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Abstract. Detachment of basal keratinocytes from 
basement membrane signals a differentiation cascade. 
Two integrin receptors ot6134 and tx3131 mediate adhe- 
sion to laminin 5 (epiligrin), a major extraceUular ma- 
trix protein in the basement membrane of epidermis. 
By establishing a low temperature adhesion system at 
4°C, we were able to examine the exclusive role of ot6134 
in adhesion of human foreskin keratinocyte (HFK) and 
the colon carcinoma cell LS123. We identified a novel 
80-kD membrane-associated protein (p80) that is ty- 
rosine phosphorylated in response to dissociation of 
a6134 from laminin 5. The specificity of p80 phosphory- 
lation for laminin 5 and et6134 was illustrated by the lack 
of regulation of p80 phosphorylation on collagen, fi- 
bronectin, or poly-L-lysine surfaces. We showed that 
blocking of ot3131 function using inhibitory mAbs, low 
temperature, or cytochalasin D diminished tyrosine 
phosphorylation of focal adhesion kinase but not p80 
phosphorylation. Therefore, under our assay condi- 
tions, p80 phosphorylation is regulated by o~6134, while 

motility via e~31M causes phosphorylation of focal adhe- 
sion kinase. Consistent with a linkage between p80 de- 
phosphorylation and oL6134 anchorage to laminin 5, we 
found that phosphatase inhibitor sodium vanadate, 
which blocked the p80 dephosphorylation, prevented 
the ot61M-dependent cell anchorage to laminin 5 at 4°C. 
In contrast, adhesion at 37°C via ot3131 was unaffected. 
Furthermore, by in vitro kinase assay, we identified a 
kinase activity for p80 phosphorylation in suspended 
HFKs but not in attached cells. The kinase activity, 
et6~4, and its associated adhesion structure stable an- 
choring contacts were all coffactionated in the Triton- 
insoluble cell fraction that lacks et3131. Thus, regulation 
of p80 phosphorylation, through the activities of p80 ki- 
nase and phosphatase, correlates with a6134-SAC an- 
chorage to laminin 5 at 4°C in epithelial cells of the skin 
and intestine. Transmembrane signaling through p80 is 
an early tyrosine phosphorylation event responsive to 
and possibly required for anchorage to laminin 5 by 
HFK and LS123 epithelial cells. 

C 
ELL interactions with extracellular matrix (ECM) 1 

are mediated by the integrin family of cell adhe- 
sion receptors (Hynes, 1992). Integrin interactions 

with ECM have profound effects on several aspects of epi- 
thelial cell biology (Juliano and Haskill, 1993; Damsky and 
Werb, 1992; Lin and Bissell, 1993; Hay, 1993; Carter et al., 
1994). Wounding of the epidermis activates basal cells 
from an anchored phenotype to a dynamic motile state 
(Grinnell, 1992; Falanga et al., 1994). Detachment of epi- 
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1. Abbreviat ions used in this paper: BPA II, bullous pemphigoid antigen 
II; ECM, extracellular matrix; FA, focal adhesion; HD, hemidesmosome; 
HFF, human foreskin fibroblast; HFK, human foreskin keratinocyte; 
HFM, human foreskin melanocyte; KGM, keratinocyte growing medium; 
pp125 FAK, focal adhesion kinase; SAC, stable anchoring contact. 

dermal basal cells from the basement membrane initiates a 
differentiation cascade and signals cell movement through 
the multiple stratified cell layers (Adams and Watt, 1993). 
Detachment from laminin 5 has been shown to regulate 
differentiation (Symington and Carter, 1995; Gil et al., 
1994). Furthermore, changes in tyrosine phosphorylation 
accompany keratinocyte differentiation (Filvaroff et al., 
1991, 1992; Zhao et al., 1992). 

Basal keratinocytes are the least differentiated cells in 
the epidermis and are the only epidermal cells capable of 
self-renewal (for review see Adams and Watt, 1993; Fuchs, 
1990; Lin and Bissell, 1993; Hay, 1993; Carter et al., 1994). 
Three major integrins, a2131, a3131, and ot6134, are ex- 
pressed in the normal basal cell layer (Carter et al., 1990a, 
b; Wayner et al., 1988; Adams and Watt, 1993). The latter 
two receptors are involved in the attachment of the basal 
cells to laminin 5, a major basement membrane adhesive 
ligand synthesized by epithelial cells from several different 
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tissues, including intestine, lung, and epidermis (Carter et 
al., 1991; Sonnenberg et al., 1993; Gil et al., 19952). Lami- 
nin 5 is also referred to as epiligrin (Gil et al., 1994; Ryan 
et al., 1994), and is indistinguishable from proteins termed 
BM600/GB-3 antigen/Nicein (Domloge-Hultsch et al., 1992; 
Verrando et al., 1987, 1991) and kalinin (Rousselle et al., 
1991). The integrin receptors a3131 and oL6134 bind to lami- 
nin 5 via two different cell junctions (Carter et al., 1990a, 
b, 1991; Wayner et al., 1993; Sonnenberg, 1993; Gil et al., 
19952): et3[31-focal adhesions (FA) (for review see Burr- 
idge et al., 1992), and ot6134-hemidesmosomes in tissue 
(HD) (for review see Jones and Green, 1991), or hemides- 
mosome-like stable anchoring contacts (SAC) in cell cul- 
ture (Carter et al., 1990a). 

Integrins ct6[M- and od131-mediated interactions with 
laminin 5 are physiologically relevant adhesion events. 
These two adhesion receptors have functionally distinct 
roles in the epidermis. In homeostatic epidermis, HDs are 
the predominant adhesion structures associated with cyto- 
plasmic intermediate filaments and use ct6134 as the adhe- 
sion receptor (Stepp et al., 1990; Carter et al., 1990a; Kur- 
pakus et al., 1991; Sonnenberg et al., 1991; Jones et al., 
1991). Inherited defects in expression of either laminin 5 
or 134 result in insufficient HD formation, which causes se- 
vere blistering of the epidermis (Gil e t al., 1994). In con- 
trast, motile human foreskin keratinocytes (HFK) in 
wounded epidermis upregulate the synthesis of laminin 5 
(Gil et al., 1994; Ryan et  al., 1994) and use a3131 for inter- 
action with laminin 5 via actin-containing FAs (Carter et 
al., 1991; Ryan et al., 1994; Gil et al., 19952). 

Recent studies suggest that integrins transduce extracel- 
lular signals across the plasma membrane in addition to 
providing a mechanical function in cell adhesion (Hynes, 
1992; Damsky and Werb, 1992; Miyamoto et al., 1995). In- 
tegrin binding to its extracellular ligand modulates intra- 
cellular pH (Ingber et al., 1990), increases protein tyrosine 
phosphorylation (Kornberg et al., 1992), and induces gene 
expression in fibroblasts (Werb et al,, 1989), monocytes 
(Sporn et al., 1990; Lin et al., 1994), and mammary epithe- 
lial cells (Streuli et al., 1991). The identification of focal 
adhesion kinase (pp125 FAK) (Guan et al., 1991; Kornberg 
et al., 1991; Shaller et al., 1992) provided the first evidence 
for the activation of an intracellular signaling molecule by 
integrins. The pp125 FAK becomes phosphorylated on ty- 
rosine residues in the process of FA formation. The phos- 
phorylation is regulated by 131-containing integrins. Sev- 
eral other known kinases are also activated in this process, 
including Src kinase, phosphatidylinositol-3 kinase (PI3K), 
MAP kinase, and Csk (for review see Zachary and Rozen- 
gurt, 1992; Schaller and Parsons, 1993; Clark and Brugge, 
1995). The possible role of o~6134 in intracellular signaling 
was clarified in a recent report on signal transduction asso- 
ciated with ct6134. Mainiero et al. (1995) demonstrated the 
interaction of the integrin 134 subunit with the known sig- 
naling molecules Shc and Grb 2, which potentially links 
a6134 to the ras pathway. 

