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SUMMARY

Activation of tyrosine kinases during integrin-mediated
cell-matrix adhesion is involved both in the regulation of
focal contact assembly and in the initiation of signaling
processes at the cell-matrix adhesive interface. In order to
determine the role of pp60-s'¢ and related kinases in these
processes, we have compared the dynamic reorganization
of phosphotyrosine, vinculin, focal adhesion kinase and
tensin in cells with altered expression of Src-family kinases.
Both null cells for pp6C-s'¢ and triple knockout cells for
pp60°-sc,  pp5dYn, and pp6ZYes exhibited decreased
phosphotyrosine levels in focal contacts when compared
with wild-type cells. pp6G-s-null cells also exhibited faster
assembly of cell-matrix adhesions and a more exuberant
recruitment of FAK to these sites. Tensin, which normally

segregates into fibrillar adhesions was localized in large
focal contacts in the two mutant cell lines, suggesting
involvement of pp6G-S¢in the segregation of focal contacts
and fibrillar adhesions. Moreover, treatment of wild-type
cells with tyrphostin AG1007, which inhibits both pp60-s
and FAK activity, induced accumulation of tensin in
peripheral focal adhesions. These findings demonstrate
that Src family kinases, and pp60S' in particular, have a
central role in regulating protein dynamics at cell-matrix
interfaces, both during early stages of interaction and in
mature focal contacts.
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INTRODUCTION

the most prominent of these are tyrosine-specific kinases,

including focal adhesion kinase (FAK) and members of the Src
The attachment of cells to each other and to the surroundirigmily of cytoplasmic tyrosine kinases (Hanks et al., 1992;
extracellular matrix (ECM) plays a central role in embryonicSchaller et al., 1992; Frisch et al., 1996; llic et al., 1997;
morphogenesis and in tissue assembly. Cell-ECM adhesiofi$tomas and Brugge, 1997; Zachary, 1997; Thomas et al.,
occur via specific sets of membrane and cytoplasmic protein$998; Sieg et al., 1999). It has been shown that cel-ECM
including specific transmembrane adhesion receptors, maingdhesion activates FAK kinase and stimulates its
members of the integrin superfamily, and a submembrane mephosphorylation as well as the phosphorylation of its various
of cytoskeleton-associated ‘anchor proteins’ (Hynes, 199%ubstrates. FAK-associated signaling has been associated with
Garratt and Humphries, 1995; Geiger et al., 1995; Jockusch #te activation of signaling cascades that include the ERK and
al., 1995; Guan, 1997). These transmembrane interactions ahen kinase pathways, ppF3% and PI-3kinase (Schlaepfer et
crucial not only for the stability of matrix adhesions but alscal., 1997; Schlaepfer and Hunter, 1998; Schlaepfer et al., 1998;
for the assembly of the actin network and the regulation ofary and Guan, 1999; Giancotti and Ruoslahti, 1999).
adhesion-mediated signaling (Maher et al., 1985; Burridge et Several lines of evidence implicate pp80 and its
al., 1992; Volberg et al., 1992; Geiger et al., 1995; Burridgdaomologs pp59" and pp62Yes in focal contact formation and
and Chrzanowska-Wodnicka, 1996; Cary et al., 1996; Frisch etodulation. The oncogenic mutant pjp80 has been shown
al., 1996; Gilmore and Romer, 1996; Hungerford et al., 199@p interact physically with focal contacts, extensively
Richardson and Parsons, 1996; Hanks and Polte, 1997; Zhpbosphorylate target molecules in them and affect their
et al., 1998). The mechanisms responsible for these signalistructure (Rohrschneider, 1980; Nigg et al., 1982; Maher et al.,
events are still incompletely understood, but several kinase$985; Hirst et al., 1986; Pasquale et al., 1986; Glenney and
along with their substrates and adapter proteins, have begokas, 1989; Tapley et al., 1989; \Volberg et al., 1991).
detected in cell-ECM adhesions (Geiger et al., 1995; Petdinockout of theSrc gene was reported to suppress tyrosine
et al.,, 1995; Burridge and Chrzanowska-Wodnicka, 1996phosphorylation in focal contacts (Kaplan et al., 1994,
Yamada and Geiger, 1997). Some of these molecules directBockholt and Burridge, 1995) and affect the adhesive
participate in a variety of signaling events triggered by growtlproperties of the cells (Kaplan et al.,, 1995). Conversely,
factors (Courtneidge et al., 1993; Matsumoto et al., 1994ncreased pp6C™T or pp5P" expression increased paxillin
Rankin and Rozengurt, 1994; Rozengurt, 1995; Auger et altyrosine phosphorylation in a FAK-dependent manner
1996; Burridge and Chrzanowska-Wodnicka, 1996). AmondgSchaller et al., 1999). While these data suggest a role for



2280 JOURNAL OF CELL SCIENCE 114 (12)

pp6C-St in the establishment of matrix adhesions, thein culture in Dulbecco’s modified Eagle’s medium (DMEM)
molecular mechanism of its effect remains unclear. Particularlgupplemented with 10% fetal calf serum, glutamine, penicillin,
intriguing is the apparent inconsistency between the role @treptomygin (Biological In_dustries, KiprtZ Beit Haemek, Israel) and
pp60-scin focal contact assembly and the destructive effect of MM sodium pyruvate (Sigma, St Louis, MO).
the de(egulated pp® '¢on qell—_matrix adhesion. Immunochemical reagents

