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Focal Adhesion and Stress Fiber Formation Is Regulated
by Tyrosine Phosphatase Activity
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Tyrosine phosphorylation of cytoskeletal proteins
plays an important role in the regulation of focal adhe-
sions and stress fiber organization. In the present
study we examined the role of tyrosine phosphatases
in this process using pl25FAK and paxillin as sub-
strates. We show that tyrosine phosphatase activity in
Swiss 3T3 cells was markedly increased when actin
stress fibers were disassembled by cell detachment
from the substratum, by serum starvation, or by cyto-
chalasin D treatment. This activity was blocked by
phenylarsine oxide, an inhibitor of a specific class of
tyrosine phosphatases characterized by two vicinal
thiol groups in the active site. Phenylarsine oxide
treatment of serum-starved cells induced increased ty-
rosine phosphorylation of pl125FAK and paxillin in a
dose-dependent manner and induced assembly of focal
adhesions and actin stress fibers, showing that inhibi-
tion of one or more phenylarsine oxide-sensitive tyro-
sine phosphatases is a sufficient stimulus for trig-
gering focal adhesion and actin stress fiber formation

in adherent cells. © 1996 Academic Press, Inc.

INTRODUCTION

Cell adhesion to the extracellular matrix (ECM)? in-
fluences diverse cellular processes including cell migra-
tion and differentiation [1]. Cells in culture adhere to
ECM components at discrete contact sites termed focal
adhesions, dynamic structures containing clusters of
integrins bound to the ECM and a large number of
cytoplasmic proteins, some of which (e.g., talin, vin-
culin, and «-actinin) appear to be mainly structural,
while others (e.g., p125FAK, p60c-src, protein Kinase

*To whom correspondence and reprint requests should be ad-
dressed at Department of Genetics, Biology and Medical Chemistry,
Via Santena 5 bis, 10126 Torino, Italy. Fax: 39-11-6634788. E-mail:
U995torino@csivms.csi.it.

2 Abbreviations used: ECM, extracellular matrix; PTK, protein ty-
rosine kinase; PTPase, protein tyrosine phosphatase; PAO, phenylar-
sine oxide; CD, cytochalasin D; DTT, dithiothreitol; LPA, lysophos-
phatidic acid.
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C, and tensin) are likely to play a role in the cellular
response to extracellular signals [2—4].

The nature of the interaction between the compo-
nents of focal adhesions is complex and little is known
about how assembly and disassembly are regulated.
The formation of focal adhesions involves members of
the Rho family of GTP-binding proteins [5] and in-
creased tyrosine phosphorylation of several focal adhe-
sion-associated proteins such as pl25FAK, paxillin,
and tensin [6—11]. The tyrosine kinase p125FAK is a
good candidate for regulating turnover of focal adhe-
sions [12-15]. Tyrosine phosphorylation and recruit-
ment to focal adhesion of p125FAK is an early event
in the adhesion-induced signaling pathway [8, 11], and
it has been shown that the level of tyrosine phosphory-
lation of this protein correlates with the assembly of
focal adhesion and actin stress fibers [14].

The steady-state levels of tyrosine phosphorylation
of substrate proteins are determined by the balance
between the activities of protein tyrosine kinases
(PTKSs) and protein tyrosine phosphatases (PTPases).
While a great deal is known about the importance of
the PTKs as regulators of key cellular events, much
less information exists about the physiological role and
regulation of PTPases, with one contributing factor be-
ing the difficulty in obtaining suitably phosphorylated
purified substrates for assay. In addition to modulating
PTK function [16], PTPases have been shown to play
both positive and negative roles in diverse cellular pro-
cesses including lymphocyte maturation and activation
[17, 18], cell cycle control [19, 20], signal transduction
[21-28], and development [29, 30]. Like the PTKs, the
PTPases exist in both receptor-like and cytoplasmic
forms [31, 32]. Although there is significant basal
PTPase activity in cells, it has become apparent that
the activities of PTPases are regulated in a sophisti-
cated manner, and the idea that PTPases act constitu-
tively to reverse the action of regulated PTKs has
proved to be far from true [21, 33-36].