We distinguished the anchorage activity (cell adhesion 
without spreading or migration) of ct6134 from the motility 
function of e~3131 and other 131 integrins by cell adhesion to 

2. Gil, S.G., Y.-P. Xia, and W.G. Carter, manuscript submitted for publi- 
cation. 

laminin 5 at 4°C (Gil et al., 19952). We described, in this 
paper, a novel 80-kD phosphoprotein (p80) that is specifi- 
cally regulated by ot6134-mediated anchorage to laminin 5. 
At 4°C, the function of 131 integrins is suppressed, leaving 
ot6134 as the primary adhesion receptor for laminin 5 (see 
Fig. 1). In addition, we observed that treatment of HFKs 
with the phosphatase inhibitor sodium vanadate blocked 
a6134-mediated adhesion to laminin 5 at 4°C, but not the 
adhesion at 37°C via a3131. We established an in vitro ki- 
nase assay to demonstrate the association of p80 kinase 
with a6134. We found that the kinase activity and a6134- 
SAC, but not a3131-FA, are both present in the Triton- 
insoluble fraction of suspended HFKs. 

Materials and Methods 

Cells and Cell Culture 

Normal neonatal HFKs and human foreskin melanocytes (HFM) were 
prepared as described by Boyce and Ham (1985). HFKs were maintained 
in serum-free keratinocyte growing medium (KGM) (Clonetics Corp., San 
Diego, CA) containing insulin, EGF (0.1 ng/ral), hydrocortisone (0.5 mg/ml), 
and bovine pituitary extract (~50 p~g/ml of protein). HFMs were grown in 
melanocyte growth medium (Clonetics Corp.). Human colon carcinoma 
cell lines Caco-2 and LS123 were purchased from American Type Culture 
Collection (Rockville, MD). They were maintained in KGM with 10% 
FBS and RPMI with 10% FBS, respectively. FEPE1L8 and FEP1811-T1 
are HFKs that have been transfected with transforming genes E6 and E7 
from human papilloma virus 16 (Kaur et ak, 1989) and were maintained in 
KGM. Primary cultures ~f human foreskin fibroblasts (HFF) were pre- 
pared by collagenase digestion of dermis from neonatal foreskins and 
were grown in RPMI 1640 containing 10% FBS. HT1080 human fibrosar- 
coma cells were grown in RPMI containing 10% FBS. 

Antibodies 

mAbs to integrin receptor ct3131 (P1B5), tx2 (P1H5), and 131 (P4C10) have 
been described (Wayner and Carter, 1987; Wayner et al., 1988; Carter et 
al., 1990a, b). C2-9 is an inhibitory mAb against laminin 5 (Gil et al., 1994; 
Gil et al., 19952), and P3E4 is an mAb against laminin 5 (Wayner et al., 
1993). Rat mAb anti-~6 (GoH3) was a generous gift from Dr. A. Sonnen- 
berg, (The Netherlands Cancer Institute, Amsterdam, The Netherlands) 
and is also commercially available from Amac, Inc. (Westbrook, ME). 
mAb to integrin 134 subunit, Urn-A9, was a generous gift from Dr. Carter 
Van Waes (University of Michigan, Ann Arbor). Antiphosphotyrosine 
mouse mAb Py20 was obtained from ICN Pharmaceuticals, Inc. (Irvine, 
CA). Rabbit anti-mouse IgG and rabbit anti-mouse IgG--conjugated 
peroxidase were obtained from Zymed Laboratories, Inc. (South San 
Francisco, CA) and Dako, Corp. (Santa Barbara, CA), respectively. Bi- 
otin-conjugated antiphosphotyrosine mAb 4G10, mAb anti-PI3K, and 
anti-pp125 FAK mAbs were purchased from Upstate Biotechnology, Inc. 
(Lake Placid, NY). mAb to plakoglobin was generously provided by Dr. 
Pare Cowin (New York University). 

Laminin 5 ECM Ligands 

Laminin 5 ECM was prepared as follows: subconfluent HFK cultures were 
grown for 2-3 d in KGM on tissue culture plastic dishes. The cells were re- 
moved from their matrix by 5-10-min treatment with 0.05% trypsin (No. 
840-7073IM; Gibco Laboratories, Grand Island, NY) and 1 mM EDTA in 
PBS. The laminin 5 ECM was then treated with 0.1 mg/ml soybean trypsin 
inhibitor, blocked with 1 mg/ml BSA in PBS, and used for cell adhesion 
studies. Laminin 5 is the major adhesive ligand present on these plastic 
surfaces. The possible contribution of other ligands to cell adhesion on 
laminin 5 ECM was evaluated and eliminated by inhibition studies with 
anti-laminin 5 mAbs (Gil et al., 19952). The laminin 5 ECM prepared in 
this way was more effective at inducing cell adhesion than surfaces pre- 
pared by differential extraction or by coating with purified laminin 5 
(Carter et al., 1991). Plasma fibronectin and collagen type I were prepared 
as described (Wayner and Carter, 1987), and each was used at 10 tzg/ml in 
PBS. Poly-L-lysine was purchased from Sigma Chemical Co. (St. Louis, 
MO), and used at 0.5 mg/ml. 
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Adhesion Surface Coated with Purified Laminin 5 
Purified laminin 5 surface is prepared by first coating tissue culture dishes 
with affinity-purified anti-laminin 5 antibody P3E4 (2 ixg/ml) (Wayner et 
al., 1993) overnight at 4°C, followed by incubation with heat-denatured 
BSA (0.5 mg/ml) to block uncoated area. Conditioned culture supernatant 
collected from HFKs was used as source of laminin 5 and added to the im- 
mobilized laminin 5-specific antibody. The adhesion surface was washed 
three times with PBS to remove unbound proteins. 

ECM Ligands Immobilized on Culture Dish 
Petri dishes were coated at 4°C with fibronectin (10 p~g/ml in PBS), col- 
lagen type I (10 wg/ml in PBS), or poly-L-lysine (0.5 mg/ml in PBS) over- 
night. Plates were washed three times with PBS to remove unbound 
ligands and blocked with 0.25% heat-denatured BSA in PBS solution 
overnight at 4°C. 

Immunofluorescence Staining 
Trypsin-suspended ceils were either extracted in suspension with 1% vol/ 
vol Triton X-100 for 10 min and fixed with 2% formaldehyde in 0.1 M so- 
dium cacodylate, 0.1 M sucrose, pH 7.2, for 20 rain, or fixed before the 
treatment with Triton X-100 and then treated with 1 mM NalO4 for 5 min 
at 4°C. Cells treated under these conditions were attached to coverslips 
that were coated with polyacrylhydrazido-agarose, washed with PBS, 
blocked with 1% wt/vol heat-denatured BSA, and stained with the indi- 
cated antibodies. The coverslips were then incubated with dilutions of af- 
finity-purified, species-specific, FITC-conjugated secondary antibodies, 
washed with PBS, and mounted with 25 mg/ml 1,4-diazobicyclo-(2,2,2)- 
octane in glycerol, pH 8.6. Ceils were examined with a fluorescence micro- 
scope (Zeiss, Inc., Thornwood, NY) equipped with a narrow band FITC 
filter using an ×63 oil Neofluor antiflex objective. 

Cell Adhesion Assays 
Cell adhesion assays were performed as previously described (Wayner 
and Carter, 1987; Wayner et al., 1988; Carter et al., 1990a, 1991). Briefly, 
24- or 48-well tissue culture plates coated with purified laminin 5 were 
blocked with 0.25% heat-denatured BSA to minimize nonspeciflc bind- 
ings. Cells were labeled with Na251CrO4 (50 p~Ci/ml for 2--4 h), washed, 
and preincubated with the inhibitory antibodies for 15 min before and 
during the adhesion at either 37°C or 4°C. The nonadherent ceils were re- 
moved by washing with PBS, and adherent ceils were fixed with 2% form- 
aldehyde, 100 mM sodium cacodylate, 100 mM sucrose, pH 7.2, for 20 
min. Subsequently, the adherent labeled cells were dissolved in 0.5% SDS, 
0.25 N NaOH, and radioactivity quantified in a gamma counter. 

Cell Extracts and Immunoblotting 
Cells were rinsed twice with PBS before lysis. Protein extracts were made 
by incubating cells with lysis buffer (1% vol/vol Triton X-100, 1 mM 
PMSF, 2 mM N-ethyl maleimide, 1 mM sodium vanadate in PBS) on ice 
for 15 rain, followed by brief vortexing. Samples were microcentrifuged at 
4°C, and the clear supernatants were collected for subsequent analysis. 
Protein extracts were fractionated by SDS-PAGE (Laemmli, 1970), trans- 
ferred to nitrocellulose membrane (Schleicher & Schuell, Inc., Keene, 
NH), and immunoblotted with antiphosphotyrosine mAb. 

