss of cell-cell contacts and induces changes in the actin cytoskeleton while it 
also leads to increased RhoA GTPase activity, migration, cell adhesion and fibronectin fibrillogenesis (6;7).  
We hypothesized that the expression of β1 would affect gene transcription.  Indeed, micro array analysis 
identified two genes whose transcription were reduced by β1 expression namely those coding for Thymosin-
β10 and Insulin-like growth factor binding protein-4 (IGFBP-4)) while the transcription of the gene coding 
for the β-galactose binding lectin galectin-3, was highly increased in GEβ1 cells.   
Thymosin-β10 is a G-actin sequestering protein (8) and IGFBP-4 plays a role in Insulin growth factor (IGF) 
binding to its receptor (9).  Since galectin-3 has previously been shown to interact with β1 integrins and 
modulates adhesion it was chosen for closer investigation (10).   
 
The β-galactoside-binding lectins, also known as galectins, are a family consisting of 15 highly conserved 
proteins that bind to glycosylated proteins through their carbohydrate recognition domain (CRD) (10).  The 
galectin family can be divided into three structural groups.  The prototype group includes galectins that have 
a single CRD while the second group, called the tandem repeat group consists of galectins containing two 
CRDs.  Galectin-3 is unique in that it contains a single CRD attached to a long N-terminal proline- and 
glycine-rich region (10).  Increased galectin-3 expression has been used as a marker for a poor prognosis in a 
number of cancers such as colorectal cancer (11), non-small-cell lung cancer (12) and medullary thyroid 
carcinoma (13).   
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Galectin-3 is present in the nucleus and cytoplasm, but it can also be found on the cell surface (14) where it 
can bind to integrins such as α1β1 (10), αMβ2 (15), and α7β1 (16) or to the T-cell receptor complex on T-
cells (17).   
 
In addition to binding to cell surface receptors, galectin-3 can bind to extracellular matrix (ECM) proteins 
such as laminin and fibronectin (18).  While cell adhesion to the ECM is mainly mediated by integrins, 
galectins can modulate this interaction.  For instance, it has been shown that overexpression of galectin-3 can 
protect cells from anoikis by improving integrin-mediated adhesion (19).  Moreover, galectin-3 is expressed 
at higher levels in metastatic breast carcinoma cells when compared to non-metastatic cells and these 
metastatic cells adhere better to endothelial cells (20).   
 
In this report, we show that the reconstitution of β1, but not the overexpression of β3, in the β1 knockout cell 
line GE11, results in increased galectin-3 expression.  Not only galectin-3 but also galectin-1 expression was 
increased by β1.  Galectin-1 expression is not specifically regulated by β1 since β3 overexpression also led 
to higher galectin-1 expression levels.  Studies using different β1 mutants indicate that the presence of the 
hypervariable region of the I-like domain of β1 is required for galectin-3 expression.  Although this region of 
β1 has been shown to regulate RhoA GTPase activity (21), we could not demonstrate that galectin-3 
expression is regulated by RhoA.  Furthermore, functional studies show that galectin-3 enhances adhesion to 
the ECM protein, fibronectin, and increases migration.  However, the RhoA-dependent effects on fibronectin 
fibrillogenesis and cell morphology (6) are not regulated by galectin-3.  Therefore, β1 specifically regulates 
the expression of galectin-3 independently of RhoA activity in order to enhance integrin-mediated cell 
adhesion and migration. 
 
Experimental procedures 
 
Antibodies and other materials 
 
The monoclonal anti-paxillin Ab (clone 1665) and anti-human β1 TS 2/16 Ab (clone 18) were obtained from 
BD Transduction Labs, rat anti-mouse galectin-1 Ab was obtained from R&D systems and the monoclonal 
galectin-3 Ab was from Abcam (clone A3A12).  Tubulin was detected with an anti-α-tubulin monoclonal Ab 
from Sigma.  The RhoA monoclonal Ab (clone 26C4) was obtained from Santa Cruz.  Texas Red conjugated 
Phalloidin and TOPRO-3 were obtained from Molecular Probes.  Texas Red- and FITC conjugated 
Streptavidin were purchased from Pierce Chemical Co., and human plasma fibronectin and biotinylated-
fibronectin were prepared as described previously (6).  Rho kinase (ROCK) was inhibited with the ROCK 
inhibitor Y27632 from Sigma.  
 
Cell lines 
 
GE11 cells and GE11 cells re-expressing the human β1, overexpressing the human β3 integrin subunit or 
expressing the chimera integrin subunit β1-3 have been described previously (6;7). Cells were cultured in 
DMEM with 10% fetal calf serum (FCS), penicillin and streptomycin at 37 oC with 5% CO2. The cDNA 
encoding β1-3-1 was kindly provided by Dr. Yoshikazu Takada (University of California Davis Medical 
Center, Sacramento, California, USA).  The pcDNA3 Q63L RhoA-GFP construct was kindly provided by 
Dr. Sylvia Gutkind (NIH, Bethesda, Maryland, USA) (22). 
 
Micro array analysis 
 
Micro array slides were prepared at the central microarray facility (CMF) at the Netherlands Cancer Institute. 
A list of genes is available at http://microarrays.nki.nl/download/geneid.html. Cell lines were grown in 
DMEM with 10% FCS overnight before total RNA was isolated, labeled and hybridized and analyzed as 
described at http://microarrays.nki.nl/download/protocols.html.   
 
Northern blot analysis 
 
Clones of identified genes were obtained from the CMF and used to make probes for Northern blot analysis.  
The following primers were used: thymosin β10 AGACGCAGGAGAAGAACACC and 
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ACGCGTACGTAAGCTTGGAT, galectin-3 TACCCAGGAAAATGGCAGAC and 
GATAGCCTCCAGGAGCACTG, IGFBP-4 GGAGTCTGAGTCCTGGCTGT and 
AATCGGAGGAAATCACAACG.  Total RNA was isolated using guanidine-isothiocyanate (GIT) as 
described previously (4).  Northern blots were performed using standard protocols.  
 
Western blot analysis 
 
Cells were seeded on culture plates and grown overnight before being washed with PBS and lysed in 1x 
protein loading buffer (62.5 mM Tris-HCl, pH 6.8, 20% glycerol, 2% SDS, 5% mercaptoethanol).  After the 
samples were boiled for 3 minutes they were centrifuged for 2 minutes at 14,000 rpm.  Samples were loaded 
onto SDS-PAGE gels, separated and transferred to polyvinylidene difluoride membranes (Millipore) and 
analyzed by Western blotting followed by ECL using the Super signal system (Pierce Chemical Co.). 
 
Realtime PCR 
 
To quantify different galectin mRNA levels, realtime PCR was performed using the iCycler (Biorad).  Each 
galectin was measured in a total volume of 25 µl containing 1.5 µl cDNA, 12.5 µl iQ SYBR Green Supermix 
(Biorad) and 400 nM of both the forward and reverse primer. As negative control, the cDNA was replaced 
by milliQ. The primers used for this study were designed to target specific murine galectins as described 
previously (23). As standard control, primers targeted against cyclophilin A, β-actin and HPRT-1 were used. 
All primers were synthesized by Eurogentec and each sample was analyzed in quadruplicate. The 
comparative Ct method was used to calculate differences in mRNA expression between GE11 and GEβ1 
cells. For this, the Ct value of each sample was normalized to the geometric mean of the three reference 
genes ([delta]Ct = Ct,sample - (Ct,cyclo*Ct,actin*Ct,HPRT)1/3). Subsequently, the fold difference in expression was 
calculated as 2-[delta][delta]Ct, with [delta][delta]Ct = [delta]Ct,GE11 - [delta]Ct,GEB1. The Mann-Whitney rank sum 
test was used to identify statistical significant differences between [delta]Ct-values of GE11 and GEB1. All 
statistical analyses were performed in SPSS12.0. 
 
Immunofluorescence and flow cytometry 
 
For immunofluorescence cells were fixed in 2% paraformaldehyde for 15 minutes and permeabilized with 
0.2% Triton X-100 for 5 minutes with washing with PBS in between steps. Coverslips were subsequently 
blocked with 2% BSA in PBS for 1 hour at room temperature (RT). Coverslips were incubated with primary 
antibodies for 1 hour at RT, washed three times in PBS and incubated with FITC- or Texas Red-conjugated 
secondary antibody (Jackson ImmunoResearch Laboratories) for 1 hour at RT. Slides were mounted in 
MOWIOL 4-88 solution supplemented with DABCO (Calbiochem) and examined with a confocal Leica 
TCS NT microscope.   
For FACS analysis cells were trypsinized, washed twice in cold PBS supplemented with 2% FCS and 
incubated with primary antibody for 45 minutes at 4oC.  Cells were subsequently washed in cold PBS 
supplemented with 2% FCS and incubated with FITC- or PE-conjugated secondary antibody for another 45 
minutes at 4oC.  Cells were washed again and resuspended in PBS with 2% FCS and analyzed using a 
FACSCalibur (Becton Dickinson).  
 
RNAi against galectin-1 and galectin-3 
 
A SMARTpool® from Dharmacon consisting of 4 siRNAs (catalog number M-042642-00-0010) against 
galectin-1 (NM_008495) was used to transfect GEβ1 cells.  The standard siCONTROL® siRNA from 
Dharmacon was used as negative control.  For galectin-3 knockdown a custom siRNA was ordered from 
Dharmacon with the target sequence GUAACACGAAGCAGGACAA.    Cells were transfected using the 
standard transfection protocol provided by Dharmacon using the transfection reagent DharmaFECT® 1.  
Experiments were performed 48 hours post transfection and protein expression was analyzed each time.  
 
Fibronectin binding assays 
 
For soluble fibronectin binding cells were trypsinized and resuspended in DMEM supplemented with 0.5% 
BSA, 2 mM MnCl2 and 10 µg/ml biotinylated fibronectin for 1 hour at 4°C. After centrifugation the cells 
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were washed in 0.9% NaCl and 2 mM MnCl2 and subsequently labeled with PE-conjugated streptavidin for 
30 minutes at 4°C. Samples were then analyzed using the FACSCalibur. 
 
Adhesion assay to fibronectin-coated surfaces 
 
96-well plates were coated overnight with 8 µg/ml fibronectin in PBS at 4°C and blocked the next day in 1% 
BSA for 1 hour at 37°C.  Cells were trypsinized, washed once in DMEM supplemented with FCS and then 
resuspended in DMEM alone.  30 000 cells were added to individual wells and allowed to adhere for the 
indicated timepoints.  Non-adherent cells were washed away with PBS before substrate buffer (7.5 mM p-
nitrophenyl N-acetyl-beta-D-glucosaminide (NPAG), in 0.1 M sodium citrate pH 5, 0.5% Triton-X100) was 
added to each well.  Plates were then incubated overnight at 37°C after which stop buffer (50mM glycine, 
pH 10.4, 5mM EDTA) was added and the absorbance was measured at 405 nm on a BioRad microplate 
reader.  Total cell amounts were measured by taking 30 000 cells, centrifuging them and adding the substrate 
buffer.  Three wells were used per condition in each experiment and experiments were repeated three times. 
Adhesion was measured as the fraction of cells adhering compared to the positive control.  Graphs represent 
the average of three independent experiments. 
 
Scratch assays 
 
Cells were seeded in 24-wells plates, grown to confluency, and subsequently serum starved overnight. To 
inhibit proliferation, cells were treated with 10 µg/ml mitomycin C (Nycomed Inc., Breda, The Netherlands; 
10 µg/ml) 2 hours before wounding. Monolayers were scratched with a yellow pipette tip and washed twice 
in serum-free medium to remove cell debris, prior to stimulation with fresh medium. Cells were then 
incubated at 37 °C and scratched areas were photographed overnight at 10x magnification. Relative 
migration was calculated from the scratch area at t (end) over the scratch area at t(0) and averaged from 3 
independent experiments done in triplicate. 
 
Fibronectin fibrillogenesis assay 
 
Cells were plated on 12 mm coverslips in DMEM with 10% FCS and allowed to form a confluent layer.  The 
medium was subsequently replaced with DMEM containing fibronectin-depleted serum supplemented with 
10 µg/ml biotinylated fibronectin and incubated for 6 hours or overnight.  Cells were washed and processed 
for immunofluorescence as described above and incubated with strepavidin-Texas Red conjugate to visualize 
the fibers and TOPRO-3 as nuclear staining before slides were mounted and examined under the microscope.  
For quantification several fields were photographed of each slide with the same settings and total 
fluorescence was measured using ImageJ software for each field and divided by the number of cells per field.   
 
Proliferation assay 
 
Cells were plated on 12 mm coverslips in DMEM supplemented with 10% FCS and incubated the next day 
for 2 hrs with 10 µM Bromo-deoxy-uridine (BrdU; Roche). Cells were then fixed and processed for 
immunofluorescence as described, with the following modification. Before blocking, cells were treated with 
2 M HCl for 30 minutes at 37°C to denature nuclei. Nuclei were counterstained using TOPRO-3. Images 
were acquired from 3-9 fields per coverslip using a confocal Leica TCS NT microscope, and BrdU-positive 
nuclei were expressed as a fraction of the total number of nuclei. The average of three independent 
experiments is depicted.  
 
Results 
 
Identifying genes whose expression is regulated by the integrin β1 
 
Reconstitution of β1 in the β1 knockout GE11 cell line (called GEβ1), leads to striking morphological 
changes, loss of cell-cell contacts, increased cell adhesion and migration, increased RhoA GTPase activity 
and fibronectin fibrillogenesis (6;7;24).  To measure β1-mediated changes in gene expression, we performed 
a microarray analysis of knockout GE11 cells and GEβ1 cells.  Genes were identified as valid targets of 
regulation if their transcription had changed in at least two out of three independent experiments and if their 
mRNA levels differed by three-fold or more between the two cell lines.  Using these criteria we identified 
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three genes whose expression levels were altered upon β1 expression (Table 1).  In GEβ1 cells Tmsb10 
(thymosin-β10) and Igfbp4 (IGFBP-4) mRNA levels were reduced while the mRNA level of Lgals3 
(galectin-3) was strongly increased.  Northern blot analysis using probes specific for these three genes 
confirmed that Lgals3 transcription was strongly upregulated in the GEβ1 cells while IGFBP-4 and 
thymosin-β10 mRNA levels were reduced (Fig. 1A).  IGFBP-4 is important in the insulin pathway and 
regulates the transport of IGF I and II (9), while thymosin-β10 is a G-actin sequestering protein and an 
inhibitor of angiogenesis (8).  Interestingly, galectin-3 directly interacts with β1 integrins (25) and was 
therefore chosen for further investigation.   
 
 
 
 
 
 
 
 
 
 
 
Table 1. Genes differentially regulated by β1 were identified by micro array analysis of GE11 versus GEβ1 cells. 
Identified genes with the accession number from which probes were made are shown in the table together with the 
average mRNA level from three independent experiments in GEβ1 relative to those from GE11 that was set to 1. 
 
β1 specifically regulates galectin-3 
 
The galectin family consists of 15 members of which galectin-1, -3 and –8 are the best studied.  Since not all 
galectins were represented on the micro array used, a quantitative PCR was performed to measure the mRNA 
levels of other galectins in the GE11 and GEβ1 cells (Fig. 1B).  Of the galectins tested only Lgals1 
transcription was detected in GE11 cells and its transcription was increased 4-fold in GEβ1 cells.  However, 
the increase in galectin-1 transcription was modest compared to the 28-fold increase in galectin-3 
transcription measured in GEβ1 cells.   
We investigated by Western blotting if the higher mRNA levels for galectin-1 and galectin-3 in GEβ1 cells 
resulted in increased protein expression (Fig. 1C).  Moreover, protein expression of galectin-1 and –3 was 
analyzed in cells overexpressing β3 (GEβ3) to determine if the regulation of the proteins was specific for β1.  
Galectin-3 protein was detected in GEβ1 cells but not in GE11 or GEβ3 cells indicating that β1, but not β3, 
enhances galectin-3 expression.  On the other hand, galectin-1 was expressed in all cell lines but its 
expression was stronger in GEβ1 and GEβ3 cells.  Therefore only β1 upregulates galectin-3 expression while 
both β1 and β3 modulate galectin-1 expression.   
 
The hypervariable region of the I-like domain of β1 is required for increased galectin-3 expression 
 
To investigate if galectin-3 expression coincides with other features of the β1-induced phenotype several 
mutants of β1 were expressed in the GE11 cell line.  A chimera consisting of the extracellular and 
transmembrane regions of β1 fused to the cytoplasmic domain of β3 was expressed in GE11 cells (GEβ1-3) 
(6).  The morphology of GEβ1-3 cells was similar to that of GEβ1 cells i.e. cells appeared fibroblast-like 
lacking cell-cell contacts (6) (Fig. 2A). Next, we investigated if the hypervariable region of the I-like domain 
of β1 was important for the regulation of galectin-3 expression. The hypervariable region forms a cysteine 
loop that affects ligand specificity (26).  Moreover, this region was also shown to regulate the activity of Rho 
GTPases (21) and we recently observed that replacing this region in the β1 I-like domain with the same 
region of β3 resulting in the GEβ1-3-1 cell line inhibits RhoA-mediated contractility and fibronectin 
fibrillogenesis by β1 (27) (Fig 2A). Galectin-1 and galectin-3 expression  was analyzed in the mutant cell 
lines and GEβ1 and GEβ3 cells (Fig. 2A).  GEβ1 and GEβ1-3 cells, but not GEβ3 or GEβ1-3-1 cells 
expressed high levels of galectin-3.  In contrast, the level of galectin-1 expression was similar in GEβ1, 
GEβ1-3 and  

 

                                                                        

Protein names 

Genbank 
accession 
number 

Relative 
mRNA levels 
compared to 

GE11 
Thymosin ß-10 BG063081 0.24 
 IGFBP-4, insulin-like growth factor-binding 
protein-4  

BG084827 0.24 

 L-34 galactoside-binding lectin BG064176 5.92 
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Figure 1.  β1, but not β3, enhances galectin-3 expression while both integrins regulate galectin-1 expression.  
mRNA levels of genes identified by the micro array analysis were analyzed by Northern blot using probes specific for 
each gene while GAPDH mRNA was measured as a loading control (A).  mRNA levels of different galectins were 
quantified in GE11 and GEβ1 cells in three independent qPCR experiments.  The averages are represented in the graph 
and a * represents galectins with statistical significant differences between the two cell lines (B).  Protein expression of 
galectin-1 and -3 were analyzed by Western blot in GE11, GEβ1 and GEβ3 cells with tubulin staining used as loading 
control (C). 
 
GEβ1-3-1 cells and was only marginally lower in GEβ3 cells.  Therefore, we conclude that the presence of 
the hypervariable domain of the I-like domain of β1 is required for increased galectin-3 expression.  
 
β1-induced RhoA activation is not responsible for the increase in galectin-3 expression 
 
As RhoA plays an important role in the morphology of GEβ1 cells we wished to know if RhoA signaling 
also regulates galectin-3 expression downstream of β1.  A major downstream effector of RhoA is Rho kinase 
(ROCK).  To test if ROCK regulated galectin-3 expression, GEβ1 cells were incubated for 48 hours with 
different concentrations of the ROCK inhibitor, Y27632.  Analysis of galectin-3 expression showed that it 
was not affected by ROCK inhibition at any concentration tested (Fig. 2B).  Although ROCK did not 
regulate galectin-3 expression it was still possible that RhoA regulated expression through another pathway.  
To test this RhoA expression was knocked down by siRNA transfection in GEβ1 cells.  Cells were analyzed 
for galectin-3 and RhoA expression 48 hours after transfection (Fig. 2C).  While RhoA was nearly 
completely absent, galectin-3 expression remained unchanged in RhoA knockdown and control cells.    
Lastly, an active form of RhoA, (Q63L)RhoA fused to GFP was transfected into GEβ3 cells to investigate if 
active RhoA can increase galectin-3 expression independently from β1.  Transfected cells were FACS sorted 
for GFP expression and subsequently grown overnight after which galectin-3 protein levels were determined.  
While (Q63L)RhoA-GFP was present it did not lead to increased galectin-3 expression (Fig. 2D).  Therefore, 
it can be concluded that RhoA inhibition in GEβ1 cells or RhoA activation in GEβ3 cells does not influence 
galectin-3 expression suggesting that RhoA does not control galectin-3 expression downstream of β1.    
 