Two chemical inhibitors, phenylarsine oxide (PAO)
and vanadate, have been used to study the role of
PTPases in a variety of cell types. PAO, a trivalent
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arsenical compound, is known to react with two thiol
groups of closely spaced protein cystenyl residues to
form stable dithioarsine rings. The complex cannot be
reversed by monothiols, but in the presence of low-
molecular-weight dithiols, such as 2,3-dimercaptopro-
panol or 1,4-dithiothreitol, the binding is competitively
reversed [37-39]. Vanadate strongly inhibits numer-
ous PTPases, presumably because many of the reac-
tions catalyzed by these enzymes proceed via a transi-
tion state containing a penta-coordinate intermediate
[40], and such a structure is much more stable for vana-
date than phosphate [41]. The different mechanisms
of action may explain why PAO and vanadate have
different effects on some cell systems [42, 43].

Our previous studies [14] showed that inhibition of
PTPases with vanadate or PAO rendered actin fila-
ments partially resistant to cytochalasin D-induced
disassembly, suggesting that PTPases might play a
major role in the regulation of cell adhesion. We have
now developed an assay for PTPase activity using
p125FAK and paxillin as substrates. We show that con-
ditions which lead to focal adhesion and actin stress
fiber disassembly result in stimulation of phosphotyro-
sine phosphatase activity. Moreover, inhibition of this
activity with the relatively selective covalent PTPase
inhibitor PAO induces the formation of focal adhesions
and actin fibers. These data suggest that inhibition of
specific PTPases may be a major mechanism involved
in focal adhesion organization during cell adhesion.

MATERIALS AND METHODS

Cell culture. Mouse Swiss 3T3 cells were obtained from the Euro-
pean Collection of Animal Cell Cultures (Porton Down, Salisbury,
UK) and cultured in Dulbecco’'s modified Eagle’s medium (DMEM)
(Gibco, Paisley, Scotland) supplemented with 10% fetal calf serum
(Advanced Protein Products, Brierly Hill, West Midlands, UK), 100
units/ml penicillin, and 100 pg/ml streptomycin.

Cell treatments. Stock solutions of PAO (10 mM), cytochalasin D
(CD) (1 mg/ml), and lysophosphatidic acid (LPA) (1 mg/ml) (all from
Sigma, Poole, Dorset, UK) were prepared in DMSO. A freshly pre-
pared mixture of 1 mM sodium orthovanadate and 1 mM hydrogen
peroxide in water, which yields vanadyl hydroperoxide (Van*), was
also used. Immediately before each experiment, aliquots of the stock
solutions were diluted in prewarmed serum-free DMEM and added
to cell cultures for the indicated times.

Antibodies. FAK4 polyclonal antibody and FAK9.2 monoclonal
antibody used in immunoprecipitation and in Western blotting detec-
tion of the p125FAK, respectively, were prepared in our laboratory
as described previously [14]. Mouse monoclonal anti-phosphotyrosine
antibody PY20 was purchased from Transduction Laboratories
(Technology Drive, Nottingham, UK). A mouse monoclonal anti-vin-
culin antibody and a mouse monoclonal anti-paxillin antibody were
generous gifts from Dr. V. E. Koteliansky (CNRS-Institut Curie,
Paris, France) and Dr. C. E. Turner (State University of New York,
Syracuse, NY), respectively. TRITC-conjugated goat anti-mouse 1gG
was purchased from Amersham (Aylesbury, UK).