Subcellular Fractionation 
Ceils were homogenized with a tight-fitting dounce homogenizer in 2 M 
urea in PBS. Cell lysates were ultracentrifuged at 100,000 g to separate the 
cytosolic fraction from the insoluble pellet. Membrane components were . 
solubilized by suspending the pellet with buffer containing 1% Triton X-114 
detergent in PBS at 4°C and centrifuged to remove the insoluble nuclear 
and cytoskeletal components. The detergent-soluble extracts' Were frac- 
tionated by phase partitioning at 37.°C (Bordier, 1981). The temperature 
increase results in formation of a detergent phase that contains membrane 
components with dominant hydrophobic character and an aqueous phase 
with dominant hydrophilic Character.The two phases were separated by 
centrifugation at room temperature. 

Immunoprecipitation 
Protein extracts were incubated at 4°C with primary antibody overnight 
with rocking. Rabbit anti-mouse IgG conjugated with protein A agarose 

was used as secondary antibody and incubated with antigen-primary anti- 
body complex at 4°C overnight. The immune complex was washed with 
buffer (20 mM Tris-HCl, pH 7.5, 400 mM NaC1, 1 mM EDTA, 0.5% 
NP40, 1 mM PMSF, and 2 mM N-ethyl maleimide) three times. Antigen 
was dissociated from the protein A-agarose beads by boiling for 5 rain in 
Laemmli sample buffer. 

In Vitro Kinase Assay 
Adherent or suspended HFKs were extracted in lysis buffer (0.5% Triton 
X-100, 50 mM Tris-HCl, pH 7.4, 150 mM NaCI, 1 mM sodium vanadate, 1 
mM PMSF, 1 ~g/ml aprotinin, and 1 p.g/ml leupeptin). Cell lysate was 
used directly in the kinase reaction containing 10 p.Ci of [3,-32p]ATP (10 
Ci/mmol; DuPont Instruments, Wilmington, DE), 25 mM Tris-HCl, pH 
7.2, 1 mM Na3VO4, and 10 mM magnesium acetate. The kinase reaction 
was incubated for 20 rain at 30°C and terminated by adding SDS sample 
buffer to the reactions. The labeled proteins were electrophoresed on 
SDS-PAGE and visualized by autoradiography. 

Results 

HFKs Use Both a6f14 and od[31 for Adhesion 
to Laminin 5 

The distinct function of et3~l in mediating HFK motility 
and e~6134 in mediating anchorage is summarized in Fig. 1 
(point A in legend). We have previously shown that lami- 
nin 5 adhesion surfaces prepared from either laminin 5 ECM 
or purified soluble laminin 5 provide comparable adhesion 
results (Gil et al., 19952). For the following adhesion stud- 
ies, we have used laminin 5 surfaces prepared with both 
protocols yielding similar adhesion and signaling results. 

Figure 1. Integrins  ct6134 and tx3131 med ia t e  anchorage  and motil-  
ity on  laminin 5, respectively,  and induce distinct signaling events.  
(Point  A)  Suspended  H F K s  (1) interact  with laminin 5 via c~3131 
for moti l i ty  (a t tachment ,  spreading,  and migrat ion)  and et6134 for 
anchorage  at 37°C (3). A t  4°C, H F K s  a t tach to laminin 5 via a6134 
without  spreading  (2). This  adhes ion  can be  b locked  with ant i -a6  
or -[34 ant ibody.  A d h e s i o n  at e i ther  t empera tu re  is b locked  with 
ant i - larninin 5 mAbs .  4°C-adherent  H F K s  (2) spread  via et3131 
when  w a r m e d  to 37°C (3). This spreading is b locked  by anti- 
ct3131. (Point  B) H F K s  in suspens ion  (1) express  tyros ine-phos-  
phory la ted  p80 and dephosphory l a t ed  pp125 FAK (FAK), A d h e -  
sion to laminin 5 at 4°C via ~6134 results in dephosphory la t ion  of  
p80 (2). Adhes i on  to laminin 5 at 37°C via bo th  et6134 in SACs  and 
c~3131 in F A s  (3) results  in dephosphory la t ion  of  p80 and phos-  
phoryla t ion  of  pp125 FAK (FAK-P). Warming  of  cells a t tached at 
4°C (2) to 37°C (3) results  in cell spreading  via et3131 and phos-  
phoryla t ion  of  pp125 FAK (FAK-P). 
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Integrins that are involved in HFK adhesion to laminin 5 
ECM were examined by inhibiting the function of a spe- 
cific receptor with inhibitory mAbs (Fig. 2). HFKs at- 
tached but did not spread on laminin 5 ECM in the pres- 
ence of anti-a3131 mAb P1B5 (Fig. 2 B). These data 
showed that a3131 mediated spreading on laminin 5 ECM 
and that an additional receptor was also involved in at- 
tachment. Anti-a6 antibody GoH3 (Fig. 2 C) alone had no 
obvious effect on either attachment or spreading. How- 
ever, the combination of anti-a31M and anti-a6 completely 
blocked attachment and spreading (Fig. 2 D). Also anti- 
laminin 5 mAb, C2-9, completely inhibited adhesion and 
spreading on the ligand (Gil et al., 19952). These data indi- 
cate that both integrin receptors are involved in HFK at- 
tachment to laminin 5. 

Separation of  a3~l and ~6~4 Functions in Adhesion 
to Laminin 5 

Formation of focal adhesion via a3131 is an energy-depen- 
dent process. In contrast, adhesion to laminin 5 mediated 
by a6134 takes place at 4°C (Gil et al., 19952). To separate 
HFK adhesion via a3131 in actin-associated attachments 
from adhesion via ot6134 in SACs, we compared cell adhe- 
sion at both 37 and 4°C. We used laminin 5 that was puri- 
fied by trapping the protein onto a surface coated with im- 
munopurified laminin 5-specific antibody. HFKs anchored 
to laminin 5 at 4°C but did not spread. This adhesion was 
inhibited to basal level by mAb anti-a6, but not by anti- 
a3131 (Fig. 3, white bars). This result indicated that HFK 
adhesion to laminin 5 at 4°C was mediated by a6134 alone. 
In a confirmatory experiment, anti-[~4 antibody Urn-A9 
was incubated with HFKs, and the adhesion of HFKs to 

laminin 5 was also inhibited. Adhesion at 37°C was inhib- 
ited to a basal level by the combined effect of anti-a6 and 
anti-a3131. Incubating HFKs with anti-laminin 5 mAb 
blocked cell adhesion at both temperatures. In addition, 
none of the antibodies against receptors for collagen or fi- 
bronectin inhibited the adhesion to laminin 5 (Gil et al., 
19952). Cell spreading was inhibited by either reducing the 
temperature to 4°C or by treatment with anti-~31M mAb 
at 37°C, consistent with the role of ~3~31 in cell spreading 
at 37°C and lack of function at 4°C. In a control experi- 
ment, mouse Ig showed no inhibition of HFK adhesion to 
laminin 5 at either temperature. Adhesion of HFKs to fi- 
bronectin was prevented with anti-131 (P4C10) or anti-a5 
(P1D6) antibodies but not with any of the mAbs against 
a3, ~6, et2, or laminin 5, which showed the specificity of 
these mAbs (data not shown). From these studies we con- 
cluded that anchorage of HFKs to purified laminin 5 at 
4°C is mediated by a6134, while adhesion at 37°C is depen- 
dent on both a6134 and a3131, the latter also mediating 
spreading. Identical adhesion results were observed at 
both 37 and 4°C with laminin 5 ECM. 