Galectin-3 is important for β1-mediated cell adhesion 
 
We next investigated the reason for the increase in galectin-3 expression by β1 by knocking down galectin-3 
in GEβ1 cells.  Additionally, to investigate if galectin-1 played a role, cells were also transfected with 
galectin-1 siRNA.  A scrambled siRNA was transfected in cells as a control for off-gene effects.  48 hours 
after transfection galectin-1 and -3 expression was measured to determine if the knockdown was successful  



 35

 
 

Figure 2.  Galectin-3 expression is regulated by the hypervariable domain of the I-like domain of β1 
independently of RhoA activity.    GE11 cells expressing β1, β3, β1-3 or β1-3-1 were analyzed for galectin-1 and 
galectin-3 expression by Western blot.  Additionally, confocal images of these cells stained for paxillin and F-actin 
show the differences in morphology; scalebar = 10µm (A).  GEβ1 cells were incubated with different concentrations of 
the ROCK inhibitor, Y27632, and analyzed for galectin-3 expression by Western blot (B).  GEβ1 cells were transfected 
with RhoA siRNA or control siRNA after which cells were analyzed for galectin-3 expression by Western blot 48 hours 
after transfection while the efficiency of knockdown was evaluated by staining for RhoA at the same time (C).  A 
constitutively active mutant of RhoA (Q63L RhoA-GFP) was transfected into GEβ3 cells.  After cells were FACS 
sorted for GFP expression they were analyzed for galectin-3 expression, while Q63L RhoA-GFP expression was 
visualized by staining with GFP (D). 
 
(Fig. 3A).  Both siRNAs were specific for their respective target genes and resulted in more than 90% 
reduction of expression of the respective proteins while the control siRNA had no effect.  First, we 
determined if galectin-3 plays a role in β1-mediated cell adhesion to fibronectin.  Cell adhesion assays were 
performed on fibronectin-coated wells at different times using cells transfected with the control, galectin-1 or 
galectin-3 siRNA.  Knockdown of galectin-3 led to a significant decrease in cell adhesion to up to 50% of 
the expression in the control cells (Fig. 3B).  In contrast, adhesion was not affected by the knockdown of 
galectin-1 (Fig. 3C).  Thus, the β1-mediated increase in galectin-3 expression enhances cell adhesion to 
fibronectin. 
 
Galectin-3 does not enhance cell adhesion by influencing β1 cell surface expression or by modulating the 
affinity of β1 for soluble fibronectin 
 
We investigated if galectin-3 influences integrin-mediated adhesion by regulating the surface expression of 
β1.  The cell surface expression of β1 was measured by FACS analysis in control and galectin-3 siRNA 
transfected cells.  FACS analysis from three independent experiments showed no significant difference in β1 
surface expression of control and galectin-3 siRNA transfected cells (Fig. 3D).   Next, we tested if galectin-3 
influences cell adhesion by affecting the affinity of β1 for soluble fibronectin by measuring the amount of 
soluble, biotin-labeled fibronectin that was bound to suspended cells after incubation and washing (Fig. 3E).   



 36

 
 
Figure 3.  Galectin-3 knockdown in GEβ1 cells inhibits integrin-mediated cell adhesion to fibronectin.  GEβ1 
cells were transfected with galectin-1, galectin-3 or control siRNA.  Expression was analyzed 48 hours after 
transfection by Western blot (A).  The adhesion of cells to fibronectin was quantified by measuring the amount of 
adherent cells relative to the total amount of cells using the NPAG adhesion assay as described above.  The results of 
the average of three independent experiments are represented in the graph for control and galectin-3 siRNA transfected 
cells (B) or control and galectin-1 siRNA transfected cells (C).  The surface expression of β1 in GEβ1 cells transfected 
with control or galectin-3 siRNA was measured by FACS analysis using the anti-β1 Ab TS2/16 in three independent 
experiments with the average fluorescence intensity represented in the graph.  There was no significant difference 
between cells transfected with control or galectin-3 siRNA (D).  GEβ1 cells were transfected with control or galectin-3 
siRNA, trypsinized after 48 hours and incubated with soluble, biotin-labeled fibronectin after which cells were washed 
and incubated with PE-streptavidin before being FACS analyzed.  The graph represents the average fluorescence 
intensity of three experiments.  No significant difference was found between control and galectin-3 siRNA transfected 
cells (E). 
 
Our data shows that there was no significant difference in the amount of biotin label present on cells 
transfected with the control or galectin-3 siRNA suggesting that galectin-3 does not influence the affinity of 
β1 for fibronectin.  Thus, neither the expression of integrin at the cell surface nor their affinity for fibronectin 
is regulated by galectin-3.   
 
Galectin-3 regulates cell migration but not proliferation 
 
Since galectin-3 expression leads to increased cell adhesion it possible that it also influences integrin-
mediated migration.  We assessed migration by performing a scratch assay on a monolayer of control and  
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Figure 4.  Cell migration, but not proliferation, is dependent on galectin-3 expression.  Control and galectin-3 
siRNA transfected cells were grown overnight so that they formed a monolayer.  The monolayers were scratched with a 
pipette tip and filmed until the scratch closed.  Migration speed was calculated as the time it took to close the scratch 
and the graph represents the relative migration speed from three independent experiments (p<0.05); scalebar = 100 µm 
(A).  Cell proliferation was measured by BrdU incorporation in control and galectin-3 siRNA transfected cells and the 
average of three independent experiments is represented in the graph but there is no significant difference.  Images are 
taken of cells stained for BrdU; scalebar = 20 µm (B). 
 
galectin-3 siRNA transfected cells.  Knockdown of galectin-3 expression resulted in a 30% decrease in 
migration when compared to cells transfected with the control siRNA (Fig. 4A). We also investigated if 
galectin-3 was involved in proliferation in GEβ1 cells using BrdU incorporation.  However, there was no 
significant difference in the rate of BrdU incorporation in cells transfected with the control or galectin-3 
siRNA (Fig. 4B).  Thus, galectin-3 expression promotes cell migration but is not involved in cell 
proliferation. 
 
Galectin-3 does not regulate RhoA-dependent fibronectin fibrillogenesis or cell morphology 
 
Fibronectin fibrils are formed as a result of the tensin-dependent, centripetal translocation of α5β1 from the 
focal contact along the F-actin stress fibers resulting in fibrillar adhesions (28).  It has been shown that β1-
mediated RhoA activation is involved in the formation of these fibronectin fibrils (6) and galectin-3 has been 
implicated in fibronectin fibrillogenesis in Mgat5 knockout cells (29).  We investigated if galectin-3 was able 
to influence the ability of GEβ1 cells to assemble fibronectin fibrils by quantifying fibrillogenesis in GEβ1 
cells transfected with the control or galectin-3 siRNA (Fig. 5A).  Quantification of the amount of fibrils in 
three independent experiments indicated that there was no significant difference in fibronectin fibrillogenesis 
in cells transfected with control or galectin-3 siRNA.  Therefore, galectin-3 is not involved in the RhoA-
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dependent formation of fibronectin fibrils.  The activity of RhoA induced by β1 is correlated with the 
morphology of the cells including the distribution and formation of focal adhesions (6).  Therefore, we 
investigated if the morphology of cells transfected with galectin-3 siRNA was altered.  Moreover, we 
monitored focal contact formation and actin cytoskeleton organization by staining cells for the focal 
adhesion marker, paxillin, and F-actin.  Knockdown of galectin-3 in GEβ1 had no visible effects on the 
general cell morphology (Fig. 5B).  Moreover, immunofluorescence revealed that focal adhesions were still 
present at the cell periphery similar to those in control cells while the actin cytoskeleton remained the same 
consisting mostly of long, thick stress fibers.  Thus, galectin-3 is not involved in the RhoA-induced effects 
on morphology or on the distribution of the focal adhesion and the organization of the actin cytoskeleton.   
 

 
 
Figure 5.  Galectin-3 does not control fibronectin fibrillogenesis or cell morphology in GEβ1 cells.  Control and 
galectin-3 siRNA transfected GEβ1 cells were plated on coverslips and grown overnight after which the medium was 
replaced with fibronectin-depleted medium and biotinylated fibronectin for 6 hours.  Afterwards, cells were stained with 
streptavadin-TexasRed and TOPRO.  The level of fibrillogenesis was quantified by measuring the total fluorescence of 
the streptavadin and dividing it by the number of cells.  The average of three independent experiments is represented in 
the graph with no significant difference.  Images were made of cells whose nuclei were stained with TOPRO-3 while 
fibronectin fibrils were visualized by staining with streptavadin-TexasRed; scalebar = 50µm  (A).  Cell morphology of 
control and galectin-3 siRNA transfected cells was visualized by light microscopy;  scalebar = 100 µm (B) while focal 
adhesions were visualized by paxillin staining and the actin cytoskeleton with phalloidin-TexasRed; scalebar = 20 µm 
(C). 
 
Discussion 
 
The reconstitution of β1 in the β1-knockout GE11 cell line leads to dramatic changes: cells lose their 
epithelial morphology to become fibroblast-like and cell adhesion and migration are increased (6;7;24).  
Moreover, the expression of β1 leads to an increase in the surface expression of α5β1 that induces 
fibronectin fibrillogenesis (6;7;24).  The morphology, mode of migration and increased fibronectin 
fibrillogenesis all depend on the β1-mediated increase in activity of the small GTPase RhoA (6;24).  We 
hypothesized that the expression of β1 would also influence gene transcription.  To test this we performed a 
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micro array analysis and found three genes whose transcription was regulated by β1 expression.  The three 
genes coding for galectin-3, thymosin-β10 and IGFBP-4 are new targets of regulation by β1.  Since galectin-
3 has been shown to directly bind to β1(10) we proceeded to investigate its role in the morphology and 
behavior of GEβ1 cells.      
 
We identified the hypervariable region of the I-like domain present in the extracellular part of β1 as the motif 
required for increased galectin-3 expression.  The I-like domain is involved in ligand binding and its 
conformation regulates the affinity of the integrin for its ligand (30).  The hypervariable region in this 
domain has been shown to regulate the activity of Rho GTPases like RhoA and Rac (21) and we have 
recently observed that it is implicated in RhoA-mediated contractility and fibronectin fibrillogenesis by β1 
integrins (27).  Since increased RhoA activity (27) and galectin-3 expression are both dependent on the 
presence of the hypervariable region of the I-like domain of β1, we hypothesized that RhoA activity is 
important for galectin-3 expression.  This hypothesis is further supported by reports that show that RhoA is a 
potential regulator of expression of certain genes.  For instance, cingulin, a tight junction protein, regulates 
the expression of claudin-2 through the activity of RhoA (31) while TGFβ inhibits RhoA activity to increase 
the expression of the M2 muscarinic receptor (32).  In contrast, our data shows that inhibiting the 
downstream effector of RhoA, ROCK, or knocking down RhoA in GEβ1 cells does not result in decreased 
galectin-3 expression while overexpressing a dominant active RhoA construct did not increase galectin-3 
expression in GEβ3.  Therefore, we conclude that RhoA does not directly regulate galectin-3 expression and 
we suggest that downstream of β1, RhoA and galectin-3 are independently regulated by different pathways 
(Fig. 6).   
 

 
 

Figure 6.  Galectin-3 expression and RhoA activity are regulated by β1 through separate pathways and influence 
different β1-mediated effects.  We propose a model in which separate pathways originating from β1 regulate RhoA 
activity and galectin-3 expression.  Additionally, the presence of galectin-3 enhances cell adhesion and migration while 
it not involved in the RhoA-dependent effects on fibronectin fibrillogenesis and cell morphology.  RhoA has been 
shown to regulate migration [6]. 
 
Functionally, we show that galectin-3 is important for integrin-mediated adhesion because knockdown of 
galectin-3 inhibits cell adhesion to fibronectin.  It has been shown in several reports that galectin-3 positively 
modulates integrin-mediated adhesion to different extracellular matrix proteins (19;33-35) concurring with 
our data.  Therefore, β1 enhances galectin-3 expression in order to enhance cell adhesion to fibronectin.  Not 
only is cell adhesion improved by galectin-3 but our data shows that migration is also increased.  As 
migration involves the continuous formation of new contacts between integrins and the ECM we suggest that 
galectin-3 may assist in the formation of these new contacts thereby increasing migration.   
 
Adhesion is influenced by the expression of integrins at the cell surface and their affinity for ligand.  We 
tested if the surface expression of integrins or their affinity for ligand was altered in galectin-3 siRNA 
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transfected cells but found no effect on these parameters. Since galectin-3 is present as multimers on the cell 
surface (36) we suggest that galectin-3 clusters integrins to assist cells in adhering to fibronectin.  However, 
recently it was reported that early adhesion to laminin and collagen was integrin-independent.  Instead, it was 
mediated by the interaction of galectin-3 and –9 with carbohydrates (37). It is therefore possible that 
galectin-3 also assists in early adhesion by binding to the carbohydrate chains of fibronectin, which in turn 
facilitates the adhesion of integrins to fibronectin. 
 
Other effects mediated by β1 were not dependent on galectin-3.  These included the effect on cell 
morphology and fibronectin fibrillogenesis.  Interestingly, both these effects have been shown to be RhoA-
dependent (6;27). We propose a model in which galectin-3 expression and RhoA activity are both increased 
due to the presence of the hypervariable region of the I-like domain of β1 but these increases are regulated 
by separate pathways downstream of the integrin.  Galectin-3 is important for integrin-mediated cell 
adhesion and migration while RhoA regulates fibronectin fibrillogenesis and maintains the cell morphology 
independently of galectin-3.  Since galectin-3 does not influence these RhoA dependent processes we 
suggest that galectin-3 expression does not regulate RhoA activity (Fig. 6). 

 
Footnotes 
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THE REGULATION OF MACMARCKS EXPRESSION BY 
INTEGRIN ß3 

 
Iman van den Bout, Hoa H. Truong, Stephan Huveneers, Ingrid Kuikman, Erik H.J. Danen, Arnoud 
Sonnenberg.  
 
Integrin-mediated adhesion regulates multiple signaling pathways. Our group previously showed that 
ectopic expression of different integrin ß-subunits in the neuroepithelial cell line GE11, has distinct 
effects on cell morphology, actin cytoskeletal organization, and on focal contact distribution. In this 
report we have investigated changes in gene transcription levels resulting from overexpression of the 
integrin ß3 subunit. We found that ß3 overexpression leads to the transcriptional downregulation of 
MARCKS related protein (MRP) resulting in a decreased expression of the MRP protein. 
Furthermore, we show that the Ras/MAPK pathway controls the basal level of MRP expression but ß3 
overexpression bypasses this pathway downstream of ERK to downregulate MRP. Further studies 
indicate that a region of the cytoplasmic tail of ß3 containing part of the NITY motif is responsible or 
increased cell spreading and MRP downregulation. However, MRP overexpression failed to inhibit the 
ß3-induced increase in cell spreading while the knock down of MRP expression in GE11 cells did not 
increase cell spreading. We suggest that the downregulation of MRP by ß3 is not required for 
increased cell spreading but instead that MRP downregulation s a secondary effect of increased cell 
spreading. 
 
Introduction 
 
 Integrin-mediated cell adhesion is essential during development and wound healing and influences the 
characteristics of malignant tumors [1,2]. Members of the integrin family of hetero-dimeric transmembrane 
proteins connect the extracellular matrix (ECM) to the actin cytoskeleton and modulate adhesion and 
migration by means of different downstream signaling pathways [3,4]. In this complex mechanism the 
regulation of gene expression by integrin-dependent adhesion is also thought to play a role. Studies with 
monocytes revealed that adhesion to diverse substrata regulates the expression of several genes coding for 
cytokines and transcription-associated factors (see for review: [5]). Fibroblasts upregulate collagenase, 
stromelysin, gelatinase and c-fos expression when adhered to a matrix of fibronectin and tenascin but not on 
fibronectin alone [6]. Furthermore, antibodies binding to the integrin subunits a1 and a2 inhibit stromelysin-1 
expression [7]. The binding of a5ß1 to fibronectin or of avß3 to vitronectin increases Bcl-2 levels through the 
PI3K–Akt pathway [8]. Also, in Drosophila, the presence of the integrin PS1 is required for the normal 
expression of two genes in the midgut [9]. More recently it was reported that the cell cycle regulator cdc2 is 
upregulated after re-expression of avß3in ß3 knockout cells resulting in increased migration [10]. Moreover, 
overexpression of ß3 in CHO cells leads to a decrease in uPAR expression by bypassing the Ras/MAPK 
pathway that regulates basal expression of uPAR. The NITY motif in the ß3 cytoplasmic tail is important for 
uPAR downregulation and binds to the short isoform of the ß3 binding protein, ß3endonexin, that has been 
shown to downregulate uPAR transcription [11].  
 
Previously, the profound effects of ß1 re-xpression in the ß1 knockout neuroepithelial cell line, GE11, were 
investigated [12]. Re-expression of ß1 in GE11 cells (GEß1 cells) results in the loss of cell–cell contacts 
while the cells acquire a fibroblast-like appearance. On the other hand, overexpression of ß3in this cell line 
(GEß3 cells) increased cell spreading and focal contact formation while disrupting cell–cell contacts. 
Expression of ß1 or overexpression of ß3 enhanced migration albeit through different modes [12–14]. Since 
ß3 overexpression led to drastic morphological changes we hypothesized that the expression of some genes 
is regulated by ß3. To identify such genes a microarray analysis was performed. Surprisingly, ß3 
overexpression led to the downregulation of only a single gene that codes for he protein MacMARCKS. 
MacMARCKS or MARCKS-related protein (MRP) is a small acidic protein with an N-terminal 
myristoylation site that is inserted into lipid bilayers [15] and a positively charged effector domain (ED) that 
can bind to negatively charged phospholipids in the plasma membrane [16]. MRP is also thought to bind to 
actin [17], calmodulin [18] and dynamitin [19], and is phosphorylated at serine residues by PKC [20]. MRP 
is implicated in the activation of integrins and cell spreading by regulating the cortical actin network [21,22]. 
The expression of MARCKS, a protein closely related to MRP, is downregulated by the oncogenes v-Jun 
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[23], v-Src [24], c-Ras [25] and H-Ras (dataset from [26]). In contrast, stimulation of BV-2 microglial cells 
with LPS increases MARCKS and MRP expression via Src kinases [27].  
 
We report that the Ras/MAPK pathway regulates MRP expression in GE11 cells because MEK inhibition led 
to an increase in MRP expression while RasV12 expression in GE11 cells downregulated MRP expression. 
Interestingly, ß3 over-expression bypassed this pathway downstream of ERK to downregulate MRP 
expression. Furthermore, we excluded other pathways since we found that overexpression of activated Src, 
or of ß3-endonexin or the inhibition of PI3K did not affect MRP expression. We further show that the 
presence of the cytoplasmic tail of ß3 up to the isoleucine residue of the NITY motif is essential for MRP 
downregulation but also for increased cell spreading. In another cell line, ß3 overexpression also increased 
cell spreading while MRP expression was downregulated, suggesting that these two effects are linked. 
However, overexpression of MRP in GEß3 cells did not inhibit cell spreading while knocking down MRP 
expression in GE11 ells did not increase spreading. Finally, we present data showing that ß3 overexpression 
regulates the localization of MRP.  
 
Materials and methods 
  
Antibodies and other materials 
 
The following antibodies were used: polyclonal antibodies against MRP (10002-2-Ig, Proteintech Group 
Inc), MARCKS (m20, Santa Cruz), monoclonal anti--ubulin (clone B-5-1-2, Sigma), monoclonal anti-pan 
cadherin (clone CH-19, Sigma), monoclonal anti-paxillin (BD Transduction Labs clone 1665), monoclonal 
ERK2 (BD Transduction Labs clone 33), phospho-ERK rabbit Ab (Cell Signaling #9101). The monoclonal 
antihuman ß3 Ab 23C6 was kindly provided by Dr. Michael Horton (University College London, London, 
UK). The monoclonal anti-vinculin (clone VIIF9; [34])and anti-ß3(cloneC17) antibodies were kindly 
provided by Dr. Marina Glukhova (Institut Curie, Paris, France) and Dr. Ellen van der Schoot (Sanquin, 
Amsterdam, the Netherlands), respectively. Texas Red-conjugated phalloidin was obtained from Molecular 
Probes. PMA, LY294002 and PD98509 were from Sigma.  
 