Indirect immunofluorescence microscopy. For immunofluores-
cence studies, cells were grown to 90% confluence on circular (1-
cm diameter) glass coverslips. After treatments, cells were washed
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quickly with twice PBS, fixed for 10 min in 3.7% (v/v) paraformalde-
hyde in PBS, and permeabilized with 0.5% Triton X-100, 3.7% form-
aldehyde in PBS for 5 min. The coverslips were then incubated with
1% BSA in PBS for 30 min. Permeabilized cells were incubated at
room temperature for 60 min with the appropriate primary antibody,
washed five times with PBS, and stained with a mixture of TRITC-
conjugated goat anti-mouse 1gG (1:100) and FITC-conjugated phal-
loidin (from Sigma, for F-actin detection) (1:100) in PBS for 60 min.
After five washes with PBS, the coverslips were mounted on glass
slides in PBS—glycerol (1:1) and examined using a Zeiss Axiophot
epifluorescence microscope. Photographs were taken on llford HP5
Plus film (ASA 400).

Immunoprecipitation of phosphotyrosine-containing proteins.
Cell monolayers on 15-cm dishes were treated with 5 yuM PAO in
DMEM for 10 min to inhibit tyrosine phosphatases [14]. After two
washes with an ice-cold stop solution (5 mM EDTA, 10 mM NaF, 10
mM Na,P,0;, 0.5 mM NazVO, in PBS), the cells were detergent
extracted in 700 pl of lysis buffer (1% NP-40, 150 mM NacCl, 50 mM
Tris—HCI, pH 7.5, 0.25% sodium deoxycholate, 5 mM EDTA, 10 mM
NaF, 10 mM Na,P,0;, 0.5 mM NasVO,, 1 uM PAO, 10 pg/ml leupep-
tin, 4 pg/ml pepstatin, and 0.1 U/ml aprotinin) (all from Sigma) and
cell debris were removed by centrifugation (MSE microcentaur mi-
crofuge) at 13,000 rpm for 30 min at 4°C. Protein concentration of
cell extracts was determined by the Bradford protein assay method
using a commercially available kit (Bio-Rad Labs., Hercules, CA). To
perform specific immunoprecipitations, the lysate was preabsorbed
with a mixture of protein A and goat anti-mouse IgG coupled to
agarose beads (both from Sigma) for 1 h at 4°C; the beads were then
removed by centrifugation. For p125FAK immunoprecipitation, the
FAK4 polyclonal antibody (1:200) was added to the supernatant, and
immunocomplexes were bound to protein A coupled to agarose beads
by incubation overnight at 4°C. When p125FAK and paxillin were
coprecipitated, both anti-p125FAK polyclonal antibody (1:200) and
anti-paxillin monoclonal antibody (1:25) were added to supernatant,
and immunocomplexes were bound to a mixture of protein A and
goat anti-mouse 1gG coupled to agarose beads.

Protein tyrosine phosphatase assay. Cells (one 9-cm dish per
point), treated for 10 min at 37°C as indicated, were washed twice
with ice-cold PBS and scraped into 1 ml of ice-cold PTPase assay
buffer [50 mM Hepes (pH 7.4), 0.5% Triton, 2 mM EDTA, 5 mM
dithiothreitol (DTT), 10 pug/ml leupeptin, 4 pg/ml pepstatin, and 0.1
U/ml aprotinin]. In some experiments the sulfhydryl-containing com-
pound DTT was omitted. After clarification at 13,000 rpm (20 min
at 4°C), the supernatant was transferred to a new tube and protein
concentration was measured by the Bradford protein assay method.
Lysates were adjusted to 200 pg/ml and tested for PTPase activities
by monitoring their ability to dephosphorylate tyrosine-phosphory-
lated immunoprecipitated substrates (p125FAK or the mixture
p125FAK-paxillin; see above) adsorbed to protein A—agarose. The
immunoprecipitated substrates were washed in five changes of
PTPase assay buffer and split in equal aliquots. The measurement
of PTPase activity in cell lysates was performed in PTPase assay
buffer by incubating, at 37°C, an aliquot of tyrosine-phosphorylated
substrates with an appropriate dilution of cell lysates in a final vol-
ume of 250 pl. After the indicated incubation time, the reaction mix-
ture was put on ice and diluted by adding 1 ml of ice-cold PTPase
stop solution (0.5% Triton, 0.1% SDS, 100 uM Naz;VO, in TBS). The
substrates were then recovered by centrifugation, washed two times,
and boiled in 70 ul of Laemmli's buffer for 5 min. Western blotting
was performed to determine residual tyrosine-phosphorylated sub-
strates as described below. To test the direct effect of PAO on PTPase
activity, cell lysates were pretreated for 5 min on ice with 5 yM PAO
prior to assay for phosphotyrosine phosphatase activity.