Previous studies have indicated that focal contacts are

. - ; rimary antibodies that were used in this study include polyclonal
relatively unaffected by the absence of Src family I('naseﬁnti-phosphotyrosine antibodies (PT40, kindly provided by Israel

(Bockholt and Burridge, 1995) except that Src-deficient cellpecht and Arie Licht, The Weizmann Institute) or PT-66 (purchased
exhibit decreased membrane ruffling (Boyce et al., 1993)fom Sigma Immunochemicals Ltd., Rehovot, Israel). Monoclonal
smaller focal contacts with lower overall levels of tyrosineantibodies against FAK, tensin and paxillin were purchased from
phosphorylation (Kaplan et al., 1994) and lower levels offransduction Laboratories (Lexington, KY) and anti-vinculin (hVin1)

ppl30as phosphorylation (Bockholt and Burridge, 1995).was from Sigma. Cy3-conjugated goat anti-mouse IgG H+L
However, the specific effects of Src family kinases on thésecondary antibodies for tensin staining), and Cy3-conjugated
development, morphology and composition of matrixdoat anti-mouse F(&b fragment were purchased from Jackson

adhesions have not been quantitatively approached. ImmunoResearch Laboratories (West Grove, PA). Alexa 488-
To gain insight into the mechanism of ppse effects on conjugated goat anti-rabbit IgG (H+L) was purchased from Molecular

the formation and reorganization of matrix adhesions, we havF()arObes (Eugene, OR).

analyzed the composition of these sites in cells derived fromimunofluorescence staining

mice in which theSrcgene, or th&Srg FynandYesgenes were  cells were plated on glass coverslips precoated withpgnl
deleted. In this study we have used quantitative microscopisovine plasma fibronectin (Sigma). The cells were simultaneously
analysis of matrix adhesions. We have recently applied thisermeabilized and fixed for 2 minutes with 0.5% Triton X-100
approach, and defined two distinct types of cell-matriXSigma), 3% paraformaldehyde (Merck, Darmstadt, Germany) in
adhesions namely focal contacts and fibrillar adhesions (Zanfhosphate-buffered saline (PBS), and then post-fixed with 3%
et al., 1999). The former, contain high levels of paxillin andoz.iraformalldehyde for Qddltlpnal 20 minutes. The cellls were washed
vinculin, are highly tyrosine-phosphorylated and are primaril))"”th PBS, incubated with primary antibodies for 40 minutes, washed

. . . - L . again and then incubated for 40 minutes with Cy3-conjugated goat
igﬁ?;ﬁfsd&wiﬁioe(‘é%n'nig\?v”Tévgig”g?rpggmierfg?%’ \r;i?]\/(\:ﬁl\i/r?r, anti-mouse and Alexa 488-conjugated goat anti-rabbit antibodies. The

- . .» samples were washed again with PBS, and mounted on slides using
and essentially no phosphotyrosine. The most prominerfanol (Mowiol 4-88, Serafon, Ashdod, Israel).
cytoskeletal component of fibrillar adhesions is tensin (Zamir

et al., 1999). These fibrillar adhesions emerge from focaPigital immunofluorescence microscopy

contacts and translocate in an actomyosin-dependent manr@rantitative fluorescence microscopy was carried out using the
towards the cell center, forming tensin-rich linear or dot-likeDeltaVision system (Applied Precision, Issaqua, WA) attached to an
arrays (Zamir et al., 2000). Their formation can be blocked bipv_ertgd Zeiss_ Axiovert microscope using a 100X/1.3 PlanNeofluoar
immobilization of fibronectin on the tissue culture substrat@bjective (Zeiss, Oberkochen, Germany). Images were processed

Shihit ; iin, using the priism software of the DeltaVision system as previously
E;::ﬁf;?;’i 2(2)88%)? by inhibition of actomyosin contractility described (Zamir et al., 1999). The processing employed here

included the following routines:
The data presented here demonstrate that both the(l) Image filtration: original images of immunostained cells were

development and segregation of focal contacts and fibrillagpjected to high-pass filtration subtracting the local average intensity
adhesions are altered in mouse fibroblasts deficiel8rpor  surrounding each matrix adhesion site.

for Srg, FynandYes This is manifested by an earlier onset of (2) ‘Spectral’ presentation of fluorescence intensity: in order to

focal contact formation, lower levels of matrix adhesion-visually compare fluorescence intensities, filtered images were
associated phosphotyrosine, and a marked increase in the gizesented using a blue-to-red linear spectrum scale.

and intensity of tensin-containing mature adhesions. Apparent (3) Fluorescence ratio imaging (FRI): cells were double-labeled for
accumulation of tensin in focal adhesions was also noted #girs of matrix adhesion proteins and the intensity ratio was computed
cells treated with a tyrphostin which inhibits the activity ofPe" Pixel as previously described (Zamir et al., 1999). The ratio

FAK and pp6@'' indicating that tyrosine phosphorylation is MaJes are presented in a logarithmic, spectrum scale.

involved in th | | i ati f trix adhesi (4) Segmentation and quantitation of matrix adhesions: adhesion
involved in the molecular reorganization of matrix adnesionSgjeg i, immunofluorescently labeled cells were identified and

These findings suggest a central role for Src family kinases &gmented using the ‘water’ algorithm (Zamir et al., 1999) in order
the regulation of the initial assembly of cell-ECM adhesiongo generate quantitative data on the area and average fluorescence
and in their subsequent molecular maturation. intensity of individual adhesion sites.
In typical experiments all the adhesion sites in 10 cells (typically,
50-150 adhesion sites/cell) were examined for each time point,