Cell lines 
 
GE11 cells have been isolated previously [12] and GE11 cells re-expressing the human ß1 or overexpressing 
the human ß3 integrin subunit or expressing the chimera integrin subunits ß3-1 or ß1-3 were established in 
our laboratory [12,13]. Cells were cultured in DMEM with 10% fetal calf serum, penicillin and reptomycin. 
mSCC2 is a mouse squamous cell carcinoma cell line isolated from a n   by the two-stage chemical 
carcinogenesis protocol (Karine Raymond, unpublished results). The human pancreatic adenocarcinoma cell 
line NP18 has been described previously [28].  
 
cDNA, plasmids and generation of mutants 
 
Full-length MRP was a kind gift from Dr. Deborah Stumpo (National Institute of Environmental Health 
Science, Research Triangle Park, NC). MRP was cloned into the pEGFP-N1 vector (BD sciences, Clontech) 
by digestion with BamHI and the fragment encoding MRP–GFP as recloned into the retroviral vector LZRS-
IRES-zeo [29]. ß3 deletion mutant constructs were obtained from Dr. Jari Ylänne (University of Oulu, Oulu, 
Finland) and cloned into the same retroviral vector. The retroviral expression plasmid encoding H-RasG12V 
(Rasv12) was provided by Dr. John Collard (The Netherlands Cancer Institute, Amsterdam, The 
Netherlands). Both long and short isoformsof ß3-endonexin tagged with GFP were obtained from Dr. 
Meinrad Gawaz (E.H. University of Tubingen, Tubingen, Germany) and cloned into the retroviral LZRS 
vector. The activated c-Src (Y529F) cDNA was obtained from Upstate Biotechnology. Restriction sites for 
EcoRI and NotIwere added on the 5' and 3' ends of the construct along with a myc tag and stop codon at the 
3' end by PCR using the following primers: 5' 
GGAATTGAATTCATGGGCAGCAACAAGAGCAAGAGCAAGCCCAAGGAC and 3' 
GGACCTTGCGGCCGCCTAGTTCAGATCCTCTTCTGAGATGAGTTTTTGTTCTAGGTTCTCCCCGG
GCTGGTACTGTGGGCTC. The fragment was subsequently cloned into the LZRS–IRES–EGFP vector. 
  
Retroviral transductions 
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Cell lines expressing activated RasV12, c-Src, MRP–GFP, ß3 or deletion mutants of this subunit were 
established using retroviral transduction. Cells were transduced by adding 1 ml virus-containing supernatant 
to 105 cells in 8 ml medium and incubated for 16 h in the presence of DOTAP (Boehringer). Transduced 
cells were maintained in fresh medium and sorted three times for a positive GFP signal by FACS® or were 
labeled with anti-ß3 antibody and FACS sorted after selection with zeocin. A clonal cell line was established 
from the Src expressing GE11 cells and used for transduction of ß3. Resulting cells were sorted three times 
for ß3 expression.  
 
Microarray analysis 
 
Microarray slides were prepared at the central microarray facility (CMF) at the Netherlands Cancer Institute. 
A list of genes is available at http://microarrays.nki.nl/download/geneid. html. Cell lines were grown on 
plastic in normal growth medium and total RNA was isolated, labeled and hybridized as described at 
http://www.nki.nl/nkidep/pa/microarray/protocols.htm.  
 
Northern blot analysis 
 
Corresponding clones of the identified genes were obtained from the central microarray facility. DNA was 
isolated, sequenced and used as templates for PCR reactions to obtain a suitable probe for Northern blot 
analysis. The following primers were used for MRP (AAGGAGACCCCCAAGAAGAA and 
CTCATTCTGCTCAGCACTGG). Total RNA was isolated using guanidine–isothiocyanate (GIT). Briefly, 
cells were lysed in a buffer containing 4 M GIT, 25 mM sodium citrate, 0.1 M ßmercaptoethanol, and 0.5% 
sarkosyl. RNA was isolated after phenol chloroform extraction and was precipitated with isopropanol. 
Northern blots were performed using standard protocols.  
 
Cell labeling and immunoprecipitation 
 
Cells were surface-labeled with 125I using lactoperoxidase as described previously [30]. Cells were lysed in 
1% Nonidet P40 in 25 mM Tris–Cl, pH 7.5, 4 mM EDTA, 100 mM NaCl, 1 mM phenylmethylsulfonyl 
fluoride, 10 µl/ml upeptin and 10 µl/ ml soybean trypsin inhibitor. Cell lysates were clarified by 
centrifugation and immunoprecipitations were performed with antibodies bound to protein A-Sepharose 
(Pharmacia LKB Biotechnology Inc.) or to protein A-Sepharose conjugated with rabbit anti-rat IgG or anti-
mouse IgG. Immunoprecipitates were analyzed by SDS–PAGE under non-reducing conditions and 
visualized using Kodak Biomax XAR film.  
 
Western blot analysis 
 
Cell culture plates containing attached cells were washed with PBS and lysis buffer [50 mM HEPES pH 7.5, 
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 100 mM NaF, and inhibitor 
cocktail (Sigma)] was added. Cells were scraped and centrifuged for 2 min at 14,000 rpm. 20 µl of lysate 
was added to 5 µl 3× SDS sample buffer (Biolabs) and boiled. Samples were loaded onto SDS–PAGE gels, 
separated and transferred to polyvinylidene difluoride membranes (Millipore) and analyzed by Western 
blotting followed by ECL using the Super signal system (Pierce Chemical Co.).  
 
Immunofluorescence and flow cytometry 
 
For immunofluorescence cells were fixed in 2% paraformaldehyde for 15 min and permeabilized with 0.2% 
Triton X-100 for 5 min with PBS washing in-between steps. Coverslips were subsequently blocked with 2% 
BSA in PBS for 1 h at room temperature (RT). Coverslips were incubated with primary antibodies for 1 h at 
RT, washed three times in PBS and incubated with FITC or Texas Red secondary antibody (Jackson 
ImmunoResearch Laboratories) for 1 h at RT. Slides were mounted in MOWIOL 4–88 solution 
supplemented with DABCO (Calbiochem) and examined with a confocal Leica TCS NT microscope. For all 
immunofluorescence experiments, 4 random fields each of three independent experiments were examined of 
which a representative image was used for publication. For cell sorting cells were trypsinized, washed twice 
in PBS supplemented with 2% serum and incubated with primary antibody for 1 h at 4 °C. After three 
washes, cells were incubated with FITC-or PE-conjugated secondary antibody for 1 h at 4 °C. Finally cells 
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were washed and resuspended in PBS with 2% serum and sorted using a FACStar plus® (Becton Dickinson). 
Cells expressing GFP constructs were trypsinized and washed before being sorted.  
 
RNAi against MRP 
 
A SMARTpool® from Dharmacon consisting of 4 siRNAs (catalog number M-042960-00-0010) against 
MRP (NM_010807) was used to transfect GE11 cells along with the standard siCONTROL® siRNA from 
Dharmacon as negative control. Cells were transfected using the standard transfection protocol provided by 
Dharmacon using the transfection reagent DharmaFECT® 1. Protein expression was assessed 48 h after 
transfection while at the same time cells were fixed and stained for confocal analysis.  
 
Results 
 
Overexpression of ß3 in GE11 cells regulates MRP expression 
 
GE11 cells have an epithelial morphology adhering to one another with well-defined cell–cell contacts. They 
have small, peripheral focal contacts and a thick cortical actin ring present along the circumference of the 
entire epithelial island. Over-expression of ß3 in GE11 cells (GEß3 cells), causes a reorganization of the 
actin cytoskeleton resulting in the loss of the cortical actin ring and the formation of short, thick stress fibers 
connected to a large number of focal contacts and the loss of cell–cell contacts (Fig. 1A).  
 Since ß3 overexpression induced these dramatic morphological changes in GE11 cells, we 
hypothesized that the regulation of some genes would be changed. To identify these genes we performed a 
microarray analysis of the GEß3 cell line using GE11 cells as reference. Genes, whose transcription level 
differed three-fold or more from that in the reference GE11 cells were selected.  
 

 
 
Figure 1.  Analysis of gene transcription after ß3 overexpression. (A) Phase contrast and confocal analysis of GE11 and 
GEß3 cells.  Cells were stained with anti-paxillin antibodies in green and with phalloidin in red.  (B) Total RNA was 
isolated from GE11 and GEß3 cells and analyzed using Northern blot.  mRNA bands were visualized using 
radioactively labeled probes. 
 
Surprisingly, despite the dramatic morphological changes induced by ß3 overexpression in GE11 cells, the 
transcription of only a single gene appeared to be affected. The transcription of this gene, Mlp, coding for the 
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protein MRP was downregulated by 72% in GEß3 cells as compared with GE11 cells. This was confirmed 
by Northern blot analysis because mRNA levels for MRP were strongly decreased in GEß3 cells in 
comparison to GE11 cells (Fig.1B). 
 
To determine if the decrease in Mlp transcription also led to a decrease in MRP expression, lysates of GE11, 
GEß3 and GEß1 cells were analyzed by Western blot. Indeed, MRP expression was diminished after ß3 
overexpression but remained unchanged in GEß1 cells (Fig. 2A). To exclude the possibility that the observed 
downregulation of MRP expression is attributable to clonal variation, we analyzed several independent, bulk-
sorted GEß3 cell populations. MRP expression was diminished in all of them (data not shown). Western blot 
analysis showed that ß3 overexpression had no effect on the expression of MARCKS (Fig. 2A). Therefore, 
overexpression of ß3 in GE11 cells results in the specific downregulation of MRP expression.  
 
The cytoplasmic tail of ß3 downregulates MRP expression only when it is associated with the av subunit 
 
Integrins convert signals from the extracellular environment into intracellular signals via their cytoplasmic 
tails [3].We hypothesize that the cytoplasmic tail of ß3 is involved in the downregulation of MRP 
expression. To test this, a chimera of the ß3 extracellular and transmembrane domain, fused to the ß1 
cytoplasmic tail (ß3-1) and a construct of the ß1 extracellular and transmembrane domains fused to the ß3 
cytoplasmic tail (ß1-3) were expressed in GE11 cells and MRP expression was measured (Fig. 2B). 
Expression of the chimeras did not affect MRP expression indicating that the presence of the cytoplasmic tail 
of ß3 without the extracellular domain, or vice versa, was insufficient to down-regulate MRP expression.  
 
Possibly, the effect on MRP expression depends on the α subunit that is associated with ß3. For that reason 
we identified the integrin complexes present on the surface of the cells expressing full-length ß3 or either of 
the chimeras (Fig. 2C). Both full-length ß3 and the ß3-1 chimera were associated with the av subunit while 
the ß1-3 chimera was associated with a5 and/or a3. Therefore, the cytoplasmic tail or the extracellular 
domain of ß3 by themselves cannot affect MRP expression but instead it is the association of the av and the 
ß3 subunits that mediates this effect.  
 

 
 
Figure 2.  avß3 only downregulates MRP expression. (A) Western blot stained for MRP and MARCKS expression in 
GE11, GEß1 and GEß3 cell lines. Tubulin was visualized on the same blot as the loading control. (B) Western blot for 
MRP expression on lysates of GEß3, GEß3-1 and GEß1-3 cells with tubulin staining used as loading control. (C) 
Surface-expressed integrins were labeled using 125I and immunoprecipitated using antibodies against the indicated 
integrin subunit.  
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A distinct region of the ß3 cytoplasmic tail is responsible for increased cell spreading and MRP 
downregulation  
 
To characterize the underlying mechanism responsible for the regulation of MRP by ß3, we sought to 
identify the region within the ß3 cytoplasmic tail that mediates the down-regulation of MRP expression. 
MRP expression was measured in several cell lines expressing different truncated ß3 constructs (Fig. 3A). 
Our data shows that expression of a construct with a deletion of the five C-terminal residues of ß3 
representing the complete Src-binding motif (RGT) [31] and the tyrosine and threonine residues of the NITY 
motif still led to downregulation of MRP expression. However, the expression of further truncated constructs 
of the cytoplasmic tail of ß3 no longer had an effect on MRP expression (Fig. 3B). Interestingly, ß3-induced 
increased cell spreading appeared to depend on the same region of the cytoplasmic tail that influences MRP 
expression (Fig. 3C). Thus, it is possible that proteins that bind to ß3 in the vicinity of the NITY motif are 
involved in the regulation of MRP expression as well as in increased cell spreading. 
 

 
 
Figure 3.  The distal NITY motif is essential for downregulation of MRP expression and increased cell spreading. (A) 
Diagram depicting the deletion mutants of the ß3andshowingthelast amino acids of each mutant. (B) Cells expressing 
deletion mutants were analyzed for MRP expression by Western blot. (C) Confocal images of these cells stained for 
paxillin and F-actin indicate the differences in FC formation, F-actin organization and cell shape.  
 
The Ras/MAPK pathway regulates the basal level of MRP expression in GE11 cells but ß3 overexpression 
bypasses this pathway to downregulate MRP 
 
Stimulation of BV-2 microglial cells with LPS upregulates MRP expression through a Src dependent 
signaling pathway [27]. Moreover, MARCKS expression is downregulated by v-Src and c-Ras expression in 
3T3 cells [25]. Thus, the question arose whether ß3 overexpression in GE11 cells downregulates MRP 
expression through a Src-dependent pathway or the Ras/ MAPK pathway. GE11 cell lines were established 
expressing activated c-Src or expressing activated c-Src together with ß3. 
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Western blot analysis of these cell lines indicated that the expression of activated c-Src did not affect MRP 
expression in the GE11 or ß3 overexpressing cell lines (Fig. 4A). Src kinases and protein tyrosine kinases 
(PTK) were inhibited in GEß3 cells using PP2 and Herbimycin A, respectively (Fig. 4B). Neither Src nor 
PTK inhibition restored MRP expression. Therefore, the regulation of MRP by ß3 is independent of Src 
activity.  
 

 
 

 
 Figure 4.  MRP expression is regulated independently of Src activity. (A) GE11 and GE11-Src cell lines with or 
without ß3 overexpression were analyzed for MRP expression. (B) GEß3 cells were incubated with Herbimycin A, PP3 
or PP2 and analyzed for MRP expression together with GE11 cells as positive control. (C) Long (EN-L) and short (EN-
S) forms of endonexin fused to GFP were stably expressed in the GE11 cell line. Western blot analysis was performed 
for endogenous MRP levels and the same blot was stained for GFP and tubulin. Note that endonexin is present as two 
distinct bands indicated with filled arrowheads for EN-L and empty arrowheads for EN-S. (D) GE11 and GEß3 cells 
were incubated with 0, 15 or 30 µM LY294002 overnight before being lysed and analyzed for MRP expression by 
Western blot. 
 
To test whether the Ras/MAPK pathway is involved in the regulation of MRP expression, GE11 and GEß3 
cells were incubated for increasing periods of time with 25 µM PD98509. ERK phosphorylation levels 
decreased after an incubation of 1 h. Interestingly, MRP levels increased sharply after 1 h in GE11 cells but 
not in GEß3 cells (Fig. 5A). Both cell lines were also incubated for 2 h with increasing concentrations of 
PD98509. ERK phosphorylation levels were decreased in both cell lines after incubation with 10 µM, but 
MRP expression only increased in GE11 cells after incubation with 10 µM PD98509 while there was no 
change in MRP expression in GEß3 cells (Fig. 5B). To confirm that the Ras/MAPK pathway regulates MRP 
expression, a RasV12 construct was stably expressed in GE11 cells. Expression of RasV12 resulted in 
increased ERK phosphorylation along with a decrease in MRP expression (Fig. 5C). Therefore, the 
Ras/MAPK pathway regulates MRP expression in GE11 cells, but ß3 overexpression bypasses the effect of 
ERK phosphorylation to downregulate MRP expression.  
 
Two other pathways that were previously implicated in gene regulation downstream of integrins were 
investigated for their possible role in the ß3-dependent downregulation of MRP expression. Firstly, it was 
reported that the short isoform of the ß3 integrin-binding protein, ß3-endonexin, is important for the 
downregulation of uPAR expression after ß3 over-expression in CHO cells [11]. To investigate if ß3-
dependent MRP downregulation is mediated by ß3-endonexin, constructs with the long or short isoform 
fused to GFP were expressed in GE11 cells followed by Western blot analysis of MRP (Fig. 4C). 
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Figure 5.  MRP expression is regulated by the Ras/MAPK pathway. GE11 and GEß3 cells were incubated with 
PD98509 for different periods (hours) (A) or at different concentrations (bottom in µM) (B). MRP and phospho-ERK 
levels were analyzed with actin or ERK2 as loading control. (C) GE11, GEß3, and GE RasV12 were analyzed for MRP 
and phospho-ERK levels with ERK2 as loading control. 
 
MRP expression was not influenced by the expression of either isoform of endonexin. Therefore, ß3-induced 
downregulation of MRP is not dependent on the presence of ß3-endonexin. Secondly, it was shown that 
ligand binding by avß3 and a5ß1 leads to increased Bcl-2 expression through the activity of the PI3K 
pathway [8]. We investigated if PI3K plays a role in the regulation of MRP expression by incubating GE11 
and GEß3 cells overnight with the specific inhibitor LY294002 and analyzing MRP expression. The data 
shows that LY294002 did not alter MRP expression at the concentrations tested (Fig. 4D). Therefore, the 
PI3K pathway is not involved in ß3mediated regulation of MRP expression.  
 
MRP downregulation and cell spreading are regulated by ß3 in the NP18 cell line  
 
To determine if the downregulation of MRP expression by overexpressed ß3 only occurs in GE11 cells, we 
measured MRP expression in two other cell lines overexpressing ß3. In the pancreatic carcinoma cell line, 
NP18, MRP was down-regulated after ß3 overexpression but MRP expression was not affected in the mouse 
squamous cell carcinoma cell line mSCC2 (Fig. 6A). Paxillin and actin staining of the parental NP18 cells 
indicated that focal contacts were present in clusters evenly spaced at the cell periphery in close proximity to 
a cortical actin network. In contrast, in the NP18-ß3 cell line the focal contacts present around the periphery 
of cells were more often connected to thick actin stress fibers extending across the entire cell. However, 
overexpression of ß3 in the mSCC2 cell line did not noticeably affect the morphology of the cells (Fig. 6B). 
Thus, the effect of ß3 overexpression on MRP expression is not limited to the GE11 cell line. Moreover, the 
overexpression of ß3induced morphological changes in the NP18 cells similar to those seen in GE11 cells.  
 
MRP is not essential for ß3-induced effects on morphology but avß3 expression does regulate MRP 
localization  
 
We showed that the downregulation of MRP expression by ß3 overexpression is accompanied by 
morphological changes. To determine if the loss of MRP is responsible for these morphological changes, we 
silenced MRP expression in GE11 cells using a siRNA SMARTpool® from Dharmacon. The SMARTpool® 
along with a negative control were transfected into GE11 cells and MRP expression was assessed after 48 h. 
Western blot analysis showed that MRP was absent in the SMARTpool® transfected cells while cells 
transfected with the control siRNA still expressed MRP (Fig. 7A). Cells were also fixed and stained for 
vinculin, cadherin and F-actin. Cells transfected with the negative control and with the MRP-directed siRNA 
formed islands with a normal morphology and normal F-actin and vinculin distribution (Fig. 7B). 
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Figure 6.  Effect of ß3 overexpression in NP18 and mSCC2 cells.  (A) Western blot analysis for MRP expression of 
two celllines, NP18 and mSCC2, overexpressing ß3.  (B) mSCC2 cells and NP18 cells with or without overexpressed 
ß3 were stained for Paxillin and F-actin. 
  
There was no evidence that cell spreading or cell–cell contact formation was affected by the knockdown of 
MRP. Additionally, MRP was re-expressed in GEß3 cells using a MRP–GFP cDNA construct. Confocal 
analysis revealed that MRP–GFP expression had no effect on the morphology of GEß3 cells (Fig. 8A). The 
cells remained well spread and the formation of actin stress fibers and focal contacts was not perturbed. To 
determine if the downregulation of MRP expression in GEß3 cells is important for the initial spreading of 
these cells, MRP– GFP was stably expressed in GE11 cells before ß3was overexpressed through retroviral 
transduction. 24 h after infection, the morphology of cells expressing MRP–GFP and ß3 was similar to that 
of GEß3 cells (Fig. 8B). Therefore, we conclude that cell spreading is not influenced by the levels at which 
MRP is expressed. Interestingly, we noticed that the localization of MRP–GFP was altered after ß3 
overexpression. In line with a previous report showing that MRP is localized at the basolateral membranes of 
MDCK cells [32], confocal analysis of GE11 cells indicated that overexpressed MRP–GFP was concentrated 
at the basolateral membrane and partially co-localized with cadherin but not with paxillin (Fig. 8A). In 
contrast, after ß3 overexpression MRP–GFP was diffusely distributed along the entire cell membrane with 
occasional staining of internal membranes as well as weak actin filament decoration. In conclusion, MRP is 
not involved in the ß3-induced morphological effects, but ß3 overexpression clearly influences MRP–GFP 
localization.  
 
Discussion  
 
It has been suggested that the regulation of gene expression forms part of the mechanism by which integrins 
control cell migration and invasion [10]. Previously, it was shown that the re-expression of ß3 in knockout 
cells increases cdc2 protein levels [10] and that overexpression of ß3 in CHO cells leads to a decrease in 
uPAR protein levels [11]. 
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Figure 7.   RNAi-mediated downregulation of endogenous MRP in GE11 cells. (A) Western blot analysis of MRP 
expression in GE11 cells transfected with siRNA against MRP and a negative control. (B) GE11 cells transfected with 
siRNA directed against MRP or with a negative control were fixed and stained for vinculin and actin or for cadherin 
together with TOPRO that was used as nuclear staining. 
 