Tyrosine Phosphorylation of  Proteins in Attached or 
Detached HFKs 

Since integrins a61~4 and c~3131 are two functionally differ- 
ent receptors interacting with laminin 5, we investigated 
whether there are different signaling processes that are ac- 
tivated by each of the receptors. We examined tyrosine 
phosphorylation events that are regulated by HFK inter- 
action with laminin 5. HFKs were detached by trypsin/ 
EDTA treatment. Protein extracts were prepared from 
37°C-adherent or trypsin-suspended cells, fractionated by 

Figure 2. Inhibition of HFK 
adhesion and spreading on 
laminin 5 ECM. HFKs were 
attached on laminin 5 ECM in 
the presence of (A) SP2, a con- 
ditioned culture supernatant 
from Fox-NY myeloma cells, 
(B) an inhibitory antibody to 
a3131 (P1B5), (C) ~6 (GoH3), 
and (D) combined anti-a3131 
and anti-a6 (PIB5/GoH3). 
Each antibody was diluted to 
2.5 ixg/ml in culture medium 
KGM. Cells were incubated 
with the antibodies at 37°C for 
1 h, rinsed with PBS to remove 
nonadherent cells, fixed, and 
photographed under a light 
microscope. HFKs attached 
but did not spread in the pres- 
ence of anti-or3[31 (B). Com- 
bined anti-e~3131 and anti-c~6 
blocked cell adhesion (D). 
Anti-a6 (GOH3) had no obvi- 
ous effect on adhesion or 
spreading (C). 
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Figure 3. Inhibition of HFK 
adhesion to purified laminin 
5 at 4°C and 37°C by inhibi- 
tory mAbs. Adhesion of 
5~Cr-labeled HFKs to lami- 
nin 5, purified by trapping 
with laminin 5-specific anti- 
body P3E4, was performed in 
the presence of mAbs at 
37°C (black bars) or at 4°C 
(white bars). 51Cr-labeled 
HFKs were suspended by 
trypsinization and incubated 
with mAbs before plating 
onto purified laminin 5 or 
control surface (tissue cul- 
ture plate coated with P3E4 
unconjugated to laminin 5). 

The mAbs used were mouse ~-globulins as a control, anti-ot3lM (P1B5), anti-a6 (GoH3), and anti-laminin 5 (C2-9). Each bar, average 
of three assays. Error bars, SD (n = 3). Adhesion, cpm of the labeled adherent cells. The presence/absence of cell spreading, positive 
(+) or negative ( - )  signs, respectively. At 37°C, HFK attachment to laminin 5 is blocked with anti-laminin 5 mAb or the combined an- 
tibodies of anti-et3131 (P1B5) and anti-et6 (GoH3). Spreading but not attachment is inhibited by anti-ct3131. At 4°C, HFK adhesion is in- 
hibited by either anti-laminin 5 or anti-a6 mAbs. (Inset) Immunoprecipitation of culture supernatant from [35S]methionine-labeled 
HFK with laminin 5-specific antibody P3E4 (lane 2) and SP2, conditioned culture supernatant from Fox-NY myeloma cells (lane 1). 

SDS-PAGE, and immunoblotted with antiphosphotyrosine 
mAb Py20 (Fig. 4 A). In adherent HFKs, a protein that 
has been identified previously as pp125 FAK appeared as 
the major phosphoprotein (Fig. 4 A, lane 1). The identity 
of pp125 FAK was confirmed by immunoprecipitation with 
anti-pp125 FAK antibody and immunoblotting with biotiny- 
lated antiphosphotyrosine mAb 4G10 (Fig. 4 A, lanes 3 
and 4). The phosphorylated pp125 FAK could only be de- 
tected in adherent HFKs (Fig. 4 A, lane 3), and it migrated 
to the same position as the 125-kD protein detected by an- 
tiphosphotyrosine mAb Py20 (Fig. 4 A, lane 1). Detach- 
ment of HFKs caused dephosphorylation of pp125 FAK to 
background levels (Fig. 4 A, lanes 2 and 4). The intriguing 
finding is that detachment also induced tyrosine phosphor- 
ylation of an 80-kD (p80) protein. Tyrosine-phosphory- 
lated p80 was the major tyrosine phosphoprotein in de- 
tached HFKs (Fig. 4 A, lane 2). An identical result was 
also observed with purified laminin 5 (Fig. 4 A, lanes 5 and 
6). In parallel studies, we immunoprecipitated p80 from 
[35S]methionine-labeled HFK cells with antiphosphoty- 
rosine antibody Py20. It showed that phosphorylated p80 
exists only in detached cells (Fig. 4 B, lane 2). Reattach- 
ment of HFKs to laminin 5 reversibly induced dephosphor- 
ylation of p80 and rephosphorylation of pp125 FAK (data 
not shown). 

To eliminate the possibility that the appearance of phos- 
phorylated p80 was caused by trypsin digestion of a pre- 
cursor protein or due to mitogenic stimulation by trypsin 
rather than caused by changes in cell-substrate adhesion, 
we examined the kinetics of trypsin/EDTA-induced de- 
tachment from the substratum (Fig. 5 A). Attached HFKs 
were digested with trypsin for different time periods at 
room temperature. In the first 8 min of trypsin incubation, 
the spread HFKs rounded up but remained adherent. The 
rounded HFKs detached after ~12 rain of digestion. 
Rounded but attached HFKs did not have phosphorylated 
p80 (Fig. 5 A, lanes 1-5). However, decreased pp125 FAR 
phosphorylation was observed at the end of 8 min (Fig. 5 

A, lane 5). This is consistent with the disruption of 131- 
dependent adhesion structures that control the adhesion, 
spreading, and migration of pp125 FAR, and regulate its 
phosphorylation (Kornberg et al., 1991). In contrast, p80 

Figure 4. Tyrosine phosphorylation of proteins in adherent and 
suspended HFKs. Subconfluent HFKs plated onto laminin 5 
ECM (A, lanes 1-4; B, lanes 1 and 2) or purified laminin 5 (A, 
lanes 5 and 6) were either extracted directly as adherent cells (A) 
with 1% Triton X-100 in PBS (A, lanes 1, 3, and 5; B, lane 1) or 
detached from matrix (S) by trypsin digestion (A, lanes 2, 4, and 
6; B, lane 2) before detergent extraction. Equal amounts of each 
extract were loaded and fractionated by SDS-PAGE. (A) Phos- 
photyrosine-containing proteins were detected by immunoblot- 
ting with phosphotyrosine-specific mAb, Py20. In lanes 3 and 4, 
cell extracts were immunoprecipitated with anti-pp125 FAK mAb 
(IP: Anti-FAK) before immunoblotting with biotinylated 4G10 
mAb, an antiphosphotyrosine mAb. The biotin was detected with 
peroxidase-conjugated strepavidin. (B, lanes I and 2) Autoradio- 
graphs of [35S]methionine-labeled HFKs immunoprecipitated 
with Py20. (Arrowheads) The positions of EGF receptor (EGFR), 
pp125 FAK (FAK), and p80. Relative molecular weight markers 
are indicated in the left margin. 
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Figure 5. Disruption of HFK adhesion to laminin 5 by trypsin di- 
gestion or treatment with inhibitory anti-laminin 5 mAb (C2-9) 
induces tyrosine phosphorylation of p80. (A) Adherent HFKs 
were digested with trypsin (0.05% trypsin and 1 mM EDTA in 
PBS) at room temperature for the indicated time periods (0', 1 ', 
etc.). Digestion was terminated by adding soybean trypsin inhibi- 
tor. The designations Spread, Round, and Detached represent the 
morphology of the cells at the indicated time of trypsin digestion. 
Adherent (lanes 1-5) or detached cells (lane 6) from each time 
point were extracted with 1% Triton X-100 in PBS, and an equal 
amount of protein from each extract was fractionated by SDS- 
PAGE. The phosphotyrosine proteins were immunoblotted with 
antiphosphotyrosine mAb Py20. (B) Suspended HFK cells were 
plated onto laminin 5 at 4°C. Under this condition, cells attach via 
ct6134 but do not spread (see Fig. 1). The attached (A) HFKs (lane 
1) were washed with cold PBS buffer to remove nonadherent 
cells. Anti-laminin 5 mAb C2-9 (C29+; lane 2) or trypsin (Tp+; 
lane 3) was added to cells, followed by incubation at 37°C. Cells 
became rapidly detached at 37°C, and the detached cells were ex- 
tracted with Triton X-100. Protein extracts were fractionated by 
SDS-PAGE, followed by immunoblotting with Py20. 

phosphorylation was abrupt and was apparent only when 
the rounded cells detached from the adhesion surface (Fig. 
5 A, lane 6). This result suggested that p80 phosphoryla- 
tion occurred subsequent to FAK dephosphorylation and 
concurrent with the detachment but not rounding of the 
cells. 