MATERIALS AND METHODS fluorescence label and cell type. The significance of differences
] between the average intensity values obtained in different cells was
Cell lines determined by the Wilcoxon rank-sum test with alpha=0.001 using

pp6C-s null cells Src’-, derived from mice homozygous for a the Matlab software (MathWorks, MA, USA).

disruption of theSrc gene, wild-type mouse embryo fibroblasts, and o ) )

Src’~ cells stably expressing theSregene (wt6) were kindly provided ~Immunoprecipitation and immunoblotting

by Pam Schwartzberg and Harold Varmus (NIH, Bethesda, MD)Wild-type andSrc’~ cells cultured for 24 hours, were lysed in lysis
Fibroblasts homozygous for disruption of tBes Fyn and Yesgenes  buffer (20 mM Tris-HCI buffer, containing 1% Triton X-100, 150
(SYF) were generously provided by Dr Phillipe Soriano (FredmM NaCl, 1 mM EGTA, 1 mM EDTA, 1 mM sodium orthovanadate,
Hutchinson Cancer Center, Seattle, WA). All cell lines were maintaine@5 pg/ml leupeptin and 1% deoxycholic acid, pH 8.0). The lysates
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Fig. 1. Quantitative immunofluorescence labeling of wild-typeg’-, wt6 and SYF cells for phosphotyrosine. The cells were plated on
fibronectin-coated cover glasses for 15 minutes or 24 hours, permeabilized, fixed and immunolabeled with anti-phosphoityodése ant

(A) Immunofluorescence patterns of labeling, presented by a linear color look-up table. (B) Scattergrams presenting thedlledvebogn
intensity, in arbitrary units (AU), and area,im?, of phosphotyrosine-containing focal contacts in the different cell types. Each scattergram
shows all the focal contacts identified in 10 representative cells, each of which contains 50-150 focal contacts. Inreggamstadtaverage
number of relatively large and/or intensely labeled adhesions per cell is indicated. The size and intensity thresholc:|setdste so that
only <10% of the adhesion sites of SYF cells were in the ‘large or intense’ category. Note the low labeling intensity afypbsisghin

Src’~ and SYF cells compared with control wild-type and wt6 cells.

were clarified by centrifugation at 14,0@0for 10 minutes at 4°C pH 7.6 (Buffer A), incubated with anti phosphotyrosine antibodies
and aliquots containing equal amounts of protein (determined b{PT-66, Sigma) at®C for 16 hours, washed extensively with Buffer
Bradford assay) were incubated with antibodies to tensin for 6@ and then incubated with horseradish peroxidase-conjugated
minutes at 4°C. Rabbit anti mouse IgG (Jackson ImmunoResearcgpat anti-mouse IgG (Amersham Life Science) for 60 minutes.
bound to protein A-Sepharose was then added to the samples afide immunoreactive bands were detected by enhanced
incubated for additional 60 minutes at 4°C. The beads werehemiluminescence (ECL, Amersham Life Science), and exposed
sedimented by brief centrifugation and washed extensively witlio X-ray film. The antibodies were stripped from the Hybond-C
washing buffer (20 mM Tris buffer, 150 mM NaCl, 0.1 mM EGTA, nitrocellulose membrane by washing with 0.1 M glycine, pH 2.9 for
0.1 mM EDTA, 1 mM sodium orthovanadate, @&§/ml leupeptin, 20 minutes and immunoblotted this time with tensin antibodies. The
0.1% Triton X-100 and 0.1% deoxycholic acid, pH 8.0). The sampleBnmunoreactive bands were detected again by ECL procedure.
were boiled in Laemmli sample buffer with 1 mM sodium The bands were quantified by densitometry using an imaging
orthovanadate and subjected to 7.5% SDS-PAGE. The proteins wedensitometer, model GS-700 (BioRad laboratories, Hercules, CA)
then transferred to Hybond-C nitrocellulose membrane (Amersharand analyzed by NIH Image software.

Life Science, Buckinghamshire, UK; Towbin et al., 1992). The Cultured cells were washed with cold PBS, scraped off the culture
nitrocellulose membrane was blocked with 2% BSA in bufferdish, and extracted with Laemmli sample buffer containing 1 mM
containing 10 mM Tris-HCI, 150 mM NacCl, and 0.05% Tween-20,sodium orthovanadate. The extracts were subjected to SDS-
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Fig. 2. (A) Phosphotyrosine-containing proteins -
in wild-type, Src’~ and wt6 cells. The cells FAK> G a8 & . Preppp———
were plated on fibronectin-covered tissue
culture dishes, incubated for the indicated times, 53

then extracted in Laemmli sample buffer, PAX > o e
subjected to 5-15% gradient SDS-PAGE, “ . . . —-—— . - —— .
immunoblotted and labeled with anti- - -

phosphotyrosine antibodies. The
immunoreactive bands were detected using - e -
ECL. Note the progressive increase in
phosphorylation of the 125 kDa (FAK) and 68
kDa (paxillin) bands in wild-type and wt6 cells. 15 %0 60 24h 1F 30 60 24h 15 30' 60" 24h
FAK phosphorylation gradually increased in

wt6 cells. InSrc”’~ cells, no increase in FAK
phosphorylation above basal level was detected
and only a small increase in paxillin C
phosphorylation was observed at 24 hours.
(B) Western blot analysis of tyrosine IP: TEN
phosphorylation of tensin i&rc’~ and wild-
type cells. The two cell types were extracted 24 IB: TEN PY IB: FAK+PAX+TUB
hours after plating and equal amounts of protein ) '
were subjected to immunoprecipitation with —
tensin antibodies and immunoblotting with both - e o
tensin and phosphotyrosine antibodies. Note the FAK D T
comparable amounts of tensin in both cell lines
and the marked decrease in tensin

phosphorylation in th&rc’~ cells. (C) Western PAX - -
blot analysis of FAK and paxillin in wild-type TUBE W T
andSrc’~ cells. The blots reveal that the levels
of FAK and paxillin in the two cell lines are wt src-/- wt src-/- wt src-/-
essentially identical (tubulin is used as an
internal control for equal protein loading).