In both cell lines migration and spreading were enhanced. Previous work in our laboratory has shown that 
overexpression of ß3 or re-expression of ß1 subunit has distinct effects on cell morphology, migration, Rho 
activation and cofilin phosphorylation [13,14].  
 
We hypothesized that the effect on cell morphology induced by ß3 overexpression coincides with changes in 
the transcription of several genes, possibly including genes such as uPAR and cdc2. To test our hypothesis 
we performed a microarray analysis of GEß3 cells and compared the gene expression profile of these cells to 
that of the parental GE11 cells. Surprisingly, ß3 overexpression resulted in the down-regulation of only a 
single gene, i.e. the gene coding for MRP. Both uPAR and cdc2 cDNAs were present on the array used for 
this study but the transcription of these genes was not changed by the overexpression of ß3.  
 
Various signaling pathways have been implicated in gene regulation downstream of integrins. One of these 
pathways was elucidated in CHO cells in which ß3 overexpression inhibits uPAR transcription. It was found 
that overexpression of the short isoform of the ß3 integrin binding protein, ß3endonexin, also resulted in 
decreased uPAR transcription [11] suggesting that ß3-endonexin is the downstream effector of ß3 in a 
pathway that leads to uPAR down-regulation [11]. It was also shown that ligand binding by avß3 and a5ß1 
leads to an increase in Bcl-2 expression that was dependent on the PI3K–Akt pathway [8]. We investigated if 
these signaling pathways were also involved in the ß3-mediated downregulation of MRP expression. We 
show that overexpression of ß3-endonexin in GE11 cells had no effect on MRP expression and we conclude 
that this pathway does not regulate the expression of MRP. Our data also indicates that MRP expression was 
not changed by inhibition of the PI3K pathway. 
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Figure 8.  Overexpression of MRP has no effect on ß3-induced cell morphology. (A) GE11 and GEß3 cells expressing 
MRP–GFP were grown on glass coverslips, fixed and stained for paxillin and actin or for cadherin while a z-stack was 
made of a GE–MRP island and of a GEß3–MRP confluent cell layer stained for cadherin. The vertical slice presented in 
the right panel is obtained from the region indicated by the white line in the left panel. (B) GE11–MRP cells were 
grown on slides and infected with ß3-retrovirus. After 24 h of infection, cells were fixed and stained for paxillin, F-actin 
and integrin ß3. All the cells in the left panel that stained positively for paxillin have the typical ß3-induced morphology 
while arrowheads in the right panel indicate infected cells.  
 
On the other hand, a number of soluble factors and signaling intermediates have been identified that affect 
MRP expression. It was shown that LPS stimulation increases MRP expression in BV-2 microglial cells 
through the activity of Src kinase [27].  Moreover, transformation of 3T3 cells with v-Src or Ras leads to 
decreased expression of MARCKS [25]. Our results indicate that active Src does not decrease MRP 
expression. Intriguingly, the inhibition of ERK phosphorylation caused an increase in MRP expression in 
GE11 cells but had no effect on MRP expression in GEß3 cells while RasV12 expression in GE11 cells 
resulted in increased phospho-ERK levels and decreased MRP protein levels.  Therefore, the Ras/MAPK 
pathway controls the basal level of MRP expression in GE11 cells but ß3 overexpression bypasses this 
pathway downstream of ERK to downregulate MRP expression.   
 
Our studies with ß3 chimeras show that downregulation of MRP expression by ß3 only occurs when it is 
associated with the av subunit. Furthermore, we show that the ß3 cytoplasmic tail is essential for MRP 
downregulation. Within the cytoplasmic tail of ß3 several motifs have been identified that are important for 
different downstream signaling events. For example, the membrane proximal NPxY motif is important for 
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binding to talin and critical for integrin activation, while the distal NITY motif is important for cell spreading 
although it appears that the tyrosine residue of this motif is not essential [33].   
 
We tested several deletion mutants of ß3 and show that the loss of the complete NITY motif does not lower 
the expression of MRP. Inclusion of the asparagine and isoleucine residues of the NITY motif leads to the 
down-regulation of MRP expression while also causing cells to spread like GEß3 cells. Therefore, the same 
region of ß3 responsible for MRP downregulation also increases cell spreading. In NP18 cells, ß3 
overexpression also caused changes in the cytoskeleton while MRP expression was downregulated. On the 
other hand, overexpression of ß3in mSCC2 cells did not lead to changes in morphology or to the 
downregulation of MRP expression, emphasizing that ß3 overexpression is responsible for both these 
phenomena. MRP has been implicated in cell spreading and cytoskeletal organization [20,21], both of which 
are altered in GEß3 cells, suggesting that MRP may be important for the ß3-induced effects on cell 
morphology.  
 
However, our data indicates that altering MRP expression by knock down in GE11 cells or by 
overexpression in GEß3 cells does not influence cellular morphology. We, therefore, suggest that either 
MRP is not involved in cell spreading or morphology or that it is not the only protein involved and that the 
stronger effects of other proteins mask the effect of MRP.  
 
In conclusion, our studies show that the expression level of ß3 can influence cell morphology and the 
transcription levels of MRP and that the Ras/MAPK pathway is important for the regulation of MRP 
expression.  
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The major PKC substrates MARCKS and MacMARCKS (MRP) are membrane-binding proteins 
implicated in cell spreading, integrin activation and exocytosis.  According to the myristoyl-
electrostatic switch model the co-operation between the myristoyl moiety and the positively charged 
effector domain (ED) is an essential mechanism by which proteins bind to membranes.  Loss of the 
electrostatic interaction between the ED and phospholipids, such as Ptdins(4,5)P2, results in the 
translocation of such proteins to the cytoplasm.  While this model has been extensively tested for the 
binding of MARCKS far less is known about the mechanisms regulating MRP localization.  We 
demonstrate that after phosphorylation, MRP is relocated to the intracellular membranes of late 
endosomes and lysosomes.  MRP binds to all membranes via its myristoyl moiety, but for its 
localization at the plasma membrane the ED is also required.  Although the ED of MRP can bind to 
Ptdins(4,5)P2 in vitro, this binding is not essential for its retention at or targeting to the plasma 
membrane.  We conclude that the co-operation between the myristoyl moiety and the ED is not 
required for the binding to membranes in general but that it is essential for the targeting of MRP to 
the plasma membrane in a Ptdins(4,5)P2-independent manner. 
 
Introduction 
 
The MARCKS proteins, MARCKS and MARCKS related protein (MRP) are widely distributed membrane-
binding proteins that are major PKC substrates.  Their importance is highlighted by the finding that 
MARCKS is directly involved in the hypersecretion of mucus that occurs during diseases such as asthma, 
chronic bronchitis and cystic fibrosis [1].  MARCKS was shown to stimulate exocytotic secretion by binding 
to the membranes of intracellular mucin granules.  An N-terminal fragment of MARCKS blocks exocytosis, 
providing a possible approach to control these diseases [2].  In other studies MARCKS overexpression 
decreased cell adhesion independently of its phosphorylation status [3].  On the other hand, MRP 
overexpression leads to enhanced cell spreading after PMA stimulation.  This increase in cell spreading is 
due to the enhanced lateral diffusion of the integrin β2 over the membrane, which occurs when 
phosphorylated MRP releases the restriction of the actin cytoskeleton on the movement of the integrin  [4]. 
Furthermore, it was shown, using FRET, that dynamitin binds to MRP at the plasma membrane [5]. 
Dynamitin is a subunit of the dynactin complex that binds to dynein, a minus-end directed microtubule 
motor. Phosphorylation of MRP abrogates its binding to dynamitin and results in the translocation of both 
proteins to the cell interior [6].  
 
MRP and MARCKS are elongated, acidic proteins that contain a positively charged central effector domain 
(ED), an N-terminal myristoylation motif and a MARCKS homology domain 2 (MH2) that shares homology 
with the cytoplasmic tail of the IGF2 receptor [7].  The ability of MARCKS to associate with the plasma 
membrane is dependent on the phosphorylation status of the positively charged central effector domain (ED) 
[8].  A model has been proposed for the mechanism that regulates this association of MARCKS with the 
plasma membrane and is called the myristoyl-electrostatic switch model [9, 10].  Unlike early suggestions 
that MARCKS associates with proteins at the plasma membrane, this model proposes that MARCKS and 
related proteins associate with the plasma membrane through the insertion of the myristoyl moiety into the 
lipid membrane, bringing the ED in close proximity to the membrane which in turn results in the electrostatic 
attraction of the positively charged ED to negatively charged phospholipids, such as phosphatidylserine (PS) 
and Ptdins(4,5)P2.  The additive effect of the two binding motifs then leads to a stable association between 
the protein and the plasma membrane [9]. Moreover, it has been shown that the ED of MARCKS binds to PS 
in membranes but that even with an excess of PS it still sequesters Ptdins(4,5)P2 [11, 12].  The myristoyl-
electrostatic switch model does not only apply to MARCKS since other proteins such as Arl4, a small 
molecular weight G protein, also contain a myristoyl moiety and a polybasic region thought to associate with 
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the plasma membrane according to this model [13].  Upon phosphorylation of the serine residues within the 
ED, the positive charge of the ED is reduced leading to the dissociation of the ED from the lipid membrane.  
This weakens the association between the protein and the lipid membrane sufficiently to cause its 
translocation from the plasma membrane to the cytoplasm.  In support of the above model, it was shown that 
MARCKS translocated to the cytoplasm after being phosphorylated [14].  Later, it was reported that after 
several hours MARCKS re-associates with internal membranes such as lysosomes when it becomes 
dephosphorylated [9, 15].   
 
Although this model has been extensively tested for MARCKS, no thorough investigation into the 
mechanism regulating MRP localization has been carried out, although there is data suggesting significant 
differences exist between the mechanisms involved in regulating the localization of MARCKS and that of 
MRP.  For instance, in vitro studies using lipid vesicles show that MRP has a 100-fold lower affinity than 
MARCKS for vesicles containing negatively charged phospholipids [16].  A somewhat contentious paper 
using supported lipid bilayers shows that addition of calmodulin or phosphorylation of the serine residues 
inhibits the binding of MARCKS but not of MRP to these membranes [17].  Lastly, within the ED of 
MARCKS there are five serine residues of which 3 can be phosphorylated while in the ED of MRP a proline 
residue is present instead of a serine residue resulting in the phosphorylation of only 2 serine residues [16].   
We are interested in the effects of integrins on the morphology of cells and have previously shown that the 
overexpression of β3 leads to an increase in cell spreading and a loss of cell-cell contacts [18], concomitant 
with a decrease in the expression of MRP [19].  In this study, we want to understand the role of MRP in the 
maintenance of the epithelial morphology that is lost when β3 is overexpressed.     
 
When an MRP-GFP construct was expressed in the GE11 cell line it became localized at the plasma 
membrane.  PMA stimulation led to the rapid translocation of the protein to the lysosomes but, unlike 
MARCKS, we did not observe an increase in the amount of soluble, cytosolic MRP after phosphorylation.  
Our data further demonstrate that MRP always binds to membranes via its myristoylation moiety while the 
ED is essential for its interaction with and its targeting to the plasma membrane.  Interestingly, the ED does 
not exclusively bind to Ptdins(4,5)P2 but also to other PIP2  isomers and to phosphomonoinositides (PIPs).  
Strikingly, our data shows that MRP does not require Ptdins(4,5)P2 to bind to the plasma membrane.  
Overexpression of MRP or any of its mutants had no effect on cell morphology, on the structure of the actin 
cytoskeleton, or on cell spreading.  Instead, we found that MRP overexpression affected the internalization 
of vesicles, suggesting a possible role for MRP in the formation and transport of vesicles during endocytosis. 
 
Materials and Methods 
 
Antibodies and other materials 
 
Antibodies used were mouse monoclonal anti-GFP (clone B34, Covance), mouse monoclonal anti-N-
cadherin (clone 32, BD Transduction labs), rat monoclonal anti-LAMP-1 (Clone 1D4B, Abcam), rabbit 
polyclonal anti-IGF2 receptor (clone 5299HL, kindly provided by Dr. Lobel, University of Medicine 
and Dentistry of New Jersey, USA), and mouse monoclonal anti-Golgin 97 (Clone CDFX, Abcam).  
Texas Red conjugated Phalloidin was obtained from Molecular Probes.  Lysotracker®-red was purchased 
from Invitrogen and TexasRed conjugated dextran (10000 MW) was from Molecular Probes.  The PKC 
inhibitor Ro318220 (used at final concentration 20 µM) was obtained from Roche.  PMA (used at a final 
concentration of 0.1 µg/ml), nocodazole (used at a final concentration of 5 ng/ml), LY294002 (used at final 
concentration of 10 µM) and Gö6983 (used at a final concentration of 0.1 µM) were from Sigma-Aldrich. 
 
Cell lines 
 
β1-knockout neuroepithelial GE11 cells were used for most studies but HEK293 cells were used for the 
FRET analysis.  Cells were cultured in DMEM supplemented with 10% fetal calf serum, penicillin and 
streptomycin. 
 
cDNA, plasmids and mutants 
 
Full-length mouse MRP was a kind gift from Dr. Deborah Stumpo (National Institute of Environmental 
Health Science, Research Triangle Park, NC). MRP was cloned into the pEGFP-N1 vector (BD Biosciences 
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Clontech) by digestion with BamHI and the fragment encoding MRP-GFP was recloned into the retroviral 
vector LZRS-IRES-zeo [20].  The human NK2 receptor with truncation at position 328 [21] was obtained 
from Prof. Wouter Moolenaar (Division of Cellular Biochemistry, Netherlands Cancer Institute, The 
Netherlands).  The PLCδ1PH-mRFP and YFP-CAAX constructs have been described previously [22].  For 
the inducible Ptdins(4,5)P2 depletion system FRB-CFP and the FKBP-mRFP-5’ phosphatase deletion 
mutant [23] were obtained from Dr. Tamas Balla (Endocrinology and Reproduction Research Branch, 
National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, USA).  
An adapted FRB-CFP construct where the palmitoylation site was replaced by a CAAX motif was obtained 
from Bas Ponsioen (Division of Cell Biology, Netherlands Cancer Institute, The Netherlands) and used for 
these studies.  
 
Construction of different MRP mutants.  
 
Several mutants of MRP were constructed.  The myristoylation site was mutated by using a primer with a 
mutation coding for an alanine residue instead of the glycine residue (ccgggatggccagccag) together with a 
primer containing the stop codon of the MRP cDNA in the pE-GFP-N1 plasmid (gatggatcccactcattctgctcag).  
The resulting recombinant MRP construct was digested with BamHI and cloned into pE-GFP-N1.   The SA 
and SD mutants of MRP were constructed using primers that led to the replacement of all three serine 
residues in the ED by either alanine or aspartic acid. The same two flanking primers were used for both 
mutants (ccgggatccatgggcagc and gatggatcccactcatt).  For the generation of the SA mutant two internal 
primers were used (aagaaattcgctttcaagaagcctttcaaattggctggcctggccttcaag and 
cttgaaggccaggccagccaatttgaaaggcttgaaagcgaatttctt), and for the SD mutant we used the primers 
aagaaattcgatttcaagcctttcaaattggatggcctggacttcaag and cttgaagtccaggccatccaatttgaaaggcttcttgaaatcgaatttctt. 
The 5’ and 3’ fragments were amplified, denatured and allowed to anneal after which PCR was performed 
using the flanking primers resulting in a full-length mutated MRP construct that was digested with BamHI 
and cloned into pE-GFP-N1. An ED deletion mutant of MRP was a kind gift of Dr. Jianxun Li (Department 
of Oral Biology, College of Dentistry, University of Illinois at Chicago, Chicago, USA) and was digested 
with BamHI and cloned into pE-GFP-N3.  The MRP-GFP construct was subsequently cloned into the EcoRI 
and NotI site of LZRS.   
 
Membrane fractionation assay 
 
Cells were seeded in a 10 cm dish and grown overnight.  The next day they were washed once in PBS, and 
then lysed in 1 ml fractionation lysis buffer (10 mM Hepes pH 7.5, 1.5 mM MgCl2, 5 mM KCl, 0.25 M 
sucrose, 1 mM DTT and 1 mM Sigma inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)). The cells were 
kept on ice for 10 minutes, collected by scraping and dounced with 30 strokes of a dounce homogenizer. The 
lysate was then centrifuged for 5 minutes at 2200 rpm and the supernatant transferred to a new tube 
containing 20 µl 0.25 M EDTA, pH 8. The supernatant was centrifuged at 55.000 rpm for 45 minutes at 4°C 
after which the supernatant was transferred to a new tube, 200 µl 3x protein loading buffer was added and 
the sample was boiled for 5 minutes.  The pellet was washed with lysis buffer, centrifuged at 55.000 rpm for 
30 minutes and 60 µl 1x protein loading buffer was added. 20 µl of each sample was loaded on SDS-PAGE 
gel, separated and transferred to polyvinylidene difluoride membranes (Millipore) and analyzed by Western 
blotting followed by ECL using the Super signal system (Pierce Chemical Co.). 
 
Isolation of GST-tagged proteins 
 
The (wt)MRP, (SA)MRP and (SD)MRP constructs were digested with BamHI and cloned into the pRP265 
vector.  GST-tagged proteins were isolated from lysates of transformed BL21 bacterial cells.  Briefly, cells 
were transformed and grown overnight on LB plates containing ampicilin.  A colony was inoculated and 
grown overnight in 3 ml Luria Broth (LB) with ampicilin. 2 ml culture was added to 200 ml fresh culture 
broth and incubated for ~3 hours at 37ºC until absorbance at 595 nm was 0.6.  IPTG was added to 0.4 mM 
and incubation continued for a further 3 hours.  Cells were subsequently pelleted and incubated for 15 
minutes in lysis buffer (50 mM Tris, pH 8.0, 5 mM EDTA, 10% glycerol, 0.5% Nonidet P40, 50 mM NaCl 
and protease inhibitors) before being sonicated 3 times for 20 seconds on ice.  The lysate was then 
centrifuged and the supernatant added to pre-washed glutathione agarose beads.  The mixture was incubated 
overnight at 4ºC.  The beads were collected and washed with cold PBS.  The beads were then transferred to a 
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Biorad column and the protein was eluted with 5 mM glutathione. Fractions of 1 ml were collected and 
analyzed for protein.   
 
Immunofluoresence and flow cytometry 
 
For immunofluorescence, cells were fixed in 2% paraformaldehyde for 15 minutes and subsequently 
permeabilized with 0.2% Triton X-100 for 5 minutes. Coverslips were subsequently blocked with 2% BSA 
in PBS for 1 hour at room temperature (RT). Coverslips were incubated with primary antibodies for 1 hour at 
RT, washed three times in PBS and incubated with FITC- or Texas Red-conjugated secondary antibody 
(Jackson ImmunoResearch Laboratories) for 1 hour at RT. Slides were mounted in MOWIOL 4-88 solution 
supplemented with DABCO (Calbiochem) and examined with a confocal Leica TCS NT microscope. 
 
Determining localization of MRP at the plasma membrane by FRET ratiometry 
 
Localization of MRP at the plasma membrane was determined by monitoring FRET between CFP-CAAX 
and YFP-MRP.  CFP-CAAX is localized at the plasma membrane so that, if YFP-MRP is in close proximity 
to the plasma membrane FRET will occur.  FRET ratiometry was measured as described previously [22].  In 
brief, cells were transfected with CFP-CAAX and YFP-MRP at a 1:1 ratio and were placed on an inverted 
ZEISS Axiovert 135 microscope equipped with a dry Achroplan x 63 (NA 0.75) objective. Excitation was at 
425+/-5 nm, and emission was collected simultaneously at 475+/- 15 nm (CFP) and 540+/- 20 nm (YFP) 
using photomultipliers.  FRET is expressed as the ratio of YFP to CFP and at the start of the experiment the 
ratio was set to 1.  FRET changes were expressed as a percentage deviation from the base line.  
 