HFK Adhesion to Laminin 5 Regulates 
p80 Phosphorylation 

To determine if p80 phosphorylation resulted from the 
disruption of HFK adhesion to its endogenous basement 
membrane ligand laminin 5, HFKs were plated onto lami- 
nin 5 at 4°C. Consistent with the results in Fig. 3, HFKs ad- 
hered to laminin 5 as round cells and did not spread. When 
incubated with inhibitory anti-laminin 5 mAb C2-9, HFKs 
detached within 10-15 min after being shifted from 4 to 
37°C or more slowly at 4°C. Immunoblotting of the C2-9- 
detached cells with Py20 showed enhanced phosphoryla- 
tion of p80 (Fig. 5 B, lane 2), which comigrated with the 
80-kD protein induced by trypsin-induced detachment 
(Fig. 5 B, lane 3). Thus, pS0 phosphorylation can be in- 

duced by specific dissociation of a6134 interaction with 
laminin 5. 

We also examined the regulation of p80 phosphoryla- 
tion by other adhesion ligands such as collagen, fibronec- 
tin, and poly-L-lysine. Suspended HFKs (Fig. 6, lane 1) 
were allowed to attach to different substratum in short- 
term adhesion at 37°C. Protein extracts were prepared 
when 90% of the cells attached to each ligand. Prolonged 
incubation was avoided to eliminate the possible deposi- 
tion of endogenously synthesized laminin 5 onto collagen, 
fibronectin, and poly-L-lysine surfaces (see Discussion). 
Analysis of cells adherent to fibronectin, collagen, and 
poly-L-lysine showed no dephosphorylation of pS0 (Fig. 6, 
lanes 3-5) as compared to cells in suspension (Fig. 6, lane 
1). In contrast, cells attached to laminin 5 had significant 
dephosphorylation of p80 (Fig. 6, lane 2). These data sug- 
gest that the rapid regulation of p80 phosphorylation is 
specific to laminin 5. In contrast, adhesion to laminin 5, fi- 
bronectin, and collagen, but not poly-L-lysine, induce 
pp125 FAK phosphorylation (Fig. 6, lanes 2-5), which is con- 
sistent with the specific regulation of pp125 FAR by 131 inte- 
grin (Kornberg et al., 1992). 

Regulation of pSO Phosphorylation Is Functionally 
Linked to a6fl4-mediated Cell Adhesion 

To determine if a6134, a physiologically relevant adhesion 
receptor for laminin 5, was involved in p80 dephosphoryla- 
tion, suspended HFK cells were plated at 4°C onto tissue 
culture dishes coated with different ECM ligands. Under 
such conditions, adhesion via a3131 to laminin 5, ct2131 to 
collagen, and a5131 to fibronectin was prevented, but ct6134 
adhesion to laminin 5 was not (Gil et al., 19952). HFKs at- 
tached to laminin 5 at 4°C and assumed a round morphol- 
ogy (Fig. 7 A). No spreading was observed even after over- 
night incubation at 4°C. We then transferred the cells from 
4 to 37°C, resulting in rapid cell spreading (Fig. 7 A). 
When protein phosphorylation was analyzed, we found 
that p80 is efficiently dephosphorylated in HFKs that ad- 
here to laminin 5 ECM at 4°C (Fig. 7 B, compare lanes 1 
and 2). However, there was no phosphorylation of pp125 FAK 
upon cell adhesion at this temperature (Fig. 7 B, lane 2). 
Phosphorylation of pp125 FAR occurred only when round 
HFKs were warmed to 37°C (Fig. 7 B, lane 3), facilitating 
~3131 interaction with laminin 5 and resulting in cell 
spreading. Thus, adhesion to laminin 5 via a6134 at 4°C in- 

Figure 6. Phosphorylation 
of p80 is regulated specifi- 
cally by HFK adhesion to 
laminin 5. HFKs were kept in 
suspension (lane 1) or plated 
on laminin 5 (lane 2), fi- 
bronectin (lane 3), collagen 
type 1 (lane 4), and poly-L- 
lysine (lane 5). Protein ex- 
tracts were prepared after 
90% of HFK attached to 
each different ligand. Nonad- 
herent cells were removed by 

gentle rinse with PBS. Cell lysates were prepared by extraction 
with 1% Triton in PBS. Phosphotyrosyl-containing proteins were 
detected by immunoblotting with Py20. 
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Figure 7. HFK anchorage to laminin 5 at 4°C via a6134 dephosphorylates p80 while warming to 37°C induces spreading via o~3131 and 
phosphorylation of pp125 FAK. (A) HFKs adhere to laminin 5 ECM at 4°C, but do not spread. Warming of the adherent cells to 37°C in- 
duces spreading (4°C--.37°C). (B) Aliquot of suspended (S) HFKs was either collected directly (lane 1), or reattached (A) to laminin 5 at 
4°C (lane 2) followed by warming up to 37°C (lane 3). Cells were extracted with Triton X-100 detergent, fractionated by SDS-PAGE, 
and analyzed for phosphotyrosyl-containing proteins by immunoblotting with Py20. The 80-kD protein was efficiently dephosphory- 
lated upon adhesion (lane 2) to laminin 5 ECM at 4°C as compared to the control HFKs in suspension (lane 1). Phosphorylation of 
pp125 FAK was observed when the temperature was raised from 4 to 37°C (lane 3). (Arrowheads) Phosphorylated EGFR, pp125 FAK, and p80. 

duced dephosphorylation of p80. Under the same condi- 
tions, phosphorylation of pp125 FA~ was not induced. Phos- 
phorylation of pp125 FAK correlated with activation of 
a3131 functions in cell spreading on laminin 5 at 37°C. 

To rule out the possibility that lack of pp125 FAK phos- 
phorylation at 4°C was due to inactivation of pp125 FAK ki- 
nase activity at cold temperature, rather than dysfunction- 
ing of 131 integrin, we performed cell adhesion to laminin 5 
at 37°C in the presence of inhibitory anti-et3131 mAbs to 
block the function of 131 integrins. Under these conditions, 
regulation of p80 phosphorylation upon adhesion/detach- 
ment occurred normally (Fig. 8, lanes 3 and 4), whereas 
the phosphorylation of pp125 FAK was prevented (Fig. 8, 
lane 3). This result further supported the idea that a6134 
regulates p80 but not pp125 FAK phosphorylation. The lat- 
ter event requires the function of 131 integrin. 

Phosphorylation o f  p80 Does Not  Require Intact Act in  
Stress Fibers 

To further confirm the independent role of ot6134 in regu- 
lating p80 phosphorylation, cells were treated with cyto- 
chalasin D, which depolymerizes the network of actin fila- 
ments and inhibits the clustering of 131 in focal adhesions 
(Rankin and Rozengurt, 1994). Analysis of HFK cells at 
37°C, pretreated for 2 h with cytochalasin D (1.25 p,M) fol- 
lowed by detachment, showed increased tyrosine phos- 
phorylation of p80 compared to adherent cells (Fig. 9, 
lanes 3 and 4). However, regulation of pp125 FAK phosphor- 
ylation was diminished after cytochalasin D treatment 
(Fig. 9, lanes 3 and 4). Thus, unlike pp125 FAK, regulation 
of p80 phosphorylation does not require an intact actin cy- 

toskeleton. The increased phosphorylation of p80 was con- 
sistently observed (Fig. 9, lanes 2 and 4) in cytochalasin 
D-treated cells, which suggests that a3131-FA may exert a 
negative effect on ~6134-mediated regulation of p80 phos- 
phorylation. 

Figure 8. Inhibitory mAbs against ct3131 block the phosphoryla- 
tion of pp125 FAK but not the phosphorylation of p80. Suspended 
HFKs were plated onto laminin 5 surface in the presence of SP2 
(lanes i and 2), or P1B5 (anti-et3131) plus P4C10 (anti-131, lanes 3 
and 4). Cells were either detached by trypsin digestion (S) or ex- 
tracted directly from tissue culture plates (A) with 1% Triton 
X-100. Phosphotyrosine-containing proteins were immunoblot- 
ted with Py20. (Arrowheads) Phosphorylated pp125 FAK and pS0. 
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Figure 9. Cytochalasin D treatment 
of HFK cells diminishes pp125 FAR 
phosphorylation but enhances de- 
tachment-induced phosphorylation 
of p80. HFK cells were preincu- 
bated with (lanes 3 and 4) or with- 
out (lanes 1 and 2) cytochalasin D 
(CD, 1.25 p~M) for 2 h at 37°C, fol- 
lowed by detachment (S) or readhe- 
sion (A) to laminin 5 surface. Cell 
lysates were electrophoresed on 
polyacrylamide gel, and phosphoty- 
rosine-containing proteins were im- 
munoblotted with Py20. (Arrow- 
heads) Phosphorylated pp125 FAK 
and p80. 