D pp———— L

electrophoresis on 5-15% polyacrylamide gradient gels unded2Oy, in citrate-phosphate buffer (100 mM citric acid and 200 mM
reducing conditions and immunoblotted with the relevant antibodiefNaoHPQ4, pH 4.0) were added and incubated for 10 minutes and the
The detection of the bands and their analysis were conducted aptical density (405 nm) was read, using an Eliza Reader (ELX 800,

described above Bio-Tek Industry).

) ) For FAK autophosphorylation assay, pp#5 was
Effect of tyrphostin AG1007 on Src kinase and FAK immunoprecipitated from Swiss 3T3 cells extracts using antibodies to
activity FAK (Transduction Laboratories) and protein A-sepharose. The beads

For Src kinase assay, microtiter plates (96-well Maxisorp, Nunc) wererere washed with lysis buffer (20 mM Tris-HCI buffer, containing 1%
coated with Poly Glu-Tyr (4:1, Sigma, 0.1 mg/ml in PBS; 100Triton X-100, 150 mM NaCl, 1mM EGTA, 1 mM EDTA, 1 mM
pl/well). The plates were covered with Parafilm and incubated at 37°6odium orthovanadate, 2/ml leupeptin and 1% deoxycholic acid,

for 16 hours. Excess poly Glu-Tyr was discarded and the plates wepdl 8.0) followed by TBS and then transferred to TBS containing 3
washed with TBS containing 0.2% Tween 20 (TBST) and allowed tenM MnCl; and 10 mM piperazine-N,Pbis (2-ethanesulfonic acid)

dry at 37°C for 1-2 hours. GST-Src (kindly provided by Rothem KarnipH 7.4. The beads were incubated with 100 AG1007 for 15-20

and Alex Levitzki, the Hebrew University, Jerusalem, Israel; 50minutes at room temperature and then incubated for additional 20
ng/well) was added to the wells in the presence or abserute|Hd minutes with §1Ci per sample of2P-yATP (Amersham Life Science).
tyrphostin AG1007 (kindly provided by Aviv Gazit and Alex Levitzki, Samples were then boiled for 3 minutes in Laemmli sample buffer
the Hebrew University, Jerusalem, Israel; Ohmichi et al., 1993) iontaining 1 mM sodium orthovanadate and subjected to 10% SDS-
kinase assay buffer (20 mM Tris, pH 7.5 and 10 mM MpCrhe PAGE. The gel was dried and the radioactive bands were detected by
kinase reaction was started by addingp®0 ATP. The plates were using a phosphoimager (BAS 1000, Fujix).

incubated at 30°C for 20 minutes, on a shaker. The reaction was

stopped by adding 200 mM EDTA and the plate was washed with

TBST and blocked with TBST containing 5% low-fat milk. Rabbit RESULTS

anti-phosphotyrosine antibodies were added (il0®ell) for 1 hour

at room temperature, then washed four to six times with TBST. HRRs . A . c-sre
conjugated anti rabbit IgG (Amersham Life Science) was added an-gerSIne phosphorylation is attenuated in pp60

incubated for another 45 minutes at room temperature, washed 5 tirr{ég“ and SYF cells