In vitro lipid binding assay 
 
Lipid samples (as indicated) were washed with 2.4 M HCl in order to generate the acid forms and dissolved 
in chloroform at 100 pmoles/µl.  Serial doubling dilutions were carried out on ice and 1 µl was spotted on 
nitrocellulose membranes 1 cm apart. The lipids were dried at room temperature for 10 minutes before 
wetting the nitrocellulose membrane in distilled water and then in TBS-Tween-20 (50 mM Tris-HCl pH 8.0, 
140 mM NaCl, 0.05% (v/v) Tween-20).  The membrane was blocked using TBS-Tween, 1% BSA for 30 
minutes and then incubated overnight with the indicated GST-fusion products (0.1 µg/ml) diluted in TBS-
Tween, 1% BSA at 4oC.  The membrane was washed three times (5 minutes each) with TBS-Tween and then 
incubated for 1 hour with a monoclonal antibody directed against GST (clone 2F3) diluted (1:100) in TBS-
Tween, 1% BSA. The membrane was washed three times (5 minutes each) with TBS-Tween and then 
incubated for 20 minutes with an anti-mouse antibody conjugated to horseradish peroxidase (DAKO) diluted 
(1:20000) in TBS-Tween, 1% BSA.  The membrane was washed three times (5 minutes each) with TBS-
Tween and then once with distilled water. The interaction between the GST protein and lipid was visualized 
using a chemiluminescent reagent (Super Signal, Pierce).   
 
In vivo phosphorylation of MRP 
 
(wt)MRP cells were starved of phosphate for 1 hour. 2 mCi [32P]-orthophosphate was then added to the cells 
and they were incubated for an additional 3 hours before 0.1 µg/ml PMA was added, followed by an 
incubation for 15 minutes at 37°C. MRP-GFP was isolated with the monoclonal antibody against GFP.  
Briefly, the cells were lysed with m-Per buffer (Pierce), containing protease inhibitors. After the lysates were 
cleared by centrifugation at 14.000 x g for 10 minutes at 4°C, antibody was added and the mixture was 
incubated overnight at 4°C. The next day, GammaBind G Sepharose (Amersham Biosciences), pre-incubated 
with BSA to block nonspecific binding sites, was incubated with the lysates for 1 hour at 4°C. The beads 
were washed three times with m-Per buffer and dissolved in SDS-sample buffer. The entire sample was run 
on an SDS-PAGE gel and the gel was subsequently dried and exposed to film.  
 
Results 
 
Phosphorylated MRP is translocated to internal membranes 
 
The changes in localization of MRP were investigated by expressing a MRP-GFP construct in GE11 cells 
((wt)MRP) and stimulating these cells with the PKC activating phorbol ester, PMA.  (wt)MRP cells were 
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fixed and stained for F-actin at different time points (Figure 1A).  Before stimulation with PMA, the cells 
formed islands with a cortical actin ring spanning their circumference and MRP was visible at the basolateral 
plasma membrane and at cell-cell junctions.  Within 10 minutes after PMA stimulation the actin cytoskeleton 
was profoundly reorganized and lamellipodia appeared at the free borders of the cells (Figure 1A).  At the 
same time, (wt)MRP disappeared from the plasma membrane and became localized on internal membranes 
in the vicinity of the nucleus where it remained while cells migrated away from one another.  The 
phosphorylation of the serine residues was visualized by incubating (wt)MRP cells and cells expressing a 
mutant MRP in which the serine residues of the ED had been mutated to alanine, called (SA)MRP, with 
[32P]-orthophosphate.  Proteins were subsequently immunoprecipitated and analyzed by SDS-PAGE (Figure 
1B).  In (wt)MRP cells, some MRP was already phosphorylated but phosphorylation increased after PMA 
stimulation. In (SA)MRP cells, no phosphorylated MRP was detected, indicating that only the wild type ED 
is phosphorylated after stimulation with PMA.   
 

 
 
Figure 1.  Phosphorylated MRP is translocated to vesicles in the perinuclear region. (A) (wt)MRP cells were 
grown on coverslips, incubated for different lengths of time with PMA and fixed.  F-actin was visualized with 
phalloidin.  (B)  Phosphorylation of (wt)MRP and (SA)MRP cells before and after PMA stimulation.  The degree of 
MRP phosphorylation is shown in the autoradiogram while MRP expression is visualized in the bottom panel.  GE11 
cells were used as negative control.  (C)  Fractionation assays were performed at several time points after PMA 
stimulation. Blots were stained for GFP to identify MRP-GFP while N-cadherin staining acts as a membrane fraction 
control.  (D)  (wt)MRP were stimulated with PMA, or pre-treated with Nocodazole and then stimulated with PMA and 
images were taken after 10 minutes. 
 
To investigate if MRP remains associated with membranes during translocation, a fractionation assay was 
performed in which the cytoplasm was separated from the membrane (Figure 1C).  Prior to PMA 
stimulation, nearly all the (wt)MRP protein was present in the membrane fraction.  Surprisingly, the ratio of 
membrane to cytoplasmic (wt)MRP remained similar before and after PMA treatment.  Thus, even at early 
time points, phosphorylated MRP is associated with membrane and a cytoplasmic phase could not be 
detected. 
 
If MRP is membrane-bound during its internalization, we hypothesized that it is transported along the 
microtubule network to the perinuclear region.  Indeed, when cells were pre-treated with the microtubule-
destabilizing agent, Nocodazole, MRP remained in close proximity to the plasma membrane and did not 
become concentrated on vesicles around the nucleus after stimulation with PMA (Figure 1D).  Thus, MRP 
transport and translocation onto vesicles to the perinuclear region depends on the integrity of the microtubule 
network.   
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Phosphorylated MRP is present on lysosomes and the trans golgi network 
 
To identify the internal membrane compartments to which MRP is localized after phosphorylation, cells 
were co-stained for markers that define different intracellular vesicular compartments.  Cells were incubated 
with Lysotracker®, which becomes fluorescent in an acidic environment such as in lysosomes or late 
endosomes (Figure 2A). Within 2 minutes after the addition of PMA, the majority of MRP disappeared from 
the plasma membrane and became co-localized with Lysotracker® positive vesicles.  Interestingly, some 
MRP present in close proximity to the nucleus (white arrow) was not co-localized with Lysotracker®.  To 
determine the identity of the intracellular structures with which MRP became co-localized, cells were 
stimulated with PMA, fixed and stained for the lysosomal marker LAMP-1, and the trans golgi network 
(TGN) markers golgin97 and IGF2R (Figure 2B).  Within 5 minutes of PMA stimulation, MRP was mainly 
present on LAMP-1 positive vesicles but some co-localization of MRP with golgin97 and with IGF2R was 
seen.  Thus, after phosphorylation MRP is present on lysosomes and the TGN.   
 

 
 
Figure 2.  MRP associates with lysosomes and the TGN. (A) Cells were pre-incubated with Lysotracker and then 
stimulated with PMA.  Images were taken after PMA stimulation at the time points indicated.  The arrow indicates the 
region where there was no co-localization of MRP and Lysotracker.  (B) To identify the intracellular membranes at 
which MRP is localized, (wt)MRP cells were fixed and stained for LAMP-1, golgin97 and IGF2R before and after 
PMA stimulation. 
 
MRP is targeted to the plasma membrane by the ED domain but membrane binding is myristoylation-
dependent 
  
To understand by which mechanism MRP is membrane-bound when it is translocated away from the plasma 
membrane, several mutants of MRP were constructed.  To investigate the importance of the phosphorylation 
of the serine residues within the ED, these residues were mutated to alanine mimicking the non-
phosphorylated state of MRP, called (SA)MRP, or to aspartic acid mimicking the phosphorylated state, 
called (SD)MRP.  Like (wt)MRP, (SA)MRP was present at the cell-cell contacts and the plasma membrane 
but it did not appear on vesicles after PMA stimulation, whereas most of the (SD)MRP was present at the 
plasma membrane but also on vesicles in the vicinity of the nucleus before stimulation with PMA and this 
distribution was unaffected after PMA stimulation. (Figure 3A)  A mutant of MRP from which the complete 
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ED had been deleted ((∆ED)MRP) was absent from the plasma membrane but was associated with vesicles 
around the nucleus like phosphorylated MRP.  To establish the importance of the myristoylation site of MRP 
(gly 2), it was mutated to alanine creating the (GA)MRP mutant. (GA)MRP was present in the nucleus and 
cytoplasm but was absent from the plasma membrane or internal membranes.  (wt)MRP, (SD)MRP and 
(∆ED)MRP cells were stained for LAMP-1 or golgin97 (Figure 3B).  Co-localization of MRP was observed 
with LAMP-1 and golgin97 in all three cell lines, indicating that the two mutants are also localized at 
lysosomes and the TGN.  To confirm that these mutants of MRP are still able to bind to membranes, a 
fractionation assay was performed (Figure 3C).  Interestingly, (SD)MRP was predominantly present in the 
membrane fraction before and after stimulation with PMA while (∆ED)MRP was present in both the 
membrane and the cytosolic fraction, but (GA)MRP was only present in the cytosolic fraction.  Thus, while 
the myristoylation site of MRP is essential for its ability to bind to membranes, it is the ED that is required 
for its targeting to the plasma membrane.    

 

 
 
Figure 3.  The localization of MRP is regulated by the ED but membrane binding is dependent on the 
myristoylation site. (A) The myristoylation mutant, (GA)MRP, ED deletion mutant (∆ED)MRP, and the 
phosphorylation mutants (SA)MRP and (SD)MRP were expressed in GE11 cells.  Images were taken of cells before 
and after 10 minutes incubation with PMA.  (B) The (SD)MRP and (∆ED)MRP cells were fixed and stained for LAMP-
1 and golgin97 to visualize co-localization with the lysosomes and TGN.  (C) A fractionation assay was performed as 
described for the (SD)MRP, (∆ED)MRP and (GA)MRP cell lines.  Membranes were stained for GFP to visualize MRP-
GFP and as control for the membrane fraction stained for N-cadherin.   
 
Ptdins(4,5)P2 binding does not mediate MRP localization 
 
We hypothesized that the binding of the ED to certain phospholipids is important for the association of MRP 
with the plasma membrane.  The phospholipids that interact with MRP were identified in an in vitro lipid 
overlay assay. Nitrocellulose membranes, displaying an array of immobilized phospholipids at increasing 
concentrations, were incubated with purified (wt)MRP, (SA)MRP or (SD)MRP protein (Figure 4A).  Unlike 
the PH-domain of PLCδ1 that specifically binds Ptdins(4,5)P2 both (wt)MRP and (SA)MRP were able to 
bind to different isomers of PIP2  and to PIP lipids.  In contrast, (SD)MRP was unable to bind to any of the 
phospholipids tested.  Therefore, it is clear that the unfolded MRP binds non-specifically to all isomers of 
PIP2 and PIP.  We visualized the co-localization of MRP and Ptdins(4,5)P2 by expressing MRP-GFP and the 
PH-domain of PLCδ1 in HEK293 cells and observed extensive co-localization at the plasma membrane 
(Figure 4B).  When cells were subsequently stimulated with PMA, this co-localization rapidly disappeared as 
MRP-GFP was translocated away from the plasma membrane.  Moreover, vesicles were observed (inset) that 
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only contain MRP-GFP and no PH-mRFP, suggesting that MRP associates with these membranes, although 
they do not contain high levels of Ptdins(4,5)P2.  To show that MRP binds directly to the plasma membrane 
and is translocated after PKC activation, FRET studies were performed in HEK293 cells expressing the 
plasma membrane-specific YFP-CAAX marker and a MRP-CFP construct (Figure 4C).  Since FRET only 
occurs when CFP and YFP are in close proximity (<10 nm) and YFP-CAAX only labels the plasma 
membrane, FRET will indicate whether MRP is directly associated with the membrane.  Indeed, FRET was 
observed suggesting that MRP is directly associated with the plasma membrane.  After PMA stimulation the 
FRET signal rapidly decreased.  However, when cells were pre-incubated with the PKC inhibitor Ro318220 
the FRET signal did not decrease after PMA stimulation, confirming that the translocation of MRP away 
from the plasma membrane is mediated by PKC.   
 
There is some controversy whether proteins containing a polybasic region associate with the plasma 
membrane because of the negative potential of the inner leaflet of the plasma membrane [24] or whether 
these proteins bind to specific phosphoinositides [13].  We investigated if MRP associates with the plasma 
membrane through an interaction between MRP and PtdIns(4,5)P2 , by expressing the G-protein coupled 
NKA receptor which, when stimulated, will activate PLC resulting in hydrolysis of PtdIns(4,5)P2 at the 
plasma membrane [25].  Upon NKA stimulation FRET between MRP and YFP-CAAX rapidly diminished 
(Figure 4D).  However, when cells were pre-incubated with the PKC inhibitor, Ro318220, the FRET signal 
did not decrease after NKA addition.  Thus, the degradation of Ptdins(4,5)P2 at the plasma membrane does 
not directly lead to the displacement of MRP but rather the degradation products of Ptdins(4,5)P2, IP3 and 
DAG, activate PKC [26], which in turn leads to the loss of MRP from the plasma membrane.  To confirm 
that MRP localization at the plasma membrane is not dependent on the level of Ptdins(4,5)P2, we employed 
a rapamycin dependent system of targeting the 5’ specific Ptdins(4,5)P2 phosphatase, Inp54p, to the plasma 
membrane [23].  This will lead to a reduction in the levels of Ptdins(4,5)P2 without the production of DAG, 
preventing the activation of PKC.  Additionally, we added the PI3K inhibitor, LY294002 to deplete 
Ptdins(3,4,5)P3 levels since it has been suggested that the ED of MARCKS binds to Ptdins(3,4,5)P3 as well 
as Ptdins(4,5)P2 at the plasma membrane [13].  Addition of rapamycin led to a rapid reduction of 
Ptdins(4,5)P2 at the plasma membrane (Figure 5C) as shown by the translocation of the PLC-PH domain 
from the membrane to the cytosol.  However, when rapamycin and/or LY294002 were added to cells 
expressing MRP-GFP, MRP was not translocated (Figure 4E).  In fact, only when PMA was added to cells 
did MRP disappear from the plasma membrane.  Therefore, loss of Ptdins(4,5)P2 and Ptdins(3,4,5)P3 at the 
plasma membrane does not induce the translocation of MRP, suggesting that these phospholipids are not 
involved in the association of MRP with the plasma membrane.  
 
A phosphorylation cycle maintains lysosomal targeting and relocalization of MRP at membranes in resting 
cells 
   
It is clear that PMA stimulation causes a massive relocation of MRP.  We wondered whether MRP is 
translocated to vesicles in cells not stimulated by PMA,.  The microtubule network was disrupted to retain 
vesicles containing MRP that would otherwise be recycled.  This was done by incubating cells for 5 hours 
with Nocodazole, after which the cells were fixed and stained for LAMP-1 (Figure 5A).  In (wt)MRP cells 
large vesicles appeared at the cell periphery on which MRP and LAMP-1 was co-localized.  In contrast, 
MRP was still present on the plasma membrane in (SA)MRP cells while LAMP-1 staining was much weaker 
and LAMP-1 positive vesicles were smaller.  Therefore, in unstimulated cells, MRP can be translocated to 
LAMP-1 positive vesicles when the microtubule network is disrupted suggesting that a phosphorylation 
cycle of MRP drives a continuous shuttling of MRP between the plasma membrane and internal vesicles in 
resting cells. 
 
Dephosphorylated MRP returns to the plasma membrane also when Ptdins(4,5)P2 is depleted 
 
To investigate the fate of MRP when it is no longer phosphorylated, (wt)MRP cells were treated with PMA 
for 10 minutes after which the PMA containing medium was replaced with fresh medium or with medium 
containing the PKC inhibitor, Gö6983 (Figure 5B).  After another incubation of 10 minutes, cells were fixed 
and stained for LAMP-1.  In cells without the inhibitor, there was no MRP at the plasma membrane and it 
was co-localized with LAMP-1 on vesicles.   
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Figure 4.  MRP binds to PIP2 and PIP in vitro but the association of MRP with the plasma membrane is not 
regulated by Ptdins(4,5)P2. (A) Different MRP-GST constructs were incubated with membranes with increasing 
concentrations (bar below image) of different phosphoinositides.  PLCδ-PH GST was used as positive control for 
Ptdins(4,5)P2 binding while GST alone was used as negative control.  (B) (wt)MRP cells were transfected with a 
PLCδPH-mRFP construct and life-imaged during PMA stimulation.  The inset represents an enlarged area of the picture 
showing a vesicle being transported from the plasma membrane to the interior of the cell.  Images were taken every 
minute. (C) FRET was measured in HEK293 cells transfected with MRP-YFP and CAAX-CFP and stimulated with 
PMA represented by the blue trace in the left-hand graph showing the ratio of MRP-YFP-CAAX-CFP.  Alternatively, 
cells were pre-incubated for 30 minutes with the PKC inhibitor Ro318220 before being stimulated with PMA.  FRET 
was measured and is represented by the red trace.  The right panel represents the average difference in amplitude before 
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and after PMA stimulation.  Averages are taken of at least 6 experiments.  The blue bar represents cells not incubated 
with the inhibitor while the red bar represents cells incubated with the PKC inhibitor.  Difference was calculated with a 
students T-test and was found to be significant (p<0.01).  (D) A similar FRET analysis was performed in cells 
transfected with MRP-YFP, CAAX-CFP and the NKA receptor.  The left panel shows a representative trace in blue 
without the inhibitor and red with the inhibitor.  The right panel shows the average difference in amplitude before and 
after NKA stimulation.  (E) HEK293 cells were transfected with FRB-CAAX-CFP, FKBP-mRFP-5’phosphatase and 
MRP-YFP and stimulated with 0.2 µM rapamycin and 10 µM LY29 and later PMA.  Images were taken every 20 
seconds.  Fluorescence of a region of interest in the nucleus and the cytoplasm was measured over time and is given as a 
ratio. 
 
These cells had lamellipodia and their cell-cell contacts were disrupted.  However, when cells were 
incubated with Gö6983, epithelial islands reformed, lamellipodia disappeared and MRP became re-localized 
at the plasma membrane where it was not co-localized with LAMP-1.  To determine if Ptdins(4,5)P2  is 
important for the return of MRP to the plasma membrane, Ptdins(4,5)P2 levels were depleted by targeting 
Inp54p to the plasma membrane before adding the PKC inhibitor to cells.  Firstly, when the PKC inhibitor 
Gö6983 was added to cells pre-incubated with PMA, a rapid return of MRP from vesicles to the plasma 
membrane was seen (Figure 5C).  Interestingly, when Ptdins(4,5)P2 was depleted before the PKC inhibitor 
was added, MRP still returned to the plasma membrane.  Therefore, MRP is transported back to the plasma 
membrane when the ED is not phosphorylated and this targeting is not dependent on the level of 
Ptdins(4,5)P2  in the plasma membrane.   
 
MRP overexpression augments internalization of vesicles 
 
To test if internalization of vesicles is affected by MRP we incubated GE11, (wt)MRP, (SA)MRP and 
(SD)MRP cells with TexasRed labeled dextran.  Cells were fixed at different time points and the number of 
dextran-loaded vesicles per cell was counted to measure the efficiency of vesicle internalization (Figure 6).  
We observed a significant increase in the number of dextran-positive vesicles in (wt)MRP cells indicating 
that internalization occurs more efficiently in (wt)MRP cells.  The overexpression of (SA)MRP or (SD)MRP 
did not alter the rate of internalization when compared to that in GE11 cells such as (wt)MRP, suggesting 
that the effect on internalization depends on the ability of MRP to shuttle between the plasma membrane and 
internal vesicles.  Therefore, we suggest that MRP plays a role in internalization through an as yet unknown 
mechanism.   
 
Discussion 
 
A plethora of phosphoinositide binding proteins are present in cells carrying out numerous functions.  The 
affinity of the binding between these proteins and the phosphoinositides in membranes is often very low and 
an additional binding site is required for a stable, high affinity association of these proteins with membranes 
[27].  The regulated spatial distribution of phosphoinositides on different organelles allows targeted protein 
localization within the cell [27].   
 