Phosphorylation of p80 in Nonepithelial Cells and in 
Transformed Epithelial Cells 

As described above, 4°C adhesion occurred only in cells 
that have functional et6134 and when laminin 5 was pro- 
vided as adhesion surface. We therefore used binding to 
laminin 5 at 4°C as an indicator for the adhesive function 
of ct61M. To further establish the correlation of p80 phos- 
phorylation with et6134 function, we analyzed several non- 
epithelial cell populations including HFFs, HFMs, and hu- 
man fibrosarcoma cells (HT1080). Previous studies had 
shown that these cells express a3131, but not ct6134, and 
they did not adhere to laminin 5 at 4°C (Gil et al., 19952). 
Phosphorylation of p80 was not detected in extracts of 
these suspended cells (Fig. 10 A, lanes 2, 4, and 6). Never- 
theless, pp125 FAK phosphorylation was detected in all ad- 
herent cells (Fig. 10 A, lanes 1, 3, and 5). 

We next analyzed p80 phosphorylation in immortalized 
HFKs, since phosphorylation of p80 is tightly regulated by 
cell adhesion to substratum, and transformed cells fre- 
quently manifest altered adhesion. Human papilloma vi- 
rus-transformed keratinocytes, FEPEIL8 and FEP-1811T1 
(Kaur et al., 1989), were examined. These cells express 
a6134 at levels comparable to parental HFKs (Carter et al., 
1991). However, they do not assemble SACs (Kaur and 

Carter, 1992) and do not adhere to laminin 5 at 4°C (Fig. 
10 B and Gil et al., 19952). Consistently, we did not detect 
p80 phosphorylation in suspensions of FEPEIL8 and 
FEP-1811T1 (Fig. 10 C, lanes 5-8). Phosphorylation of p80 
was not observed in the colon carcinoma cell line Caco-2 
(Fig. 10 C, lanes 9 and 10), which neither expressed 134 nor 
adhered to laminin 5 at 4°C (Fig. 10 B). In contrast, LS123 
cells, a colon carcinoma cell line that expresses et6134 in 
SACs and adheres to laminin 5 at 4°C (Fig. 10 B), retained 
the ability to regulate p80 phosphorylation (Fig. 10 C, lanes 
3 and 4). These data suggest that p80 phosphorylation cor- 
relates with the assembly of SACs that contain et6134 and 
anchorage at 4°C. 

Tyrosine-phosphorylated p80 Is a New Signaling Protein 
Associated with the Plasma Membrane 

To determine the cellular localization of phosphorylated 
p80, we performed subcellular fractionation on adherent 
and suspended HFKs. The 80-kD protein was detected in 
a Triton-soluble membrane fraction in suspended HFKs 
by immunoblotting with Py20 (Fig. 11, lane 7). As an inter- 
nal control, phosphorylated pp125 FAK was recovered in 
the cytosolic fraction of adherent but not suspended HFKs 
(Fig. 11, lanes 1 and 5), which is consistent with previous 
subcellular localization studies (Kornberg et al., 1991). 
Phosphorylated EGF receptor (EGFR) was detected in 
Triton-aqueous fractions of both adherent and suspended 
cells (Fig. 11, lanes 3 and 7). This fractionation protocol 
separates 131 integrins and CD44 into the Triton-aqueous 
and Triton-detergent fractions, respectively (Carter et al., 
1988). Additionally, we compared p80 with known 80-kD 
phosphoproteins, including cortactin (Wu and Parsons, 
1993), CD44 (Carter and Wayner, 1988), plakoglobin 
(Franke et al., 1989), and phosphatidylinositol 3-kinase 
(PI3-K) (Filvaroff et al., 1992). These proteins were immu- 
noprecipitated with their respective antibodies from ex- 
tracts of adherent and suspended HFKs, followed by im- 
munoblotting with Py20. In contrast to p80, none of these 
previously characterized phosphoproteins showed enhanced 
tyrosine phosphorylation in response to detachment of 

Figure 10. Tyrosine phosphorylation of p80 in nonepithelial cells and in transformed epithelial cells. (A) pp125 FAK, but not p80, is ty- 
rosine phosphorylated in nonepithelial cells expressing ct3131 but not ~t6134. HFM, HFF, and human fibrosarcoma cells (HTI080) were 
plated onto laminin 5 ECM for 30 min at 37°C. Protein extracts of adherent (A) or suspended (S) cells were made from each cell line. 
(B) p80 is not phosphorylated on tyrosine in transformed HFKs lacking a6134-SACs. Cultured cells were immunostained, as described in 
Materials and Methods, with mAb PIF2 (reacting with ct3[~1 in FA) or GoH3 (reacting with ct6 in SAC). Tyrosine phosphorylation of 
proteins were analyzed by immunoblotting with Py20 (C). Transformed cells used were indicated above each lane. Phosphotyrosine- 
containing proteins were immunoblotted with Py20. (Arrowheads) Phosphorylated pp125 FAK and p80. FAK-Pi, tyrosine-phosphorylated 
pp125FgK; p80-Pi, tyrosine-phosphorylated p80; 4°C Adh, adhesion of cells to laminin 5 at 4°C. 

The Journal of Cell Biology, Volume 132, 1996 734 



Figure 11. Subcellular fractionation of p80. Adherent HFKs 
(lanes 1-4) or suspended HFKs (lanes 5--8) were subjected to 
subcellular fractionation as described in Materials and Methods. 
Cells were homogenized and differentially extracted with buffer 
containing 2 M urea in PBS to obtain a cytosolic fraction ($100; 
lanes 1 and 5), a nuclear fraction (Nuc; lanes 2 and 6), and with 
Triton X-114 to obtain a membrane fraction that was further sep- 
arated into a Triton-aqueous fraction (Tx-AQ; lanes 3 and 7) and 
a Triton-detergent fraction (Tx-DET; lanes 4 and 8). The Triton- 
aqueous fraction contains membrane components with dominant 
hydrophilic character, and the Triton-detergent fraction contains 
membrane components that are predominantly hydrophobic. 
Samples were fractionated by SDS-PAGE and analyzed for phos- 
photyrosyl-containing proteins by immunoblotting with mAb 
Py20. (Arrowheads) The positions of EGFR, pp125 FAK, and p80. 

HFKs (data not shown). To the best of our knowledge, p80 
is likely a new signaling molecule in epithelial cells. 

Requirement for Phosphatase Activity in a6f14 
Anchorage to Laminin 5 

The above data indicated that p80 phosphorylation is reg- 
ulated by anchorage to laminin 5 via a6134. We speculated 
that the p80 phosphorylation state is controlled by its ki- 
nase/phosphatase activities (here we define the kinase that 
phosphorylates p80 as p80 kinase, and the phosphatase as 
p80 phosphatase). These activities are probably induced 
by et6134 disengagement and conjugation with ligand, re- 
spectively. Therefore, we examined the role of p80 phos- 
phatase and kinase activities in ot6134-mediated adhesion. 
Since we have consistently observed that p80 is a major ty- 
rosine-phosphorylated protein responsive to ot6[34-medi- 
ated interaction with laminin 5, we asked whether p80 de- 
phosphorylation is required in the adhesion process. In 
other words, would prevention of p80 dephosphorylation 
affect a6134 anchorage to laminin 5? HFKs were treated 
with sodium vanadate (1 mM, 30 min at 37°C) before plat- 
ing on purified laminin 5 at 4°C. The rapid anchorage to 
laminin 5 was inhibited (Fig. 12) along with the inhibition 
of p80 dephosphorylation. When the same treated cells 
were attached to laminin 5 at 37°C, adhesion and spread- 
ing occurred, suggesting that inhibition of HFK adhesion 
at 4°C is not due to cytotoxic effect of sodium vanadate. 

Rather, it is likely due to specific inhibition of tyrosine 
phosphatase activity. These data indicated that the rapid 
initial adhesion, which is characteristic of et6134-mediated 
binding to laminin 5 (Gil et al., 19952), requires tyrosine 
dephosphorylation, possibly involving the activity of p80 
phosphatase. 