with TBST and once with PBS. Then 0.5 mg/ml ABTS (A2ino-  Since tyrosine phosphorylation appears to have a role in focal
bis (3-Ethylbenzen-thiazoline-6-sulfonic acid, Sigma) and 0.004%ontact development (Burridge et al., 1992), we compared
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tyrosine phosphorylation isrc’~ and SYF cells with that reduction in its tyrosine phosphorylation (data not shown).
found in wild-type cells and the wt6 clone, using quantitativeTensin content in adhesion sites, however, was dramatically
microscopy and immunoblotting. increased in th&rc’~ and SYF cells, compared with the wild-
Immunofluorescence labeling of the cells following shorttype or wt6 cells (Fig. 3). The tensin-rich adhesion sites in the
(15 minutes) or long (24 hours) incubation indicated that theontrol cells consisted of scattered or clustered arrays of small
general morphology of tyrosine-phosphorylated focal contactdots, while in the two mutant cells, tensin was associated with
(size and subcellular location) was comparable in the variodarge and intensely labeled adhesion sites (Fig. 3A,B). These
cell types, whereas the phosphorylation level of the adhesidifferences were clearly manifested following both short (15
sites in theSrc”’~ and SYF cells was considerably lower thanminutes) and long (24 hours) incubation.
that found in wild-type or wt6 cells (Fig. 1). This can be To determine whether the observed effects are attributable
appreciated both from the fluorescence intensity patterrts specific accumulation of tensin or to a general growth of
(Fig. 1A) and the quantitative analysis (intensity versudocal contacts, the four types of cells were double labeled for
area) presented in the scattergrams (Fig. 1B). Plottingensin and vinculin and the relative labeling intensities of the
immunofluorescence intensity against the area of labelesvo proteins compared by fluorescence ratio imaging (FRI). As
adhesion sites revealed dramatic reduction in the number shown in Fig. 4 the relative content of tensin in peripheral focal
‘intense and/or large’ phosphotyrosine-containing adhesionontacts of wild-type and wt6 cells was rather low (indicated
sites per cell (two- to fivefold reduction®rc’~and SYF cells, by ‘blue’ adhesion sites), compared with the mutant cells
compared with wild-type or wt6 controls). This effect was(mainly to theSrc’~ cells), where focal contacts contained
observed following either short or long incubation. much higher relative levels of tensin, as indicated by the
It is noteworthy that while pp6G™ kinase apparently abundance of ‘yellow’ adhesion sites (Fig. 4). It is noteworthy
stimulates tyrosine phosphorylation of early and mature focahat the spreading of the SYF cells was more limited than that
contacts, there is also a substantial §F8dndependent of the other cell types. Vinculin levels were comparable in all
phosphorylation of such sites. It is also apparent that theell types (data not shown). These data indicate that tensin
development of ‘mature’ focal contacts is not impaired by theegregation from focal contacts to fibrillar adhesions does not
diminished local phosphotyrosine levels seen inStte~and  occur normally in the absence of pf6G.
SYF cells. Immunofluorescence labeling for FAK indicated that mature
Anti-phosphotyrosine immunoblot analysis of lysatesFAK-labeled adhesions are quite similar in all cell types studies
obtained from cells following different periods of incubation (Fig. 5A,B, lower panels). However, early FAK-containing
after plating revealed differences in the levels of proteiradhesions, formed within 15 minutes of plating, were
tyrosine phosphorylation of specific bands, betweerStté~  considerably larger and more intense in ®&’" cells
cells and the wild-type or wt6 controls (Fig. 2A). Specifically,compared with the wild-type and wt6 controls (Fig. 5A,B,
phosphorylation of a 125 kDa band, corresponding to FAKupper panels). This finding indicates that the initial recruitment
increased progressively in the wild-type cells, while in theof FAK to nascent adhesion sites does not depend orfPp60
Src’~ cells its levels were low and did not increase significanthand is even suppressed by it.
upon incubation. At 24 hours FAK phosphorylation in the wild- ) ] ]
type cells and wt6 cells were 1.8- and 1.4-fold higherThe effect of tyrphostin AG1007 on the exit of tensin
respectively, than those of th&rcnull cells (determined from maturing focal contacts.
by densitometry). Phosphorylation of the 68 kDa bandThe effects of pp80F™on focal contact development could be
corresponding to paxillin, was also much lower in 8re/~  attributed either to its phosphorylation activity or to its capacity
cells, compared with wild type, and increased only after 240 act as an ‘adapter protein’, recruiting different focal contact
hours of incubation. The wt6 cells exhibited intermediate levelsmolecules via its SH2 and SH3 domains (Kaplan et al., 1995).
of phosphorylation of both proteins and the levels of theifo determine the role of tyrosine phosphorylation in the
phosphorylation increased upon incubation. It is noteworthyegulation of tensin segregation in maturing focal contacts,
that the total levels of FAK and paxillin in wild-type a8/~ wild-type cells were treated with tyrphostin AG1007. First, we
cells were essentially the same (Fig. 2C). To determine theave determined the effect of AG1007 on the enzymatic
effect of pp60S knockout on tyrosine phosphorylation of activity of the two major tyrosine kinases of focal contacts,
tensin, extracts of wild-type arfc’~ cells were subjected to namely FAK and pp6% As shown in Fig. 6A, AG1007 at
immunoprecipitation by tensin antibodies, followed byconcentrations comparable with those used for treating cultured
immunoblotting for phosphotyrosine. As shown in Fig. 2B, thecells (100uM) partially inhibited the autophosphorylation of
levels of tyrosine-phosphorylated tensin (as analyzed bynmunoprecipitated FAK. This tyrphostin was somewhat more
densitometry and normalized for changes in total tensin levelgffective on pp6®s'©and reached >80% inhibition at H0/

were markedly reduced (by 62%) in the mutant cells. (Fig. 6B).

o . Incubation of wild-type cells with AG1007 induced a major
Involvement of Src-family kinases in the molecular effect on the distribution of both tensin and phosphotyrosine
reorganization of matrix adhesions (Fig. 7). In the untreated fibroblasts tensin was primarily

To determine whether the reduced phosphorylation of FAKassociated with nhumerous arrays of dots, scattered over the
paxillin and tensin affected their subcellular distribution,entire ventral surfaces of the cell (note the faintly labeled, ‘blue
Src’~, SYF, wild-type and wt6 cells were immunofluorescentlydots’ in the tensin panel). Pre-treatment with U®@AG1007
labeled for these proteins and examined by digital microscopfor 2 hours, followed by replating of the cells in the presence
The pattern of paxillin incorporation into matrix adhesions wa®f the drug and incubation for 5 hours, resulted in tensin
not markedly affected by the absence of 8D despite the accumulation in large peripheral focal contacts (note the large
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Fig. 3. Quantitative immunofluorescence labeling of wild-types?-, wt6é and SYF cells for tensin. The cells were plated on fibronectin-coated
cover-glasses for 15 minutes or 24 hours, permeabilized, fixed and immunolabeled with anti-tensin antibodies. (A) Immunc8uoresce
patterns of labeling, presented by a linear color look-up table. (B) Scattergrams presenting the fluorescence labeling eteibsity units