An alternative model to achieve high affinity and spatially regulated binding of proteins to lipid membranes 
relies on the presence of a membrane binding moiety and a polybasic region within the protein.  The 
myristoyl electrostatic switch model predicts that a protein binds to lipid membranes through the additive 
effect of two distant binding motifs, an N-terminal myristoylation motif and a positively charged central 
effector domain (ED) [8, 9].  When the electrostatic attraction between the positively charged ED and the 
negatively charged phosphoinositides within the membrane decreases after phosphorylation, the overall 
affinity of the protein for the membrane will be sufficiently lowered to cause its dissociation.  Extensive 
studies of MARCKS have substantiated this model.  Further studies also suggest that MARCKS is a 
pipmodulin that sequesters the free phosphoinositide Ptdins(4,5)P2 at the plasma membrane [11, 12, 28].  
The level of homology between MARCKS and MRP is relatively high, suggesting that they are both 
governed by this same mechanism.  However, this has not yet been demonstrated.  Importantly, there are 
some crucial differences between MARCKS and MRP.  For instance, the ED of MARCKS contains five 
serine residues of which three can be phosphorylated by PKC.  In contrast, the ED of MRP has only three 
serine residues of which two can be phosphorylated [7]. 
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Figure 5.  MRP cycles between the lysosomes and the plasma membrane in resting GE11 cells.  (A) (wt)MRP and 
(SA)MRP cells were incubated with Nocodazole for 5 hours before being fixed and stained for LAMP-1.  (B) (wt)MRP 
cells were first incubated for 10 minutes with PMA, then washed and incubated for a further 10 minutes in fresh 
medium or medium containing Gö6983. Cells were fixed and stained for LAMP-1.  (C) HEK293 cells were transfected 
with FRB-CAAX-CFP, FKBP-mRFP-5’phosphatase and MRP-YFP.  The ratio of cytoplasmic vs. nuclear level of MRP 
was measured and is represented in the graph.  Cells were either stimulated with rapamycin and Gö6983 (solid line) or 
with Gö6983 alone (dotted line).  As a control for the depletion of Ptdins(4,5)P2, cells were also transfected with the 
Ptdins(4,5)P2 sensor PLC-PH-YFP treated with rapamycin and the same ratio of sensor was measured (dashed line).   
 
Thus, the ED of MRP has a lower negative charge after phosphorylation than the ED of MARCKS.  In a 
study using lipid vesicles containing negatively charged phospholipids, MARCKS was shown to have a 
much higher affinity for these vesicles than MRP but after phosphorylation the affinity of MARCKS for 
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these vesicles was reduced while that of MRP remained similar [16].  Additionally, separate reports show 
that MARCKS binds and cross-links actin filaments [29] while MRP only binds to actin filaments [30].  
Lastly, there are differences in the localization of MARCKS and MRP [14, 31].  
 
In this study we investigated the mechanism governing the localization of MRP.   We first focused on the 
translocation of MRP that occurs after PKC is activated.  We show that MRP is translocated from the plasma 
membrane to lysosomes, possibly via a cytoplasmic intermediate phase, in a matter of minutes in contrast to 
MARCKS that remains cytoplasmic for two hours and only then associates with lysosomes [14, 15].     
 

 
 

Figure 6.  (wt)MRP overexpression increases internalization.  The different cell lines were incubated with 
TexasRed-conjugated dextran for different times and fixed.  Three independent experiments were done with at least 20 
cells analyzed per experiment. The stack focuser tool in the ImageJ software package was used to visualize all vesicles 
within the z-stack made of each cell.   A representative graph of the average number of dextran-containing vesicles 
present per cell over time is shown with significant differences between (wt)MRP and the non-expressing cell line 
tested with the students T test   * = p<0.05, ** = p<0.01. 
 
In vitro analysis of the binding of MRP to different phosphoinositides suggests that MRP does not 
specifically bind to Ptdins(4,5)P2 but can also bind to other PIP2 isomers and to all PIP isomers. However, 
MRP does not depend on Ptdins(4,5)P2 for its localization at the plasma membrane, since FRET analysis 
shows that the breakdown or the dephosphorylation of Ptdins(4,5)P2 does not lead to the translocation of 
MRP from the plasma membrane.  It could be argued that the increase in PIP levels after the 
dephosphorylation of Ptdins(4,5)P2 by Inp54p might rescue the association of MRP with the plasma 
membrane but this increase does not occur when Ptdins(4,5)P2 is broken down into IP3 and DAG after NKA 
stimulation.  A number of papers report that in vitro, full-length MARCKS and the ED of MARCKS bind to 
and sequester Ptdins(4,5)P2 in lipid vesicles and bilayers [12, 32].  However, there is some controversy 
whether MARCKS only sequesters multivalent lipids such as Ptdins(4,5)P2 [12] or also other lipids like the 
monovalent PS [32].  A recent study shows that the binding of 37 proteins containing a polybasic cluster to 
the plasma membrane is not regulated by the level of Ptdins(4,5)P2 alone, but also by Ptdins(3,4,5)P3 [13].  
Since we found that the inhibition of both Ptdins(4,5)P2 and Ptdins(3,4,5)P3 did not result in the 
translocation of MRP, we suggest that MRP binds to other acidic lipids such as PS or PIP.  It is clear that the 
ED is important for the association of MRP with the plasma membrane because the deletion of this domain 
from MRP resulted in the permanent localization of the protein on lysosomes and the TGN.  Therefore, the 
ED is an essential plasma membrane-specific binding motif and it is important for the localization of MRP at 
the plasma membrane.  However, membrane binding itself is dependent on the myristoylation motif since 
MRP became completely cytoplasmic when this motif was mutated.  
 
Our studies show that MRP needs to remain phosphorylated by PKC for its localization on vesicles because 
inhibition of PKC results in a return of MRP to the plasma membrane.  This implies that under physiological 
conditions a phosphatase actively dephosphorylates MRP while it is localized on the vesicles.  Such a 
phosphatase could be Protein phosphatase-1 that has been shown to regulate the translocation of MARCKS 
from the cytoplasm to the plasma membrane during myoblast fusion [33].       
 
Overexpression of MRP has been shown to increase cell spreading and integrin activation [6].  Moreover, 
MRP overexpression results in increased integrin diffusion over the cell surface while overexpression of the 
SA mutant of MRP did not have this effect [34].  MARCKS is implicated in exocytosis in mucin producing 
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cells but is also important for PKC-mediated basolateral endocytosis in epithelial cells [1,35].  Our data show 
that MRP overexpression has no effect on the actin cytoskeleton or cell morphology in the GE11 cell line.  
We do, however, find that MRP overexpression increases the efficiency of endocytosis or pinocytosis.  Since 
the overexpression of the SA and SD mutants had no effect on internalization of vesicles we suggest that the 
phosphorylation-dependent shuttling of MRP between the internal membranes and the plasma membrane is 
important for its role in vesicle internalization.      
 
We conclude that the association of MRP with the plasma membrane is dependent on its effector domain but 
not on the Ptdins(4,5)P2 present at the plasma membrane.  Furthermore, the myristoylation motif is essential 
for membrane binding in general while dissociation of MRP from the plasma membrane requires continuous 
phosphorylation of the serine residues within the ED.     
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Increased activity of the proto-oncogene c-Src and elevated levels of integrin AvB3 are found in 
melanomas and multiple carcinomas. Regulation of c-Src involves ‘‘priming’’ through disruption of 
intramolecular interactions followed by ‘‘activation’’ through phosphorylation in the kinase domain. 
Interactions with overexpressed receptor tyrosine kinases or mutations in the SRC gene can induce 
priming of c-Src in cancer. Here, we show that αvβ3 promotes activation of primed c-Src, causing 
enhanced phosphorylation of established Src substrates, survival, proliferation, and tumor growth. 
The β3 cytoplasmic tail is required and sufficient for integrin-mediated stimulation of all these events 
through a mechanism that is independent of β3 tyrosine phosphorylation. Instead, experiments using 
Src variants containing the v-Src Src homology 3 (SH3) domain and using mutant β3 subunits indicate 
that a functional interaction of the β3 cytoplasmic tail with the c-Src SH3 domain is required. These 
findings delineate a novel integrin-controlled oncogenic signaling cascade and suggest that the 
interaction of αvβ3 with c-Src may represent a novel target for therapeutic intervention.  

 
Introduction  
 
Interactions of tumor cells with their microenvironment are important for cancer development and 
progression (1). Tumor cells connect with the extracellular matrix through various members of the integrin 
family of adhesion receptors and upon malignant transformation cells often undergo specific changes in the 
expression levels of integrins. High levels of integrin αvβ3 correlate with growth and/or progression of 
melanoma (2, 3), neuroblastoma (4), and multiple different carcinomas (5–9). Moreover, individuals L33P 
homozygous for the β3 polymorphism that enhances the affinity of β3 integrins have an increased risk to 
develop breast cancer, ovarian cancer, and melanoma (10). Despite the fact that αvβ3 in the tumor 
vasculature has been identified as a valuable drug target, endothelial αvβ3 is dispensable for tumorigenesis 
(11, 12). It remains unclear if and how increased levels of αvβ3 on tumor cells contribute to cancer 
development.  
  
Following ligand binding, integrins cluster and organize into multiprotein complexes termed cell-matrix 
adhesions that connect to the actin cytoskeleton through a variety of cytoskeletal linker proteins. Cell-matrix 
adhesions also contain various signaling intermediates, including non–receptor tyrosine kinases (non-RTK) 
such as focal adhesion kinase (FAK) and c-Src (13). Integrinmediated adhesion stimulates FAK and c-Src 
activities, and, in turn, c-Src modulates the stability of cell-matrix adhesions through phosphorylation of 
several components, including integrin cytoplasmic tails (14–16). In addition, the FAK/c-Src complex is 
involved in the transmission of information from the extracellular matrix into the cell to regulate cellular 
signaling cascades in control of apoptosis and proliferation (17).  
 
In unstimulated cells, c-Src is folded into a closed, auto-inhibitory conformation. Its activation requires 
dephosphorylation of the COOH-terminal Tyr530 

residue (amino acid numbering used in this study is for 
human c-Src) to disrupt intramolecular binding of this residue to the Src homology 2 (SH2) domain. A 
disruption of the interaction between the SH3 domain and prolines in the linker region further contributes to 
the formation of an unfolded or ‘‘primed’’ conformation. Finally, for full enzymatic activity, primed c-Src 
must be phosphorylated in its kinase domain at residue Tyr419 by transphosphorylation (18, 19). The 
oncogenic product of Rous sarcoma virus (v-Src) is constitutively activated through amino acid substitutions 
in the SH3 domain and the kinase domain as well as a deletion of the regulatory COOH-terminal tyrosine 
(18, 20). Although Rous sarcoma virus is avian specific, c-Src plays a critical role in cancer development 
(21, 22). Indeed, levels of c-Src activity are frequently increased in human melanoma and carcinomas of the 
breast, colon, and other epithelia (23–25). It is incompletely understood how c-Src activity is enhanced in 
tumors. Increased levels of c-Src and binding of overexpressed RTKs to the c-Src SH2 domain may enhance 
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c-Src priming. In addition, mutations in the SRC gene stabilizing a primed conformation of c-Src through 
truncation of the regulatory COOH terminus have been detected in colon and endometrial cancer, although 
such mutations seem to be rare (26–29).  
 

Because (a) c-Src selectively mediates signaling by β3 integrins (30), (b) null mutations in the Src or the 
Itgb3 gene give rise to partially overlapping abnormalities (31, 32), and (c) increased expression or activity 
of αvβ3 or c-Src has been associated with growth, progression, or poor prognosis of the same types of cancer 
(2–9, 23–25), we hypothesized that a functional interaction of αvβ3 with c-Src may contribute to cancer 
development. In this report, we show that the activity and oncogenic potential of primed c-Src is in fact 
subject to a remarkably tight regulation by integrin αvβ3. Our findings identify the β3 cytoplasmic domain 
as a critical regulator of c-Src–mediated oncogenic signaling.  

 
Materials and Methods  

 
Cell lines and plasmids  
 
The HBL100 cell line was obtained from the American Type Culture Collection (Rockville, MD). The β1 
integrin– deficient cell lines GD25 and GE11 were provided by Dr. Reinhard Fa¨ssler (Max Planck Institute, 
Martinsried, Germany) and have been described previously (33, 34). All cell lines were cultured in DMEM 
supplemented with 10% FCS, penicillin, and streptomycin. A Myc tag was added at the 3’ end of the cDNA 
encoding c-SrcY530F(the plasmid encoding mouse-chicken c-Src in which the COOH-terminal regulatory Tyr 
was replaced by Phe was purchased from Upstate Biotechnology, Lake Placid, NY); a hemagglutin (HA) tag 
was added at the 3’ end of the cDNA encoding mouse c-Src (Upstate Biotechnology); and the tagged 
constructs were cloned into the LZRS retroviral vector. Retroviral expression plasmids encoding integrin β1  
or β3 subunits, β1exβ3in 

and β3exβ1in chimeras, and those encoding the extracellular and transmembrance 
region of the non-signaling interleukin 2 receptor α (IL2Rα) subunit alone or fused to the integrin β1 
cytoplasmic domain were described before (33, 34). To generate the LZRS-IL2Rβ3 plasmid, the β1 
cytoplasmic domain in IL2R β1 was replaced with the β3 cytoplasmic domain. The retroviral expression 
plasmid encoding ts72v-Src (35) was provided by Dr. Irwin H. Gelman (Roswell Park Cancer Institute, 
Buffalo, NY). The LZRS retroviral construct expressing chimeric vSrc/SrcYF 

was generated by substituting 
the first 131 amino acids of SrcYF with the same region from ts72v-Src. The cDNA encoding human 
epidermal growth factor receptor (EGFR) was provided by Dr. Frank Furnari (Ludwig Institute for Cancer 
Research, La Jolla, CA) and cloned into the pMSCV retroviral expression plasmid by Sophia Bruggeman 
(The Netherlands Cancer Institute, Amsterdam, The Netherlands). The retroviral H-RasG12V expression 
plasmid (RasGV) was provided by Dr. John Collard (The Netherlands Cancer Institute). The β3Y747A, β3 Y759A, 
and β3 ∆759 mutants were provided by Dr. Jari Ylänne (University of Oulu, Finland) and subcloned into the 
LZRS retroviral vector (36). All cDNAs were transfected into amphotrophic or ecotrophic packaging cells to 
generate virus-containing culture supernatants that were used for retroviral transduction of HBL100, GD25, 
and GE11 cells. Subsequently, SrcYF, c-Src, ts72v-Src, vSrc/SrcYF or RasGV expressing clones were 
transduced with retroviral constructs encoding wild-type, mutant, and chimeric integrin subunits or EGFR. 
Positive cells were bulk sorted at least twice by fluorescence-activated cell sorting for human integrin, 
IL2Rα, or EGFR surface expression.  
 
Antibodies and other materials  
 

Anti-human β1 monoclonal antibodies were TS2/16, clone 18 (BD Transduction Laboratories, Lexington, 
KY), and K20 (Biomeda, San Francisco, CA). Anti-human β3 monoclonal antibodies were C17 (provided by 
Dr. Ellen van der Schoot, Sanquin, Amsterdam, The Netherlands), 23C6 (provided by Dr. Michael Horton, 
University College London, United Kingdom), and SSA6 (provided by Dr. Sanford Shattil, University of 
California San Diego, CA). Other monoclonal antibodies were anti-c-Src (B-12; Santa Cruz Biotechnology, 
Santa Cruz, CA), anti-α-tubulin (B-5-1-2; Sigma, St. Louis, MO), anti-β-actin (AC-15; Sigma), anti-EGFR 
(Ab-1 clone 528; Calbiochem, La Jolla, CA), anti– phosphorylated signal transducer and activator of 
transcription 3(Y705) [anti-p-Stat3(Y705); 3E2; Cell Signalling Technology], and anti-bromodeox-yuridine 
(anti-BrdUrd; Bu20a; DAKO, Carpinteria, CA). The following rabbit polyclonal antibodies were used: anti–
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phosphorylated Src(Y419) [anti-p-Src(Y419); Biosource, Camarillo, CA], anti-c-Src (SRC 2; Santa Cruz 
Biotechnology), anti-myc (A-14; Santa Cruz Biotechnology), anti-HA (GeneTex, Inc., San Antonio, TX), 
anti-FAK (C-20; Santa Cruz Biotechnology), 
 

 
 
Figure 1.  Integrin αvβ3 supports oncogenic transformation by SrcYF. A and C, Western blot analysis of SrcYF 

(Myc-tag antibody), total Src (c-Src antibody), and α-actin in lysates of GD25 (A) or GE11 cells (C) expressing the 
indicated constructs. Note that lysates were separated on a 10% polyacrylamide gel in (C), allowing the visualization of 
c-Src and the Myc-tagged SrcYF as separate bands (middle ), whereas 4-20% gels were used in all other cases. B and D, 
colony formation and tumorigenicity of GD25 (B) or GE11 cells (D) expressing SrcYF 

and β1 or β3 integrins as 
indicated. Phase-contrast images of soft agar assays were taken 14 d after plating. Columns, average number of colonies 
larger than five cells per image of at least two independent experiments; bars, SE. The small clusters of GDSrcYFβ1 
cells (smaller than five cells) did not grow out with time. Points, average tumor volume of 1 x 106 injected cells (n ≥ 4 
for GD25 lines, n = 11 for GE11 lines) obtained from two independent experiments; bars, SE.  
 
anti–phosphorylated FAK(Y925) [anti-p-FAK(Y925); Biosource], antihuman β1 (provided by Dr. Ulrike 
Mayer, University of Manchester, United Kingdom), anti-Stat3 (K-15; Santa Cruz Biotechnology), anti-
human IL2Rα (N-19; Santa Cruz Biotechnology), and polyclonal goat anti-human β3 (N-20; Santa Cruz 
Biotechnology). Texas Red–conjugated phalloidin was purchased from Molecular Probes (Eugene, OR). 
Human plasma fibronectin was prepared as described previously (34).  
 
Flow cytometry, immunofluorescence, and Western blot analysis 
 
These experiments were done as described previously (34).  
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Immunoprecipitations  
 
For immunoprecipitations, cells were lysed for 15 min at 4°C in lysis buffer [1% NP40, 50 mmol/L Tris-HCl 
(pH 7.4), 150 mmol/L NaCl, 1 mmol/L sodium vanadate, 0.5 mmol/L sodium fluoride, and protease inhibitor 
cocktail (Sigma-Aldrich, St. Louis, MO)]. Lysates were clarified by centrifugation at 14,000 rpm for 15 min 
at 4°C and precleared with protein A-Sepharose (Amersham Pharmacia Biotech AB, Uppsala, Sweden) for 2 
h at 4°C. Proteins were immunoprecipitated o/n at 4°C with antibodies to c-Src (B-12), β1 (K20), or β3 
(SSA6), coupled to protein A-Sepharose.  
For in vitro Src kinase assays, cells were lysed for 15 min at 4°C in lysis buffer [0.5% NP40, 50 mmol/L 
Tris-HCl (pH 7.4), 150 mmol/L NaCl, 5 mmol/L MgCl2, 1 mmol/L sodium vanadate, and protease inhibitor 
cocktail (Sigma-Aldrich)]. Lysates were clarified by centrifugation at 14,000 rpm for 15 min at 4°C. SrcYF 

protein was isolated from the clarified lysates by immunoprecipitation with 5 µg anti-myc antibody for 2 h at 
4°C, and immune complexes were collected with protein A-Sepharose. Kinase activity of isolated SrcYF 

protein was determined by use of a Src kinase assay kit (Upstate Cell Signaling Solutions, Charlottesville, 
VA).  
 
Soft agar and tumorigenicity assays 
 
For soft agar assays, six-well plates were first coated with 0.6% low melting point (LMP) agarose (Roche, 
Indianapolis, IN). Subsequently, 100,000 cells were suspended in culture medium containing 0.35% LMP 
agarose and seeded on top of the 0.6% LMP agarose layer. For tumorigenicity assays, cells were harvested, 
washed, and resuspended in 0.2 mL sterile PBS per injection. Female 6-week-old athymic BALB/c mice 
were then s.c. injected into the left and right flanks. After cell inoculation, tumor volumes were measured 
using calipers at the indicated times. All animal experiments were approved by the animal welfare committee 
of the Netherlands Cancer Institute.  
 
Terminal deoxynucleotidyl transferase–mediated nick-end labeling staining and BrdUrd incorporation 
assays 
 
Cells (75,000) were plated in culture medium on fibronectin coated coverslips, and after 4 h, the cells were 
either kept in culture medium or switched to serum-free medium for 24 or 48 h. The cells were labeled with 
15 µmol/L BrdUrd (Sigma) for 4 h before fixation in 2% paraformaldehyde. For BrdUrd staining, cells were 
permeabilized in 0.5% Triton X-100; DNA was denatured with 2 mol/L HCl and neutralized with 0.1 mol/L 
sodium borate; and coverslips were labeled with anti-BrdUrd antibody followed by FITC-conjugated 
secondary antibody. For terminal deoxynucleotidyl transferase–mediated nick-end labeling (TUNEL) 
staining, cells were permeabilized in 0.1% Triton X-100 with 0.1% sodium citrate in PBS and stained with 
an in situ cell death detection kit (Roche). For both procedures, nuclei were visualized with TOPRO-3 
(Molecular Probes), and preparations were mounted in MOWIOL 4-88 solution supplemented with DABCO 
(Calbiochem).  
 
Results  
 
Integrin αvβ3 supports primed c-Src–mediated tumor growth.  
 