Western blotting. Total lysates or immunoprecipitates boiled in
Laemmli’s buffer were resolved in a 7% SDS—polyacrylamide gel and
blotted onto nitrocellulose filters using a semidry apparatus (No-
vablot, Pharmacia) according to the manufacturer’s instructions. The
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filters were washed extensively with TBS-T (150 mM NacCl, 20 mM
Tris—HCI, pH 7.5, 0.3% Tween 20), blocked at 42°C for 1 h with 5%
BSA in TBS-T, and incubated overnight with an anti-phosphotyro-
sine antibody (mAb PY20) diluted in TBS/1% BSA (1:3000). The fil-
ters were then washed three times with TBS-T, incubated for 2 h
with anti-mouse 1gG peroxidase conjugate (1:3500) (Sigma), and de-
veloped using an ECL detection method (Amersham, UK) as per
the manufacturer’s directions. Where necessary, the primary and
secondary antibodies were stripped from the filter and the filters
reprobed with an anti-p125FAK antibody (mAb FAK 9.2).

RESULTS

Cytoskeleton Disassembly Leads to Activation of
PTPases

Changes in the tyrosine phosphorylation state of sev-
eral cytoskeletal proteins correlate with changes in the
structure of the actin cytoskeleton [14, 44, 45]. To test
whether PTPases play a major role in regulating tyro-
sine phosphorylation during the assembly of focal ad-
hesions, we developed a method to directly measure
phosphotyrosine phosphatase activity on potential en-
dogenous substrates such as the focal adhesion pro-
teins p125FAK and paxillin. To prepare these sub-
strates, confluent Swiss 3T3 cells were treated with the
PTPase inhibitor PAO (5 uM) for 10 min. This treat-
ment results in a marked accumulation of tyrosine-
phosphorylated p125FAK and paxillin, as detected by
Western blot experiments (Figs. 1A and 1B). Tyrosine-
phosphorylated p125FAK and paxillin were then im-
munoprecipitated from the cellular lysate and used as
substrates in a cell-free PTPase assay (see Materials
and Methods). In some assays p125FAK alone was used
as PTPase substrate.

To define the experimental conditions for the assay,
we initially measured the PTPase activity in lysates
from adherent cells versus suspended cells. In sus-
pended cells actin stress fibers are lost and p125FAK
is almost completely dephosphorylated [11]. As shown
in Figs. 2A and 2B, suspended Swiss 3T3 cells exhibited
higher PTPase activity on pl25FAK than adherent
cells. This activity was largely inhibited either by PAO
treatment of intact cells (Figs. 2A and 2B) or by direct
addition of PAO to the cell lysates (not shown). The
inhibition of PTPase activity by PAO was largely re-
versed by addition of dithiothreitol (Figs. 2A and 2B),
consistent with the ability of PAO to react with two
vicinal thiol groups, essential for the activity of some
PTPases [38]. Dose—response (Figs. 2C and 2D) and
time-course (not shown) experiments showed that the
PTPase activity was linear within the experimental
ranges. Thus, lysates of suspended cells have an en-
hanced ability to dephosphorylate p125FAK compared
to lysates of adherent cells.