(AU), and area, ium?, of tensin-containing matrix adhesions in the different cell types. The quantitative analysis of tensin-containing matrix
adhesions was performed as described for Fig. 1. The size and intensity-threshold levels were selected so that onlyadbésioitisées of
wild-type or wt6 cells were in the ‘large or intense’ category. Note the intense labeling for tensin in the focal cobterétsanti SYF cells,
compared with control wild-type and wt6 cells.

and intensely labeled ‘red’ patches). These adhesion sitesorganization of cell-matrix adhesions. Previous studies have
co-localized with phosphotyrosine. Phosphotyrosine wagprovided somewhat inconclusive information on this subject.
associated with focal contacts in both treated and non-treat€h the one hand, it has been shown that focal contacts can be
cells, although the labeling intensity in the former wasformed in cells lacking pp&&(Kaplan et al., 1994) or even
markedly reduced, in line with Fig. 1 above. These resultall three members of the Src family (Bockholt and Burridge,
indicate that inhibition of tyrosine phosphorylation by this1995). On the other hand, it has been reported $et-
tyrphostin induced alterations in tensin distribution andibroblasts display reduced adhesion and spreading when
phosphotyrosine levels, similar to those observesidri- and  plated on fibronectin-coated surfaces. Interestingly, normal
SYF cells. This is in line with the claim that Src-family kinases,adhesion could be restored not only by pp&thut also by a
and pp606sTin particular, play a central role in the molecular mutant pp66s' lacking the kinase and c-terminal domains
reorganization of matrix adhesions via specific tyrosine kinaséKaplan et al., 1995) suggesting that recruitment of other
mediated events. molecules mediated by the SH2 and SH3 domains of the
molecule may be important for cell adhesion. It was also
demonstrated that a constitutively active Src, such as’pp60
DISCUSSION can disrupt focal contacts and promote podosome formation
(Rohrschneider, 1980; Tarone et al., 1985). While these
In this study we have explored the role of pp8f and the studies suggest a central role for pp80in the assembly and
related kinases pp59 and pp62es in the assembly and modulation of focal contacts, the specific molecular targets
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src-/-

Fig. 4.Fluorescence ratio
imaging (tensin/vinculin)
showing accumulation of
tensin in focal contacts of
Src’~ and SYF cells. The
cells were plated on —
fibronectin-coated cover-
glasses for 15 minutes or Ly
24 hours, permeabilized, ¥=
fixed and double-
immunolabeled with
antibodies against tensin

and vinculin. The
tensin/vinculin ratios per

pixel were calculated and
presented by a logarithmic s
color look-up table, which
enabled the presentation St
of ratio value variations
spanning two orders of
magnitude (from 0.1 to
10). Note the relatively
low (blue) content of
tensin in peripheral focal contacts in wild-type and wt6 cells compare®vath and SYF cells, where extensiy 01> 3 >10
colocalization with vinculin (yellow) is apparent. Cy3/Alexa 488

wt src-/- wt6

A

15 min

24 hr

B 400-
Fig. 5. Quantitative immunofluorescence 300- fg o, .,
labeling of wild-type Src”~ and wt6 cells £ 2 gty :
for FAK. The cells were plated on £ 200 i -,.-..-‘: e oo el 2,
fibronectin-coated cover-glasses for 15 0 . 4 £ 0 {L T R A
minutes or 24 hours, permeabilized, fixed =35 S R "_' . g - :sﬁ‘- *
and immunolabeled with anti-FAK < ®. * e Farer
antibodies. (A) Immunofluorescence 2 o2 s
patterns of labeling, presented by a linear 3 0
color look-up table. (B) Scattergrams S
presenting the fluorescence labeling . § o
intensity, in arbitrary units (AU), and =
area, inum?, of FAK-containing focal o 200
contacts in the different cell types. The N x "
guantitative analysis of FAK-containing 1004 ., = i, .g‘v,,‘:s':"., P
matrix adhesions was performed as e W e ﬁ'd*’.
described for Fig. 1. Note the high FAK 0- r r . . T .
labeling inSrc”~ cells at 15 minutes of 0 5 10 0 5 10 0 5 10 15