A c-Src mutant in which a primed conformation is induced by the substitution of Tyr530 

by Phe (SrcYF) was 
introduced alone or in combination with the β3 integrin subunit in HBL100, GD25, and GE11 cells. 
Although SrcYF-transformed HBL100 cells were tumorigenic, tumors grew much faster when the surface 
expression levels of αvβ3 were increased (Supplementary Fig. S1). The cooperation between αvβ3 and 
SrcYF 

was even more striking in GD25 and GE11: whereas cells expressing β1 integrins (GDSrcYFβ1 and 
GESrcYFβ1) were virtually unable to grow in soft agar or form tumors in mice, cells lacking β1 integrins but 
expressing high levels of αvβ3 (GDSrcYFβ3 and GESrcYFβ3) were highly tumorigenic (Fig. 1; 
Supplementary Fig. S2A; see ref. 34). Ectopic expression of β1 integrins in GESrcYFβ3 cells did not affect 
tumor growth, indicating that αvβ3 supports SrcYF-mediated tumor formation, irrespective of the expression 
of β1 integrins (Fig. 2A). Moreover, when a 1:1 mixture of GESrcYFβ1 and GESrcYFβ3 cells was injected 
s.c., GESrcYFβ3 cells (recognized by an antibody directed against human h3) were readily detectable in the 
resulting tumors, whereas GESrcYFβ1 cells (recognized by an antibody directed against human β1) were 



 81

virtually absent, indicating that αvβ3 supports Src-mediated tumor formation in a cell-autonomous fashion 
(Fig. 2B ).  
 
In contrast to SrcYF, RasGV-mediated tumor growth was not affected by the expression of αvβ3, indicating 
that this integrin is specifically required for Src-mediated tumorigenesis (Fig. 2C). 
 

 

Figure 2. Specific cooperation of αvβ3 and primed c-Src stimulates tumor growth in a cell-autonomous fashion. 
A, points, average tumor volume of GESrcYFβ3 cells lacking (●) or expressing β1() obtained from two independent 
experiments (n = 8) where 1 x 106 

cells were injected; bars, SE. B, columns, quantification of integrin expression on 
cells isolated from four tumors of a 1:1 mix of 5 x 105 

GESrcYFβ1 and GESrcYFβ3 cells. Bars, SE. Expression of human 
β1(open columns ) and human β3 integrins (filled columns ) was determined by fluorescence-activated cell sorting 
before injection (‘‘input’’) or after one month of tumor growth (‘‘tumors’’). The fact that the percentage of GESrcYFβ1 
and GESrcYFβ3 cells does not add up to 100% can be explained by the presence of stromal cells (lacking human β1 and 
β3 integrins). C, points, average tumor volume of GERasGVβ1() and GERasGVβ3 cells (●) obtained from two 
independent experiments (n ≥ 7) where 1 x 106 

cells were injected; bars, SE. D, columns, average tumor volume at 33 d 
after injection of GEβ1 (open columns ) and GEβ3 cells (filled columns ) containing the indicated expression constructs 
obtained from two independent experiments (n ≥ 12) where 1x106 

cells were injected; bars, SE. *, P < 0.01, significant 
difference between mean values (Student’s t test).  
 
In several human cancers, overexpressed and/or activated EGFR can stimulate priming of c-Src through 
(in)direct interactions with its SH2 domain (19, 23). We analyzed if αvβ3 can also support c-Src–mediated 
tumor growth under such conditions. Moderate over-expression of c-Src was not sufficient by itself to induce 
tumor formation even in the presence of αvβ3 (Fig. 2D; Supplementary Fig. S2B). However, although 
tumors grew slow compared with those induced by SrcYF, αvβ3 significantly increased tumor growth when 
c-Src and EGFR were coexpressed (Fig. 2D; Supplementary Fig. S2C).  
Together, these findings indicate that αvβ3 specifically cooperates with primed c-Src in a cell-autonomous 
fashion to stimulate the formation of tumors by fibroblasts and epithelial cells.  
 
αvβ3 supports SrcYF-mediated survival, proliferation, and tumor formation upstream of FAK and Stat3 by 
enhancing SrcYF 

activation.  
 
The activation of the transcription factor Stat3 by phosphorylation at Tyr705 

is strongly enhanced in cells 
transformed by v-Src (37, 38). SrcYF 

only moderately increased Stat3 activity in the presence of β1 integrins, 
whereas phosphorylation was clearly enhanced in the presence of αvβ3 (Fig. 3A). This suggested that αvβ3 
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may enhance SrcYF 
activity, which, like wild-type c-Src, requires transphosphorylation of Tyr419 

in its 
catalytic domain to acquire full enzymatic activity. Indeed, whereas expression of SrcYF 

led to increased 
levels of p-Src(Y419) in the presence of either β1 or β3 integrins, phosphorylation was much stronger in 
GESrcYFβ3 than in GESrcYFβ1 cells (Fig. 3B ). Stimulation of the levels of p-Src(Y419) and of two known Src 
substrates [p-FAK(Y925) and p-Stat3(pY705)] in the presence of αvβ3 was also observed when cells were 
cultured under conditions that may mimic the tumor environment (serum-free or nonadherent; Fig. 3C; data 
not shown). On the other hand, equal levels of Src activity were detected in in vitro Src kinase assays on 
SrcYF 

immunoprecipitates from GESrcYFβ1and GESrcYFβ3 lysates (Fig. 3D). These data raise the possibility 
that in vivo activation of SrcYF 

is regulated by αvβ3, possibly by enhanced clustering and subsequent 
transphosphorylation in the kinase domain. Concentration of SrcYF 

on the beads in the in vitro Src kinase 
assays might result in activation of SrcYF 

in a similar way.  
 
 

 
 
Figure 3. The β3 cytoplasmic tail supports SrcYF activation and SrcYF-mediated tumor growth. A, Western blot 
analysis of p-Stat3(Y705), total Stat3 (α and β isoforms), and tubulin loading control in lysates of GEβ1 and GEβ3 cells 
expressing or lacking SrcYF. Dotted lines in (A ) and (B ) separate different regions from a single film placed together. 
B, Western blot analysis of p-Src(Y419) and total Src in lysates of GEβ1 and GEβ3 cells expressing or lacking SrcYF. C, 
Western blot analysis of p-Src(Y419), total Src, p-FAK(Y925), total FAK, p-Stat3(Y705), total Stat3, and loading control in 
lysates of GE11 cells expressing the indicated constructs and grown in the absence of serum. Columns, mean of relative 
p-Src(Y419), p-FAK(Y925), and p-Stat3(Y705) levels compared with GESrcYFβ1 in serum-starved cultures of GE11 cells 
expressing the indicated constructs obtained from at least two independent experiments; bars, SE. D, activity of SrcYF 
immunoprecipitated from GE11 (- ), GESrcYF β1, or GESrcYFβ3 cells in an in vitro Src kinase assay. E, points, average 
tumor volume of GESrcYFβ1ex3in (●) or GESrcYFβ3ex1in cells () obtained from two independent experiments (n ≥ 8) 
where 1x106 cells were injected; bars, SE.  
 
To investigate the role of the β3 cytoplasmic tail in SrcYF activation and oncogenic potential, we expressed a 
chimeric integrin subunit consisting of the β3 extracellular and transmembrane regions fused to the β1 
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cytoplasmic region (β3ex1in) in GESrcYF cells (Supplementary Fig. S2A, left). Unlike wild-type β3, β3ex1in   
did not enhance the levels of p-Src(Y419), p-Stat3(Y705), and p-FAK(Y925)(Fig. 3C). On the other hand, an 
inverse chimeric β1ex3in integrin subunit, unlike wild-type β1, strongly increased the degree of 
phosphorylation of Src, Stat3, and FAK (Fig. 3C; Supplementary Fig. S2A, right). Moreover, surface 
expression of β1ex3in in supported SrcYF-mediated tumor formation, whereas expression of β3ex1in did not 
(Fig. 3E).  

We next investigated if increased levels of αvβ3 promote survival and proliferation of SrcYF-transformed 
cells. After 24 and 48 h of serum deprivation, there were significantly fewer TUNEL-positive GESrcYFβ3   
than GESrcYFβ1 cells (Fig. 4A; Supplementary Fig. S3A; P < 0.05, Student’s t test). In agreement with the 
role of the β3 cytoplasmic tail in tumor formation induced by SrcYF, the sensitivity to serum starvation was 
suppressed in the presence of the β1ex3in but not the β3ex1in chimeric integrin subunit (P < 0.05). 
Furthermore, following serum deprivation the expression of β3 or β1ex3in 

correlated with high proliferation 
rates, whereas a large proportion of the cells expressing β1 or β3ex1in 

underwent cell cycle arrest (P < 0.05; 
Fig. 4B; Supplementary Fig. S3B ). From these findings, we conclude that (a) the primed SrcYF 

mutant is in 
fact subject to tight regulation in vivo;(b) as part of a functional integrin, the β3 cytoplasmic tail is required 
and sufficient to support the activity of SrcYF 

under conditions that mimic the tumor environment; and (c) the 
ability of the β3 cytoplasmic tail to support SrcYF 

activation is correlated with its ability to support SrcYF-
mediated survival, proliferation, and tumor formation.  
 
Functional, spatial, and molecular association of the β3 cytoplasmic tail with SrcYF.  
 

 Having shown that the β3 cytoplasmic tail controls the activity and oncogenic potential of SrcYF, we asked 
two questions: Is SrcYF-mediated phosphorylation of the β3 tail involved? And can the β3 tail on its own 
support oncogenic signaling by primed Src? Both β3 Y747A and β3 Y759A mutants stimulated tumor growth of 
GESrcYF 

cells to the same extent as wild-type β3, indicating that recruitment of signaling and adaptor 
proteins to phosphorylated tyrosine residues in the β3 cytoplasmic tail is not required (Fig. 5A; 
Supplementary Fig. S4A). On the other hand, an IL2R fusion construct containing the β3 cytoplasmic tail did 
not enhance tumor growth of GESrcYF 

cells compared with IL2R- or IL2R- β1, indicating that the 
cooperation between the β3 cytoplasmic tail and SrcYF 

requires the context of a functional integrin (Fig. 5B ; 
Supplementary Fig. S4B).  
We next investigated if SrcYF 

formed a complex with the β3 subunit but did not detect an interaction using 
coimmunoprecipitation, whereas an interaction of SrcYF 

with endogenous FAK was readily detectable (Fig. 
5C; Supplementary Fig. S4C; data not shown). To investigate if a possible weak interaction may occur, we 
analyzed the subcellular localization of SrcYF 

and β3 integrins. Irrespective of the type of integrins expressed, 
SrcYF 

induced the formation of podosomes, adhesive structures that are characteristic for Src-transformed 
cells. Notably, this indicates that the activity of SrcYF 

in cells lacking high amounts of αvβ3 is sufficient to 
cause morphologic but not oncogenic transformation. β1 and β3 integrins were partially colocalized with 
SrcYF 

in podosomes (Fig. 5D, left and middle), making it possible that the β3 cytoplasmic tail locally 
interacts with SrcYF 

and enhances SrcYF-mediated oncogenic signaling. In line with this idea, IL2Rβ3 did not 
colocalize with SrcYF 

in podosomes, which may explain its inability to support SrcYF-mediated oncogenic 
transformation (Fig. 5D, right).  
The last four amino acids of the integrin β3 tail have been reported to mediate binding of aIIbβ3  to the SH3 
domain of c-Src (16). A similar interaction may explain αvβ3 -mediated control of the oncogenic potential of 
primed c-Src. Experiments using v-Src, which contains multiple mutations in its SH3 domain (18), showed 
efficient phosphorylation on Tyr419 

and colony outgrowth in soft agar irrespective of αvβ3 expression levels 
(Fig. 6A and B). However, v-Src also contains activating mutations in its kinase domain (18) that may make 
the interaction with the β3 cytoplasmic domain redundant. Therefore, we generated a v-Src/SrcYF 

chimera in 
which only the NH2-terminal region including the SH3 domain was derived from v-Src. This construct failed 
to induce oncogenic transformation even in the presence of high levels of αvβ3 (Fig. 6C; D759 
Supplementary Fig. S4D). Moreover, expression of a β3 mutant that lacks the four most COOH-terminal 
amino acids required for binding the c-Src SH3 domain (16) failed to support SrcYF-mediated tumor 
formation (Fig. 6D). Together, these data support the idea that oncogenic activity of primed Src variants 
containing a wild-type kinase domain depends on SH3-mediated interactions with the β3 cytoplasmic 
domain.  



 84

 
Discussion  
 
In human melanomas and carcinomas of the breast, colon, pancreas, and other organs, the activity of c-Src is 
frequently increased compared with that in surrounding tissue (23–25). It is not fully understood how high 
levels of c-Src activity contribute to human cancer. The fact that activating mutations in the SRC gene seem 
to be rare argues against a role in tumor initiation. Increased c-Src activity may contribute to invasion and 
metastasis by promoting tumor cell scattering, migration, proteolytic activity, and anoikis resistance (39, 40). 
 
 

 

Figure 4. The β3 cytoplasmic tail supports SrcYF 
signaling to survival and proliferation. A, TUNEL assays on 

GE11 cells expressing the indicated constructs under standard culture conditions and after 24 and 48 h of serum 
starvation. Columns, mean percentage of TUNEL-positive cells of two independent experiments; bars, SE. B, BrdUrd 
incorporation under conditions described for (A). Columns, mean percentage of BrdUrd-positive cells of three 
independent experiments; bars, SE. *, P < 0.05, significant difference between mean values (Student’s t test).  
 
For colon cancer, increased c-Src activity may also contribute to tumor growth (41), perhaps by stimulating 
vascular endothelial growth factor–mediated angiogenesis (42). Our findings clearly show that elevated c-Src 
activity promotes tumorigenicity of immortalized cells where the p53 and Rb tumor suppressor pathways are 
suppressed, as is almost invariably the case in human cancer. We find that elevated c-Src activity promotes 
tumor growth in a cell-autonomous fashion by stimulating survival and proliferation. This may be especially 
important during early stages of cancer development. The contribution of elevated levels of c-Src activity to 
tumor growth may decrease as tumors progress and acquire additional mutations (e.g., those activating Ras).  
 
The molecular mechanism responsible for the increased activity of c-Src in human cancers is incompletely 
understood. Overexpression of RTKs has been proposed to induce a primed conformation of c-Src by 
disrupting the intramolecular binding of the SH2 domain to phosphorylated Tyr530 

(19, 23). In addition, 
mutations in the COOH-terminal region of the SRC gene that lead to a primed conformation of c-Src have 
been detected in a small subset of carcinomas of the colon and the endometrium (26, 27). Whatever the 
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mechanism of priming, our findings show that the oncogenic potential of primed c-Src can be strongly 
enhanced by integrin αvβ3. The notion that αvβ3 and c-Src may cooperate in human cancer is supported by 
a number of reports showing that an increase in the expression of αvβ3 is associated with growth and/or 
progression of various cancers in which c-Src activity is frequently enhanced (2–9, 23–25). The loss of α5β1 
or other β1 integrins has also been associated with oncogenic transformation and tumor growth (43, 44). We 
observed that β1-deficient SrcYF 

transformed cells were slightly more tumorigenic than their β1-expressing 
derivatives (data not shown). However, expression of β1 in SrcYFβ3 cells did not reduce their tumorigenic 
capacity, indicating that αvβ3 supports oncogenic signaling by primed Src, irrespective of the expression of 
β1 integrins. The expression of αvβ3 will be important for Src-mediated aspects of cancer development, 
whereas αvβ3 may be dispensable for those aspects that are driven by oncogenic Ras (our findings) or other 
oncogenes such as c-Neu (11).  
 
The interaction between the β3 cytoplasmic tail and the c-Src SH3 domain has been shown by others (16), 
but we were unable to detect the interaction of the β3 tail and primed c-Src by coimmunoprecipitation 
(possibly due to the much lower levels of expression).  
 

 
 
Figure 5.  Functional and spatial association of the β3 cytoplasmic tail and SrcYF. A, points, average tumor volume 
of GESrcYF 

cells expressing integrin β3(●),β3Y747A  (□), or β3Y759A 
(■) obtained from two independent experiments (n = 

12) where 1 x 106 
cells were injected; bars, SE. B, points, average tumor volume of GESrcYF 

cells expressing integrin 
β3(●), IL2R-(▲), IL2Rβ1(○), or IL2Rβ3(□) obtained from at least two independent experiments (n ≥ 5) where 1 x 106 

cells were injected; bars, SE. C, Western blot analysis of the indicated proteins in immunoprecipitations of β3 (top)or 
β1 integrin (bottom), or in total lysates of GESrcYFβ1 and GESrcYFβ3 cells [whole-cell lysate (WCL )]. D, localization 
of SrcYF 

(anti-Myc antibody; green ), integrin β1, β3, or IL2Rβ3 (K20, 23C6, anti-IL2Rα antibodies, respectively; 
Texas red) in GE11 cells expressing the indicated constructs. Arrows, colocalization. Bar, 5 µm.  
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Nevertheless, several lines of evidence support a model in which this interaction controls the oncogenic 
potential of primed c-Src: (a) only those integrins and integrin chimeras that contain the β3 cytoplasmic tail 
promote oncogenic signaling by primed c-Src; (b) in contrast to full-length β3, an IL2Rβ3 fusion construct 
fails to colocalize with primed Src in podosomes and fails to support tumor growth; (c) the YRGT motif in 
the β3 cytoplasmic domain that was reported to interact with the SH3 domain of c-Src (16) is required for the 
functional interaction of αvβ3 with primed c-Src; and (d) αvβ3 cannot stimulate primed c-Src variants 
 

 
 

Figure 6. Cooperation between SrcYF 
and αvβ3 involves integrin interaction with the Src SH3 domain. A, 

Western blot analysis of p-Src(Y419), total Src, and actin loading control in lysates of GEβ1 and GEβ3 cells expressing 
ts72v-Src at nonpermissive (NPT) and permissive temperature (PT). B, colony formation of GEts72v-Srcβ1 and 
GEts72v-Srcβ3 cells. Phase-contrast images of soft agar assays were taken 10 d after plating at permissive temperature. 
Columns, average number of colonies larger than five cells per image of two independent experiments; bars, SE. C, 
points, average tumor volume of GE11 cells expressing the indicated constructs obtained from two independent 
experiments (n = 10) where 1 x 106 

cells were injected; bars, SE. D, points, average tumor volume of GESrcYFβ3(●) or 
GESrcYFβ3∆759 

cells (□) obtained from two independent experiments (n ≥ 5) where 1 x 106 
cells were injected; bars, SE.  

containing the SH3 domain of v-Src despite the fact that both SH2- SH3-mediated autoinhibition is 
prevented. The β3 subunit has a tendency to form homo-oligomers and clustering of αvβ3 in the plane of the 
membrane may cocluster primed c-Src, leading to enhanced activation through cross-phosphorylation in the 
kinase domain (45, 46). Indeed, such intermolecular autophosphorylation is considered the major mechanism 
underlying c-Src activation (47). In addition to clustering, αvβ3 may support conformational alterations in 
the Src protein or recruit additional proteins that contribute to oncogenic signaling. In this respect, our results 
using Tyr to Ala mutants argue against a role for the recruitment of signaling or adaptor proteins to the 
conserved NpxY/NxxY motifs in the β3 cytoplasmic tail.  
 
In conclusion, a functional interaction with the β3 cytoplasmic tail augments the activity and oncogenic 
potential of primed c-Src. Phosphorylation of FAK and Stat3 are enhanced in the presence of αvβ3, but it 
remains to be investigated if these or other downstream pathways underlie the synergistic effect of primed c-
Src and αvβ3 on survival, proliferation, and tumor growth. As overexpression of αvβ3 and elevated levels of 
c-Src activity occur in the same types of tumors, the interaction of these proteins may be an important event 
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in cancer development and /or progression.  Interfering with their interaction might therefore be a valuable 
therapeutic approach in melanomas and carcinomas of the breast, colon, and several other tissues.  Moreover, 
a combinatorial analysis of the levels of integrin αvβ3 and c-Src may be useful to predict cancer 
development and/or progression. 
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Supplementary figure 1.  (A)  FACS analysis of integrin αvβ3 on HBL100SrcYF and HBL100SrcYFβ3 cells (cIg, 
control immunoglobulin; Ab, antibody).  (B)  Western blot analysis of SrcYF (c-Src antibody) in lysates of HBL100 
cells containing the indicated expression constructs.  (C)  Growth curves showing tumor volume of 1x106 (upper panel) 
or 5x106 (lower panel) subcutaneously injected HBL100SrcYF (open squares) and HBL100SrcYFβ3 (filled circles) cells.  
Average tumor volume ± SEM of 4 injections is shown. 
 