The p80 Kinase Activity and a6[34-SA C but Not 
a3131-FA Are Present in Triton-insoluble Fraction of 
Suspended HFKs 

Despite the use of various immunoprecipitation condi- 
tions with anti-integrin antibodies, we were unable to 
demonstrate the presence of p80 in the anti-a6[34 immu- 
noprecipitates. The p80 itself may not be a component of 
a6134-SACs. Alternatively, the association between p80 
and a6134 may be indirect and sensitive to detergent ex- 
traction. We therefore developed an in vitro kinase assay 
to determine if the p80 kinase activity was associated with 
a6134. When the protein extracts from adherent or de- 
tached HFKs were analyzed, the p80 kinase activity was 
detected only in the detached cells but not in the adherent 
cells (Fig. 13 A, lanes I and 2). Furthermore, when the ex- 
tract of adherent HFKs was added to that of suspended 
cells, the phosphorylation of p80 was inhibited. Since so- 
dium vanadate (1 mM) was included in the kinase reaction 
to prevent dephosphorylation of p80, we reasoned that the 
suppression of p80 phosphorylation is more likely due to 
the presence of p80 kinase inhibitor in adherent HFKs. 
Immunoprecipitation of the in vitro phosphorylated pro- 
teins with Py20 confirmed that the 32p-p80 in suspended 
HFK was phosphorylated on tyrosine residues (Fig. 13 B). 

We have previously reported (Gil et al., 19952 and as 
shown in Fig. 14 A) that a6f34 associates with Triton-insol- 
uble SACs in detached HFKs. The Triton extraction de- 
pletes HFKs of et3131 and other [31 integrins. We suggested 
that these preassembled SACs may play a role in the en- 
ergy-independent anchorage of HFKs on laminin 5. In the 
following experiments, we determined that p80 kinase 
preferentially associates with the Triton-insoluble a6134- 
SAC fraction of suspended HFKs. As a first attempt to lo- 
calize p80 kinase activity, we performed a selective extrac- 
tion procedure (Fig. 14 B): detached HFKs in TBS were 
sonicated to rupture the plasma membrane, followed by 
centrifugation at 100,000 g for 40 min. The cytosolic frac- 
tion (a) was collected and the pellet (b) was resuspended 
in TBS containing 1% Triton X-100 to give rise to a sus- 
pension (c). The suspension was then centrifuged to obtain 
Triton-soluble fraction (d) and Triton-insoluble fraction 
(e). As shown in Fig. 14 C, p80 kinase was not detectable 
in cytosol (lane 1), Triton-soluble fraction (lane 3), or Tri- 
ton-insoluble fraction (lane 4). Only in Triton suspension 
was p80 phosphorylation clearly detected (lane 2). Fur- 
ther, when the Triton-soluble fraction was reconstituted 
with the insoluble fraction, it restored p80 phosphoryla- 
tion. This suggested that the kinase was not inactivated 
during fractionation (data not shown). Since p80 itself was 
found in the Triton-soluble fraction (Fig. 11, lane 7, and 
data not shown), p80 kinase is therefore more likely to as- 
sociate with the Triton-insoluble cellular structure that 
contains et61M in SACs than to the et3[31-FA. These find- 
ings provided biochemical evidence that p80 kinase and 
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Figure 12. Inhibition of adhe- 
sion to laminin 5 at 4°C by so- 
dium vanadate. HFKs were 
plated on purified laminin 5 at 
37 or 4°C for 20 min in the 
presence or absence of 1 mM 
sodium vanadate (cells incu- 
bated with sodium vanadate 
had been pretreated with the 
solution for 30 min before plat- 
ing on laminin 5). Plates were 
rinsed with PBS to remove 
nonadherent cells and then 
photographed under a light 
microscope. 

a6134-SAC, but not a3131-FA, are present in Triton-insolu- 
ble fraction of suspended HFKs. 

Discussion 

In this report, we described a novel 80-kD membrane- 
associated protein that is phosphorylated on tyrosine resi- 
due(s) in response to disruption of ct6134-mediated anchor- 
age of HFKs to laminin 5. The kinase activity for p80 was 
detected in extracts of suspended HFKs, which can be sup- 
pressed by an inhibitory activity from the adherent cells. 
This kinase activity was found to cofractionate with t~6134 
in Triton-insoluble fraction of HFKs. Regulation of p80 
phosphorylation does not appear to correlate with changes 
in cell shape. Disruption of the final linkage of unspread 
HFKs on laminin 5 is necessary and sufficient to activate 

Figure 13. Detached HFKs contain p80 kinase activity that can 
be suppressed by inhibitor in adherent HFK. (A) Triton extract 
of adherent (A) or suspended (S) HFKs was assayed either sepa- 
rately (lanes I and 2) or mixed (lane 3) before kinase reaction in 
the presence of [~-32p]ATP. (B) Py20 immunoprecipitates of in 
vitro phosphorylated proteins. Proteins were subjected to SDS- 
PAGE and visualized by autoradiography. 

p80 kinase. Conversely, binding of ct6134 with laminin 5 at 
4°C in round cells is sufficient to activate p80 phosphatase. 
Therefore, a6134-dependent interaction with laminin 5 reg- 
ulates p80 phosphorylation. 

We compared tyrosine phosphorylation induced by 
~6134 with that of the ot3131. A summary of our conclusions 
is presented in diagrammatic form in Fig. 1 (point B in leg- 
end). We have established adhesion conditions for the se- 
lective assay of et3131 and et6134 functions. Cell anchorage 
at 4°C is specific for a6134 binding to laminin 5. When ty- 
rosine phosphorylation was examined, we found that de- 
phosphorylation of p80 occurred upon HFK adhesion to 
laminin 5 at 4°C via et6134. Inhibition of HFK adhesion to 
laminin 5 with anti-et6 (GoH3) or anti-laminin 5 (C2-9) at 
this temperature prevented dephosphorylation of p80. 
Conversely, detachment of adherent HFKs with anti-lami- 
nin 5 antibody induced phosphorylation of p80. Together 
these results suggest that p80 phosphorylation is regulated 
by HFK adhesion to laminin 5 via a6134. In comparison, 
HFK adhesion to laminin 5 at 4°C does not induce the 
phosphorylation of pp125 FAK. Phosphorylation of pp125 FAK 
was apparent only when adherent cells were warmed to 
37°C inducing cell spreading and migration via cx3131. This 
is consistent with the report that phosphorylation of 
pp125 FAK is triggered by 131 integrins (Kornberg et al., 
1991). Under our assay conditions, the two functionally 
different integrins oL6134 and ~3131 activate phosphoryla- 
tion of different signaling proteins p80 and pp125 FAK, re- 
spectively. Phosphorylation of p80 does not seem to re- 
quire cell-cell contact, since the level of p80 phosphorylation 
was the same in actively growing cells with different densi- 
ties (data not shown). 

Phosphorylation of p80 was regulated specifically by 
laminin 5-coated adhesion surface in short-term adhesion 
assay. However, prolonged incubation of cells on adhesion 
ligands other than laminin 5 also resulted in dephosphory- 
lation of p80. Two possible explanations could be" (a) 
HFKs deposit endogenously synthesized laminin 5 rapidly 
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Figure 14. The kinase activity of p80 and a6134-SACs, but not et3131-FA, is present in Triton-insoluble fraction of the suspended HFKs. 
(A) HFKs were suspended and then fixed in suspension both before (-EXTRACTION) and after extraction (+EXTRACTION) with Tri- 
ton X-100 detergent (1% vol/vol in PBS). The suspended cells were permeabilized with Triton X-100 detergent and then mounted on a 
nonspecific adhesion surface coated with polyacrylhydrazido-agarose for visualization (Gil et al., 19952). After blocking with 0.5% heat- 
denatured BSA, the cells were stained for 134 (3El) and tx3131 (P1B5). The nuclei were visualized by double staining with 4', 6-diamino- 
2-phenylindole (DAPI). 134 localizes in cell-substrate contact and cannot be extracted. In contrast, c~3 is completely removed by Triton 
extraction. (B) Procedure of selective extraction of HFKs. (C) Kinase activity of HFK subcellular fractions. Detached HFKs were frac- 
tionated according to procedure illustrated in B. Kinase assay was performed on cytosolic fraction (a) (lane 1), Triton suspension (c) 
(lane 2), Triton-soluble membrane fraction (d) (lane 3), and Triton-insoluble fraction (e) (lane 4). 