incubation. area (ums?)
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and the mechanism of action of this kinase remainedynamic structures and that their constituents (like vincahn,
unresolved. actinin and actin) continuously exchange with a diffusible
In this study we have used quantitative microscopy ta@ytoplasmic pool (Kreis et al., 1985). Recently, we have
determine the levels of the different molecular componentdiscovered a novel mechanism for the dynamic reorganization
and physical properties of single adhesion sites. Thesaf adhesion sites. It was shown (Zamir et al., 1999) that matrix
gquantitative microscopic assays were based on well calibratedihesions are molecularly heterogeneous and consist of
immunofluorescence labeling, ratio analysis and computerizezddassical focal contacts, which are usually large, exhibit
morphometry, essentially as previously described (Zamir et alperipheral distribution and are enriched with phosphotyrosine,
1999; Katz et al., 2000; Zamir et al., 2000). In addition, wepaxillin, vinculin andayfs integrin, and fibrillar adhesions,
have classified the immunolabeled adhesion sites into twahich are centrally located and are enriched with tensin and
groups according to their size and intensity. The processingsPi integrin. It was further demonstrated that fibrillar
thus included two stages of image analysis: adhesions emerge from focal contacts and translocate, in an
(1) A general segmentation step, based on the application attomyosin-dependent manner, towards the cell center (Zamir
the ‘Water’ algorithm (Zamir et al., 1999), revealing structureset al., 2000). The dynamic properties of focal contacts may be
with a broad spectrum of sizes and intensities. These adhesidifferent in motile and stationary cells (Smilenov et al., 1999)
sites are usually dominated by small and faint structures, armthd may be involved not just in regulating adhesion and
thus, average values of size and intensity do not reflect changestility but also in matrix reorganization (e.qg. fibrillogenesis;
in the stress-fiber associated focal contacts or large fibrilld?ankov et al., 2000).
adhesions. The results presented here (mainly the early recruitment of
(2) Specific counting of the number of ‘large or intense’FAK) are consistent with the hypothesis that gpttdoes not
adhesions per cell. Uniform cut-off values were set so thgiromote, but rather suppresses, the establishment of initial
direct comparative information can be obtained on thadhesions and that it plays an important role in the dynamic
formation and molecular composition of large and/or intenselgegregation of mature focal contacts. This is in line with
labeled phosphotyrosine- and tensin-containing adhesion sitegperimental data showing that excessive Src-mediated
in the Src-containing cells and the two mutant cell lines. Asyrosine phosphorylation, caused by the constitutively active
may be appreciated from Figs 1 and 3, this segmentatiamncogenic form, pp8@' might be detrimental to focal
appears to be rather robust and small changes in the threshotthtacts, either by interfering with their early assembly or by
levels have nearly no effect on the final conclusions. unleashing their reorganization into fibrillar adhesions, leading
Comparing wild-type fibroblasts tdSrc’~ and triple to a dramatic loss of focal contacts and stress fibers
knockout cells (SYF), we detected major changes in théRohrschneider, 1980; Volberg et al., 1991). It is interesting to
molecular organization of matrix adhesions. The most strikingote that excessive activity of pp6UFis attributable to at least
differences betweerc (or SrdFyn/Yesnull cells) and the two factors: the insensitivity of the kinase activity to Csk-
wild-type (or wt6) cells is the reduction in tyrosine labeling inmediated downregulation (Kmiecik and Shalloway, 1987;
focal contacts and the massive accumulation of tensin in thediada et al., 1991) and to the constitutive association of the
sites in the mutants. These effects appear to be primarityjolecule with adhesion sites (Kaplan et al., 1995; Felsenfeld
attributable to the absence of pp8U, as the single and triple et al., 1999).
knockout cells display a similar phenotype, and the re- Further support for the notion that focal contact
introduction of pp6©sT into Src’~ cells (yielding the wt6 reorganization (e.g. segregation of focal contacts and fibrillar
clone) fully restores the normal phenotype (e.g. focal contaetdhesions) depends on tyrosine phosphorylation is obtained
phosphorylation and tensin segregation). These effects refldcom the accumulation of tensin in focal contacts of the triple
changes in the molecular organization of the adhesion sitdsnpockout (SYF) cells and from additional experiments in
and not merely overall change in their formation, since othewhich tyrosine phosphorylation in wild-type cells was
components of focal contacts, like vinculin (Fig. 4) and paxillinsuppressed by specific tyrphostins. Thus, cells treated with
(data not shown) did not change significantly. AG1007, which was shown to inhibit ppB8° and FAK in
An additional manifestation oSrc knockout is the more vitro, developed aSrc’~ phenotype’. These studies were
exuberant recruitment of FAK into nascent focal contactsperformed in order to determine whether the effects of\p{H60
suggesting that the initial binding of FAK is Src-independentpn focal contact reorganization are attributable to tyrosine
or even suppressed by p§60. After long incubation, FAK  phosphorylation per se, or to its capacity to act as an adapter
distribution in wild-type and mutant cells was quite similar,protein, irrespective of its enzymatic activity (Kaplan et al.,
though its enzymatic activity was probably reduced, based a995). The data presented here favor the former possibility. It
the lower levels of phosphotyrosine labeling in these sites, amémains, however, to be determined whether pp60is
the notion that phosphorylation of focal contacts is primarilydirectly responsible for the phosphorylation events which drive
attributable to FAK. focal contact reorganization or whether it exerts its effect
Taken together, these observations raise the possibility thetdirectly (by activating FAK, for example).
pp6C-S'«induced phosphorylation (either direct phosphorylation The molecular mechanism underlying the effect of fi560
by pp60-Sor phosphorylation by FAK which is activated by on focal contact reorganization is not known. Furthermore,
pp6C-ST9 is responsible for ‘maturation’ of focal contacts, even the full repertoire of specific molecular targets of g0
manifested here by the exit of tensin. This hypothesis shoulthe phosphorylation of which might be responsible for the
be evaluated in light of recent information on the diversityphenotype described here is not clear. The difficulty in defining
of matrix adhesions. It has been previously shown, byhe precise ‘molecular targets’ of the pp&Ueffects on matrix
photobleaching recovery assays, that focal contacts are highdglhesions is primarily attributable to the fact that many
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Fig. 6.Inhibition of FAK and Src activity by AG1007. (A) pp12%

that was immunoprecipitated from cultured swiss3T3 cells extracts
by antibodies to FAK, was equally divided to two samples. One was
used as a control (NT) and the other was incubated witu¥00
AG1007 for 15-20 minutes at room temperature. Both samples were
incubated for additional 20 minutes withuGi per sample32P-
labeledyATP. The samples were subjected to 10% SDS-PAGE and
the radioactive bands detected using a phosphoimager. Note that
FAK activity was inhibited up to 60% by AG1007. (B) GST-Src was
assayed for its activity on poly Glu-Tyr ELISA assay in the absence
or presence of 5AM AG1007. Note that AG1007 inhibited Src
activity by 80%.