 
 
Supplementary figure 2.  (A)  FACS analysis of human β3 (left) and β1 (right) integrins on GE11 cells expressing the 
indicated constructs.  (B) Western blot analysis of exogenous c-Src (HA-tag antibody), SrcYF (c-Src antibody), and β-
actin loading control in lysates of GE11 cells expressing the indicated constructs.  (C) FACS analysis of human EGFR 
on GE11 cells expressing the indicated constructs. 
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Supplementary figure 3.  Representative image of TUNEL assays (A) and BrdU incorporation (B) in GE11 cells 
expressing the indicated constructs under standard culture conditions and after 24 and 48 hours of serum starvation.  
TUNEL or BrdU positive cells are stained in green; nuclei are visualized with TOPRO-3 (red).  Bars, 50 µm. 
 

 
 
Supplementary figure 4.  (A) FACS analysis of human β3 integrins on GE11 cells expressing the indicated constructs.  
(B) FACS analysis of human IL2Rα on GE11 cells expressing the indicated constructs.  (C) Western blot analysis of 
the indicated proteins in total lysates and SrcYF immunoprecipitations from GESrcYFβ1 and GESrcYFβ3 cells (asterisk 
indicates signal from previous incubation with anti-β3 antibody).  (D) Western blot analysis of SrcYF and vSrc/SrcYF 
(Myc-tag antibody), total Src (c-Src antibody), and β-actin loading control in lysates of GE11 cells expressing the 
indicated constructs. 
 

 

 
 



 91

 

 

 
 

 

 

 

 

 

Chapter 6: 
 

SUMMARY AND DISCUSSION 

 
 



 92



 93

Summary and Discussion 
 
Integrins are heterodimeric transmembrane proteins that adhere to the extracellular matrix to mediate cell 
adhesion [1].  With their cytoplasmic tails integrins can bind to numerous proteins that link the integrin to the 
actin cytoskeleton and will initiate downstream signaling pathways as reviewed in chapter 1.  These 
signaling pathways are involved in the regulation a variety of processes including migration, proliferation 
and differentiation [2].   
 
While a large body of literature has been published on the effects of integrins on downstream effector 
proteins, less is known about the signals originating from the integrins that control gene transcription.  There 
are several examples of genes regulated by integrins such as cdc2 whose expression is increased when β3 is 
reconstituted in a β3 knockout cell line [3] and uPAR whose expression is decreased after overexpression of 
β3 in CHO cell [4].  Moreover, when integrins interact with their ligand such as α5β1 with fibronectin or 
αvβ3 with vitronectin Bcl-2 expression is increased [5].  This thesis describes the identification of several 
genes whose transcription is regulated by integrins.   
 
In this thesis we made extensive use of the GE11 cell line.  The GE11 cell line is a neuro epithelial cell line 
isolated from the embryo of a β1 knockout mouse.  Subsequently, human β1 has been reconstituted resulting 
in GEβ1 cells or human β3 has been overexpressed resulting in GEβ3 [6], [7].  Expression of β1 results in 
the loss of cell-cell contacts and the cells change from the epithelial-like morphology to become fibroblast-
like .  Additionally, these cells adhere better to fibronectin and migrate faster than the GE11 cells.   On 
the other hand, β3 overexpression also leads to a loss of cell-cell contacts but the cells become flat and well 
spread with many focal contacts present over the whole basal membrane of the cell.  The difference between 
these two cell lines has been investigated previously and it was shown that in cells expressing β1 the activity 
of the small GTPase RhoA is much higher than in cells in which β3 is overexpressed [7].   
 
In chapter 2 we analyzed the effect on gene transcription by the reconstitution of β1.  Micro array analysis 
of the two cell lines GE11 and GEβ1 was used to identify genes whose transcription levels differed.  Three 
genes were identified whose transcription levels  were altered: that of the genes coding for thymosin- β10 
and insulin-like growth factor binding protein 4 (IGFBP-4) were decreased and that of the gene coding for 
galectin-3 was strongly increased.  Galectin-3 was chosen for further investigation because it can directly 
bind to integrins such as α1β1 [8] and can also influence integrin-mediated adhesion [9].  Furthermore, it is a 
prognostic marker for several cancers [10].  The hypervariable region of the I-like domain of β1 was shown 
to regulate the activity of RhoA [11] while recent observations show that it also regulates cell contractility 
[12].  In this study we show that galectin-3 expression is dependent on the presence of this region.  However, 
we could not demonstrate that galectin-3 expression is dependent on the activity of RhoA.  Therefore, we 
suggest that two separate pathways downstream of β1 regulate RhoA activity and galectin-3 expression 
independently.  Further studies show that the increased expression of galectin-3 is important for enhanced 
cell adhesion to fibronectin and increased migration.  While this data concurs with other reports showing that 
overexpression of galectin-3 increases adhesion the mode of action galectin-3 employs to enhance adhesion 
still remains unclear.  Interestingly, in a recent paper it was shown that galectin-3 is involved in integrin-
independent adhesion to the extracellular matrix through binding to the N-glycan chains attached to the 
matrix proteins [13].  On the other hand, galectin-3 has also been shown to mediate integrin-dependent 
adhesion [14], [15].   
 
Interestingly, our data shows that galectin-3 is not involved in the maintenance of the β1-mediated cell 
morphology or in fibronectin fibrillogenesis, both of which are regulated by RhoA activity.  Since galectin-3 
expression is also not regulated by RhoA activity we conclude that galectin-3 expression and RhoA activity 
are regulated by separate pathways and that both in turn regulate different characteristics of GEβ1 cells.       
 
Not only the reconstitution of β1 but also the overexpression of β3 leads to dramatic changes in cell 
morphology and behavior such as the loss of cell-cell contacts, increased cell spreading, migration and the 
formation of numerous focal adhesions [7].  Since β3 overexpression was reported to regulate uPAR 
expression in CHO cells [4] we investigated whether β3 overexpression in GE11 cells influences gene 
expression.  In chapter 3 we describe the identification of the gene coding for MRP that is downregulated 
when β3 is overexpressed.  MRP is an appealing target of  regulation by β3 since it can bind to actin 
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filaments [16] and can regulate the diffusion of β3 integrins on the cell surface [17], [18].  It has been shown 
that MRP expression can be regulated by stimuli such as LPS [19] while the expression of the close relative 
of MRP, MARCKS, is regulated by transformation with v-Src or p21-Ras [20].  Our investigation shows that 
the Ras/MAPK pathway regulates the basal expression of MRP in the GE11 cell line but β3 bypasses this 
pathway to downregulate MRP expression.  The expression of deletion mutants of β3 showed that the last 
four amino acids of the cytoplasmic tail of β3 were important for MRP expression.  Since this region of β3 
was also shown to bind to Src [21] we tested if Src controlled MRP expression.  However, this was not the 
case.  Therefore, we conclude that a Src-independent pathway involving the binding of another protein to 
this region could be important for the regulation of MRP expression.  Interestingly, this same region of β3 
was also important for the increased cell spreading seen in GEβ3 cells.  However, knockdown of MRP in 
GE11 or overexpression of MRP in GEβ3 cells had no effects on cell spreading, focal adhesion formation or 
cell morphology suggesting that MRP expression alone does not able to influence the morphology of the 
cells.   
 
We continued our investigation of MRP to try to understand the mechanism MRP employs to regulate its 
localization within the cell.  MRP uses a myristoylation motif and a polybasic cluster called the effector 
domain to bind to the plasma membrane in a similar way as a large group of proteins including Src, K-Ras 
and MARCKS.  In chapter 4 we describe how MRP localization is regulated.  Controversy exists about the 
question how these proteins are specifically localized at the plasma membrane and not at the internal 
membranes that make up a larger surface area.  Although it is generally accepted that these proteins are 
dependent on acidic phospholipids for plasma membrane targeting, it is still unknown which specific 
phospholipids are important.  Recently, it was shown that proteins such as K-Ras use PIP2 and PIP3 to target 
to the plasma membrane [22] while a contrasting study showed that K-Ras targets to the plasma membrane 
because of the presence of the monovalent acidic lipid, phosphatidyl serine [23].  We show that loss of PIP2 
and PIP3 does not affect the targeting or the association of MRP to the plasma membrane.   
Therefore, we suggest that phosphatidyl serine is responsible for the targeting of MRP.  Furthermore, we 
tested if the myristoyl-electrostatic switch model applies to the regulation of MRP localization as it does for 
MARCKS.  This model predicts that the combination of the binding of the myristoyl moiety and the 
positively charged effector domain are needed for the association of the protein with the membrane [24].  
From our data we can conclude that this model applies for the association of MRP with the plasma 
membrane.   
 
MRP associates with the plasma membrane but upon phosphorylation of the serine residues within the 
effector domain the protein is translocated away from the plasma membrane to internal membranes such as 
those of the lysosomes in a matter of seconds.  Unlike MARCKS whose translocation from the plasma 
membrane to the internal membranes only occurred after several hours [25] MRP was so rapidly translocated 
to internal membranes that it was not possible to detect an increase in cytoplasmic MRP using fractionation 
assays.  When the effector domain was deleted from the protein, MRP was no longer able to bind to the 
plasma membrane but was still present on the internal membranes.  This raises the question how MRP 
associates with these internal membranes under these circumstances.  If the myristoyl-electrostatic switch 
model also applies to the binding of MRP to internal membranes it would be impossible for MRP to bind 
when the effector domain is deleted.  Therefore, the model explains the association of MRP to the plasma 
membrane through the cumulative effect of the myristoyl moiety and the effector domain binding to the 
plasma membrane but we suggest that MRP only utilizes the myristoyl moiety for association with internal 
membranes.  Thus, the effector domain functions primarily as a plasma membrane targeting motif.   
 
In different cancers an increase in c-Src activity has been observed even though activating mutations in the 
SRC gene are rare.  While this argues against a role for c-Src in tumor initiation, it has been implicated in the 
formation of metastases and tumor growth.  In chapter 5, it is shown, that the expression of “primed” c-Src 
carrying a mutation at the tyrosine 530 that disrupts intramolecular association between this residue and the 
Src homology domain 2 (SH2), in cells expressing β3, but not β1, promotes tumorigenicity.  The cooperation 
between αvβ3 and c-Src seems to be important since increased αvβ3 expression has been linked to growth 
and tumor progression in cancers in which c-Src activity is often increased.  In this chapter we show that 
αvβ3 and primed c-Src are functionally linked to promote tumorigenicity in the cell lines tested.  Others 
showed that there is a direct association between the SH3 domain of Src and the C-terminal YRGT motif of 
β3 [21].  We found that the presence of this YRGT motif of β3 is essential for the increased tumorigenicity.  
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Moreover, Src activity is also increased in cells expressing β3.  Src is activated in a stepwise process.  
Clustering of αvβ3 brings the associated primed Src molecules in close contact with one another allowing 
their autophosphorylation in trans resulting in their full activation.  Therefore, we conclude that the binding 
of Src to β3 allows the clustering of Src resulting in the activation of Src leading to increased cell growth and 
tumorigenicity. 
 
To conclude, we have identified several new targets of regulation by integrins and investigated their role in 
the integrin-mediated effects observed in our cell system.  Furthermore, we have shed light on the 
mechanism by which MRP is targeted to the plasma membrane and how its association with this membrane 
is regulated.  Lastly, we have shown that there is a functional link between Src and β3 during tumorigenesis. 
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Samenvatting 
 
Integrines zijn heterodimere transmembraan eiwitten die adhesie tussen cellen en die van cellen aan de 
extracellulaire matrix bevorderen. Het cytoplasmatisch gedeelte van integrines is in staat aan een aantal 
eiwitten te binden, die op hun beurt het integrine aan het actine cytoskelet koppelen. Bovendien kunnen ook 
signaaleiwitten aan de integrines binden. Deze eiwitten reguleren, via het aanzetten van signalering routes, 
verschillende processen waaronder migratie, proliferatie en differentiatie. Terwijl er al veel bekend is over de 
effecten van integrines op signaaleiwitten, weten wij nog maar weinig over de door integrins geïnduceerde 
signalen, die de transcriptie van genen reguleren. Er zijn wel een aantal voorbeelden bekend van genen, 
waarvan de transcriptie door integrines wordt gereguleerd, waaronder het eiwit cdc2 wiens expressie 
toeneemt wanneer β3 tot expressie wordt gebracht in een β3 knockout cellijn, terwijl overexpressie van β3 in 
CHO cellen leidt tot verlaagde expressie van het eiwit uPAR. Ook veroorzaakt de binding van α5β1 aan 
fibronectine of van αvβ3 aan vitronectine verlaagde Bcl-2 expressie niveaus. Bij het onderzoek beschreven 
in dit proefschrift hebben wij een aantal genen geïdentificeerd, die gereguleerd worden door integrines. 
   
De herintroductie van β1 in de β1-knockout cel lijn, GE11, leidt tot dramatische veranderingen in de 
morfologie en het gedrag van deze cellen. De cellen gaan onder andere veel sneller migreren en activeren het 
signaaltransductie eiwit RhoA. In Hoofdstuk 2 beschrijven wij de identificatie van de verschillen in 
transcriptie van genen in cellen die wel en die niet β1 tot expressie brengen. Er is gebruik gemaakt van 
micro-array analyse en drie genen werden geïdentificeerd. Voor twee genen, de één coderend voor 
thymosine- β10 en de andere voor IGFBP-4 was het transcriptie niveau lager in cellen die β1 tot expressie 
brachten, terwijl dat van een gen, coderend voor Galectin-3 was verhoogd in cellen met β1. Voorts is de 
functie van een verhoogde galectin expressie verder onderzocht omdat in de literatuur een direct verband is 
gelegd tussen integrines en galectin-3.  Verder wordt galectin-3 geacht een potentieel belangrijk merker eiwit 
te zijn voor verschillende soorten kankers. Het hypervariabele deel van het I-like domain in het 
extracellulaire deel van β1 is niet alleen belangrijk voor de morfologie van de cellen of de verhoogde RhoA 
activiteit maar volgens onze data ook voor de verhoogde expressie van galectin-3. We laten zien, dat β1 
specifiek de expressie van galectin-3 reguleert en niet de expressie van andere galectins. Zoals vermeld, 
worden zowel RhoA activiteit als de verhoogde galectin-3 expressie gereguleerd door het hypervariable deel 
van het I-like domein van β1. We hebben echter geen bewijs kunnen vinden dat RhoA verantwoordelijk is 
voor de verhoogde expressie van galectin-3. Daarom denken wij dat RhoA activiteit en galectin-3 expressie 
door verschillende signaaltransductie routes stroomafwaarts van β1 worden gereguleerd. Functionele 
proeven laten zien dat galectin-3 betrokken is bij de adhesie van cellen aan fibronectine en dat als gevolg van 
een verminderde expressie van galectin-3 deze afneemt. Niet alleen adhesie maar ook migratie wordt 
negatief beïnvloed door een verlaagde galectin-3 expressie. Andere effecten van β1 zoals die op de 
morfologie van cellen en het vermogen van cellen tot fibronectine fibrillogenese worden niet door het 
expressie niveau van galectin-3 beïnvloed maar wel door de activiteit van RhoA. Wij concluderen daarom 
dat galectin-3 niet betrokken is bij de RhoA gemedieerde effecten, maar invloed heeft op de fysieke binding 
van α5β1 aan fibronectine, waardoor adhesie en migratie van cellen wordt gereguleerd. 
 
De overexpressie van een ander integrine β keten, genaamd β3, in GE11 cellen leidt ook tot grote 
veranderingen in de morfologie en het gedrag van cellen. Overexpressie van β3 induceert cellen om te gaan 
spreiden en sneller te migreren. In het onderzoek beschreven in Hoofdstuk 3 hebben wij de verschillen in gen 
expressie geanalyseerd die ontstaan, wanneer β3 tot overexpressie wordt gebracht. Wij identificeerden maar 
één gen waarvan het transcriptie niveau afnam in cellen, die β3 tot overexpressie brengen. Dit gen codeert 
voor het eiwit MacMARCKS of wel MRP genaamd. Onze data tonen aan dat de expressie van MRP wordt 
gereguleerd door de Ras/MAPK signaaltransductie route in GE11 cellen maar dat deze regulatie wordt 
omzeild in cellen waarin de expressie van β3 is verhoogd. Door gebruik te maken van deletie mutanten van 
het intracellulaire gedeelte van β3 kon worden vastgesteld dat de laatste vier aminozuren van β3 essentieel 
zijn voor de inhibitie van MRP expressie. Deze aminozuren zijn ook belangrijk voor de binding van het 
signaaltransductie eiwit Src aan β3, maar Src bleek niet een rol te spelen in de regulatie van MRP expressie. 
Voor functionele studies zijn MRP en β3 samen tot overexpressie gebracht in cellen of is de expressie van 
MRP verminderd in GE11 cellen en zijn de effecten op migratie, morfologie en adhesie onderzocht. Er 
waren echter geen effecten zichtbaar waaruit we kunnen concluderen dat het niveau van MRP expressie op 
zich geen invloed heeft op de eigenschappen die in dit onderzoek zijn getest. 
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MRP kan aan de plasmamembraan binden door de insertie van een aan het N-terminale deel gebonden 
myristoyl molecuul en door de electrostatische interactie van een centrale cluster van basische aminozuren 
met negatief geladen lipiden op de plasmamembraan, zoals ook andere eiwitten waaronder Src, K-Ras en 
MARCKS. In Hoofdstuk 4 wordt onderzoek beschreven naar de mechanismen die de lokalisatie van MRP in 
de cel reguleren. Er is controverse over de vraag of deze groep eiwitten specifiek aan de plasmamembraan 
binden en niet aan andere interne membranen. De meest aanvaardbare hypothese op dit moment is dat de 
negatief-geladen lipiden, zoals de fosfo-inositiden een belangrijke rol spelen in de localisatie van deze 
eiwitten maar het specifieke bindingsmechanisme blijft nog onduidelijk. Wij tonen in dit hoofdstuk aan dat 
de fosfo-inositiden PIP2 en PIP3 niet essentieel zijn voor de localisatie van MRP aan de plasmamembraan. 
Hieruit concluderen wij dat ander lipiden,  bijvoorbeeld fosfatidylserine, deze localisatie van MRP kan 
bewerkstelligen.  
Er bestaat een model in de literatuur voor de binding van eiwitten zoals MRP aan de plasmamembraan. Wij 
hebben getest of dit model, genaamd het myristoyl electrostatische schakelaar model, ook van toepassing is 
op de binding van MRP aan de plasmamembraan. Dit model toont aan dat de myristoyl molecuul en de 
cluster van basische aminozuren beiden nodig zijn om aan het membraan te blijven binden. Wij tonen aan 
dat dit model van toepassing is wanneer MRP aan de plasmamembraan bindt. Een mutant van MRP waarvan 
de positieve cluster van aminozuren is verwijderd bindt niet meer aan de plasmamembraan maar omdat het 
myristoyl molecuul nog aanwezig is, kan het eiwit wel aan andere interne membranen binden zoals het 
lysosoom. De mutatie van het myristoylatie motief leidt er toe dat MRP niet aan de membraan kan bindinen.  
Wij concluderen hieruit dat voor het binden aan de plasmamembraan beiden motieven nodig zijn en dat de 
basische cluster belangrijk is voor de specificiteit van de binding. Anderzijds is het myristoyl molecuul 
essentieel voor membraan binding. 
 
Het is aangetoond dat de activiteit van de kinase c-Src verhoogd is in een groot aantal tumoren alhoewel 
mutaties in het SRC gen zelden voorkomen. Al hoewel de afwezigheid van mutaties een rol van c-Src in 
tumor initiatie uitsluit, wordt er toch een verband gelegd tussen c-Src en metastasering en het invasieve 
gedrag van tumoren.  In hoofdstuk 5 word er aangetoond, dat de expressie van een primed c-Src in 
combinatie met de overexpressie van β3 leidt tot de formatie van tumoren in muizen. Dit in tegenstelling tot 
de combinatie van primed c-Src en β1 die geen effect blijkt te hebben op de vorming van tumoren. De 
koppeling van β3 en c-Src kan belangrijk blijken te zijn omdat verhoogde β3 expressie in tumoren vaak 
gekoppeld is aan verhoogde c-Src expressie. Anderen hebben laten zien dat er een directe interactie is tussen 
β3 en c-Src en dat de laatste vier aminozuren van het cytoplasmatische gedeelte van β3 hiervoor belangrijk 
zijn. Wij tonen aan in dit hoofdstuk dat de invloed op de vorming van tumoren verloren gaat wanneer deze 
aminozuren gedeleteerd zijn en dat de Src activiteit hoger is in cellen waar het aan β3 kan binden. Daarom 
concluderen wij dat β3 de Src activiteit verhoogt, doordat het Src clustert, wat leidt tot het activeren van het 
eiwit. Deze activatie is weer nodig voor de verhoogde tumor formatie. 
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