onto substratum upon initial attachment to exogenous ligand, 
allowing ligand binding of tx6134 and therefore, the regula- 
tion of p80 phosphorylation. (b) The existence of a shared 
regulatory step between 131 and et6134 integrin receptors 
(Xia, Y.-P., S.G. Gil, and W.G. Carter, manuscript in prep- 
aration) may lead to indirect regulation of p80 phosphory- 
lation by 131 integrins. In fact, we have not been able to 
formally exclude c~3131-dependent regulation of p80 phos- 
phorylation at this point. However, in cells expressing 
ct3131 but not a6134 (HFF and HFM), no phosphorylation 

of p80 was observed. Additionally, anti-et3[31 antibody 
which blocked HFK spreading on laminin 5 did not change 
the level of p80 phosphorylation. Furthermore, p80 kinase 
activity cofractionated with et6134 in SACs, not 131 inte- 
grins. Together these data strongly suggest that et6134 is 
more likely the primary regulator of p80 kinase, and if 
there is any function for ct3131, it probably is indirect. In 
this study, we did not observe significant tyrosine phos- 
phorylation on the 134 subunit in cells adherent to laminin 
5, in contrast to what has been described by Mainiero et al. 
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(1995). This discrepancy could be due to differences in the 
time course for our phosphorylation studies. In our short- 
term adhesion assay, cells adherent on laminin 5 were ex- 
tracted 10 min after being plated onto the adhesion sur- 
face, as opposed to the 60-min incubation that allows the 
maximum phosphorylation of 134 on laminin 5 (Mainiero 
et al., 1995). The kinase that phosphorylates the 134 sub- 
unit may not be the same kinase that phosphorylates the 
p80, since the activation of 134 is induced by its ligation. In 
contrast, dissociation of 134 with extracellular ligand causes 
p80 phosphorylation. 

The disruption of actin stress fibers by cytochalasin D 
enhanced phosphorylation of p80 upon cell detachment. 
This finding suggests (a) a6134 is sufficient to regulate p80 
phosphorylation in the absence of 131-FAs function. (b) ~31 
integrin may suppress p80 phosphorylation regulated by 
a6134 when they coexist as functional receptors. Cross talk 
between the 131 and 0t6134 signaling pathways is an intrigu- 
ing possibility for the coordinated regulation of motility 
versus anchorage. As a matter of fact, we observed in- 
creased migration and spreading on laminin 5 when et6134 
function is blocked by its inhibitory antibody (Gil et al., 
19952). Moreover, a previous report by Riddelle et al. 
(1992) provided evidence of an interaction between et6134- 
associated intermediate filaments and 131-1inked microfila- 
ments in rat bladder epithelial cell line 804G cells. Our 
studies suggested further the existence of a shared regula- 
tory step in the two pathways of ~3131 and a6134, which 
would facilitate differentiM use of FAs and SACs in motile 
HFKs versus stationary cells. This shared regulatory step 
could either be at the level of the extracellular interaction 
of receptors with laminin 5 or via signaling inside cells. It is 
noteworthy that a3131-FAs are located in close proximity 
to ot6134-SACs in a complex adhesion structure (Carter et 
al., 1991). Furthermore, anti-laminin 5 mAb C2-9 blocks 
both anchorage via et6134 and motility via ct3131, suggesting 
that both receptors may compete with each other for inter- 
actions with the same or proximal binding sites on laminin 5. 

By in vitro kinase assay and differential Triton extrac- 
tion of at3131-FAs (Triton soluble) and ot6134-SACs (Triton 
insoluble), we showed that most of the p80 kinase activity 
was associated with the Triton-insoluble fraction rather 
than the Triton-soluble fraction. These data do not prove a 
direct association of p80 kinase with et6134. Rather, they 
provide biochemical evidence that the p80 kinase is a Tri- 
ton-insoluble membrane factor. The identification of an 
inhibitory activity for p80 kinase in adherent HFKs illus- 
trates a possible regulatory mechanism for phosphoryla- 
tion of p80. Based on the observation that a6134 binding to 
laminin 5 induces rapid dephosphorylation of p80, and 
that the tyrosine phosphatase inhibitor sodium vanadate 
inhibits HFK anchorage to laminin 5 at 4°C but not the ad- 
hesion at 37°C, we postulate that a phosphatase activity is 
also involved. Therefore, dephosphorylation of p80 is reg- 
ulated by the functions of both kinase inhibitor and phos- 
phatase. A tyrosine phosphatase activity was also mentioned 
by Mainiero et al. (1995) in cells treated with 134-specific 
mAb 3El. More studies are needed to determine whether 
this phosphatase is specifically activated by 134 ligation, as 
has been observed for p80 phosphatase. 

Unlike pp125 FAK that is expressed in all cell lines exam- 
ined in this study, p80 phosphorylation was detected in a 

narrower range of cells. Phosphorylation of p80 correlates 
with the presence of a6134 that is expressed primarily in 
epithelial and Schwann cells (Niessen et al., 1994). In addi- 
tion, phosphorylation of p80 may require cells to form 
SACs. Thus, transformed HFKs that express at6134 but do 
not form SACs or attach to Iaminin 5 at 4°C do not phos- 
phorylate p80. In contrast, colon carcinoma cell LS123 that 
has ct6134-SACs and is able to adhere to laminin 5 at 4°C 
retained the regulation of p80 phosphorylation. These re- 
suits, together with the inhibition of HFK adhesion to 
laminin 5 at 4°C by sodium vanadate, indicated that regu- 
lation of p80 phosphorylation may be involved in the sta- 
ble anchorage that is mediated by ct6134-SACs in normal 
epithelial cells. Disruption of the anchorage could facili- 
tate invasion of dermal tissue and/or metastasis. Our find- 
ings also suggested that signal transduction mediated by 
integrins may require both the adhesion receptor and the 
formation of an appropriate adhesion structure. This is 
consistent with the observation that phosphorylation of 
pp125 FAK occurs during the formation of focal adhesions. 
The mere occupancy of integrin receptor by monovalent 
ligand without the formation of new focal adhesions is not 
sufficient for inducing pp125 FAK phosphorylation (Korn- 
berg et al., 1992; Miyamoto et al., 1995). 

Based on our results, integrin et3131 and ct6134 are suffi- 
cient to account for HFK and LS123 adhesion to laminin 5 
under our assay conditions. Additional adhesion systems 
such as the uncharacterized bullous pemphigoid antigen II 
(BPA II) function may contribute but are minor compared 
to et3131 and et6134. However, LS123 cells that do not ex- 
press BPA II anchored to laminin 5 at 4°C and regulated 
p80 phosphorylation. This observation excludes a signifi- 
cant function for BPA II in 4°C anchorage to laminin 5 
and p80 phosphorylation. 

Detachment of keratinocytes from the substratum has 
also been shown to initiate differentiation (Adams and 
Watt, 1993). We have demonstrated that anti-ct3 induces 
expression of involucrin, a keratinocyte differentiation 
marker, and that exogenous laminin 5 can inhibit this dif- 
ferentiation (Symington and Carter, 1995). In light of these 
observations, we examined changes of p80 phosphoryla- 
tion in differentiating HFK. Downregulation of p80 was 
detected both in progressively differentiating cell culture 
or in cells treated with calcium and 12-O-tetradeconylphor- 
bol 13-acetate (data not shown). 

The existence of different downstream signaling mole- 
cules for a3131 and c~6134 may explain some functional dif- 
ferences between FAs and SACs (or HDs). FAs are dy- 
namic adhesion structures and are more likely involved in 
HFK migration in wound tissue. Conversely, HDs are 
more prevalent in quiescent tissue than in activated cells, 
cell culture, or wounds (Gipson et al., 1993). HDs repre- 
sent stable adhesion structures in homeostatic tissue. The 
anchorage via HDs provides mechanical stability at the 
dermal-epidermal junction. It may also provide a needed 
restriction or regulation of the 131-dependent motility. We 
suggest that regulation of p80 phosphorylation by p80 ki- 
nase and phosphatase will play a critical role in the regula- 
tion of anchorage versus migration or proliferation versus 
differentiation. 
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