occur in pp66sTcitself after phosphorylation by Csk at position
Y527 (Nada et al., 1991). It has been shown that after such
phosphorylation pp6@'folds into an enzymatically inactive
‘closed conformation’, where the SH2 domain binds to the

structural components of focal contacts are potential P60 phospho-Y527. Folding of cytoskeleton-associated molecules
substrates. These include FAK, paxillin, tensin, talin, pf30 such as ezrin or vinculin, owing to intramolecular interactions
B-integrin and P-I3K (Hirst et al., 1986; Pasquale et al., 198ginduced by phosphorylation or other modifications) could also
DeClue and Martin, 1987; Glenney and Zokas, 1989; Reynoldsodulate their interactions with the cytoskeleton and affect the

et al., 1989; Findik et al., 1990; Davis et !

1991; Fukui and Hanafusa, 1991; Wu et
1991; Schaller et al., 1992, Liu et al., 1¢
Sakai et al., 1994; Turner and Miller, 19
Calalb et al., 1995; Haefner et al., 1¢
Fincham and Frame, 1998; Schlaepfer
Hunter, 1998). Moreover, a variety
signaling molecules that might regul
focal contact assembly and integ
mediated signaling were shown to
tyrosine-phosphorylated by the Src kin
(i.e. Ellis et al., 1990; Nakanishi et .
1993). For example, the Rho family of sn
GTPases may be one means by whict
regulates matrix adhesion assembly. Re
data (Arthur et al., 2000) indicate t
integrin-mediated cell-matrix adhes
inactivates RhoA in a Src-depend
fashion via the tyrosine phosphorylatior
p190RhoGAP. This mechanism is defic
in SYF-null cells (Arthur et al., 2000).
How could tyrosine phosphorylati
promote focal contact reorganization? |
attractive speculation that we offer
inspired by the conformational changes

Fig. 7.Reorganization of tensin in wild-type
cells After treatment with AG1007. Wild-type
cells were cultured for 24 hours, treated with
100uM AG1007 for 2 hours and then
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cytoskeletal networks with which they interact (Bretscher etary, L. A. and Guan, J. L. (1999). Focal adhesion kinase in integrin-
al., 1997, Johnson and Craig, 1994; Johnson and Craig, 1995)mediated signaling-ront. Biosci.4, D102-D113. ,
An attractive candidate for a ppgB8°target protein whose Courtneidge, S. A Fumagalli S., Koegl, M., Superti-Furga, G. and

. . . . . . Twamley-Stein, G. M.(1993). The Src family of protein tyrosine kinases:
phosphorylation might affect its cytoskeletal interactions is regulation and function®evelopment 17, Suppl., 57-64.

tensin. As previously reported (Davis et al., 1991; Bockholbavis, S., Lu, M. L., Lo, S. H., Lin, S., Butler, J. A., Druker, B. J., Roberts,
and Burridge, 1993) and confirmed in this study (Fig. 2). tensin T. M., An, Q. and Chen, L. B.(1991). Presence of an SH2 domain in the
is tyrosine phosphorylated in a Src-dependent manner. Tensirpctin-binding protein tensirScience25?, 712-715. _ _

. . " - . DeClue, J. E. and Martin, G. S.(1987). Phosphorylation of talin at tyrosine
a_Iso contalns one _SH2 domain ?‘nd several addItIO!‘]al b_md"%in Rous sarcoma virus-transformed célill. Cell. Biol.7, 371-378.
sites for aQtln (DaYIS etal., 1991; Lo et al., 1994), vinc@in, gjis, c., Moran, M. McCormick, F. and Pawson, T. (1990).
integrin (Lin and Lin, 1996) and PI3K (Auger et al., 1996), and Phosphorylation of GAP and GAP-associated proteins by transforming and
was also found to associate with p¥3QSalgia et al., 1996). _ mitogenic tyrosine kinaseblature 343 377-381.

; ; . ; elsenfeld, D. P., Schwartzberg, P. L., Venegas, A., Tse, R. and Sheetz, M.
If tyrosine phosphorylatlon of tensin induces mtrammeCUIaF P. (1999). Selective regulation of integrin—cytoskeleton interactions by the

interaction between the phosphorylated site and the SH2gine kinase Sravat. Cell Biol.1, 200-206.

domain of the molecule (analogous to the effect of Y52Fincham, V. J. and Frame, M. C.(1998). The catalytic activity of Src is
phosphorylation of pp6&™9 some of these cytoskeletal dispensable for translocation to focal adhesions but controls the turnover of
interactions may be perturbed and the molecule may be mo‘géhese structures during cell motiligMBO J.17, 81-92.

. . indik, D., Reuter, C. and Presek, P.(1990). Platelet membrane
read”y mobilized away from the focal contact by the glycoproteins IIb and llla are substrates of purified §p&@rotein tyrosine

associated actomyosin syste_m (Zamir et al., 2000). Direct kinase FEBS Lett262 1-4.
attempts to test this hypothesis are currently underway. Frisch, S. M., Vuori, K., Ruoslahti, E. and Chan-Hui, P. Y(1996). Control
of adhesion-dependent cell survival by focal adhesion kidageell Biol.
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