Culturing Swiss 3T3 cells overnight in serum-free
medium results in the loss of actin stress fibers and
vinculin/paxillin-containing focal adhesions without
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FIG. 1. Serum- and PTPase inhibitor-dependent tyrosine phos-
phorylation of cellular proteins in Swiss 3T3 cells. (A) Cells main-
tained in 10% serum were treated for 10 min with the indicated
micromolar concentrations of phenylarsine oxide (PAO) or with the
carrier DMSO (Co), and cell lysates were Western blotted with the
anti-phosphotyrosine antibody PY20. Molecular weight markers (ki-
lodaltons) are indicated on the left. (B) The same cell lysates used
in A were immunoprecipitated with a mixture of anti-p125FAK and
anti-paxillin antibodies and Western blotted with the anti-phospho-
tyrosine antibody PY20. The positions of p125FAK and paxillin are
indicated on the left. (C, D) Serum-starved cells were treated for 10
min with the indicated micromolar concentration of phenylarsine
oxide (PAO), vanadyl hydroperoxide (Van®), or hydrogen peroxide
(H20,) or were left untreated (Co) and processed as indicated in A.
Equal amounts of protein were loaded in each lane. The exposure
time in A, B, and C was 2 min whereas in D it was 30 s. At the
exposure level shown in D, bands on lanes Co and H,O, are not
readily discernible.

cell detachment from the substratum [44, 46]. Serum
deprivation also results in p125FAK and paxillin de-
phosphorylation [44; see also Fig. 1, compare A and C].
We, therefore, measured PTPase activity in control and
serum-starved Swiss 3T3 cells. As shown in Figs. 3A
and 3B, both p125FAK and paxillin were more rapidly
dephosphorylated in the presence of lysates from se-
rum-starved cells than in those from control cells main-
tained in 10% serum. The increase in PTPase activity
in starved cells was inhibited by pretreatment of cells
with PAO (not shown).

We also examined cells treated with CD, a drug that
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In vitro PTPase assay on p125FAK substrate. (A) Swiss 3T3 cells in suspension (Su) or adherent on culture dish (Ad) were left

untreated or treated for 10 min with 5 M PAO, alone or together with 1 mM DTT. To test PTPase activity cell lysates were incubated
with immunoprecipitated p125FAK as described. The blot was immunostained with the anti-phosphotyrosine PY20. In the lanes indicated
with “Co” (Control) the tyrosine phosphorylation level of p125FAK substrate in the absence of cell lysate is shown. (B) The diagram
represents a densitometric analysis of the level of p125FAK dephosphorylation after in vitro PTPase assay. The results are plotted as
percentage of controls (Co). (A’) The blot shown in A was stripped and reprobed with the anti-p125FAK antibody, to test p125FAK loading
in all lanes. (C) Dose response of PTPase activity. The immunoprecipitated p125FAK substrate was incubated for 10 min in a 250-ul final
volume with cell lysates containing the indicated protein concentrations and processed as in A. (D) Densitometric analysis of three different
dose—response experiments are plotted as percentage of p125FAK dephosphorylation referred to control level (Co).

induces disassembly of the actin stress fibers and dephos-
phorylation of p125FAK [14, 47] without detaching cells
from the culture dish. As shown in Figs. 4A and 4B,
treatment of standard cell cultures with 0.5—-1 uM cyto-
chalasin D for 10 min resulted in an enhanced PTPase
activity in cellular lysates as measured by p125FAK and

paxillin dephosphorylation. This increase in PTPase ac-
tivity was completely blocked by PAO (Figs. 4A and 4B).
We conclude that disassembly of actin stress fibers is a
necessary and sufficient condition for induction of a PAO-
sensitive PTPase activity able to dephosphorylate focal
adhesion proteins.
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sine PY20, then stripped and reprobed with the anti-p125FAK antibody, to show loading in all lanes. (B) Densitometric analysis of the blot
reported in A. The values are represented as percentage of p125FAK and paxillin dephosphorylation referred to control level (Co).

A B (Substrate: (Substrate:
p125FAK) paxillin)
O
=4
¢ =8 8
+ L 2] g =
- - o = 2
o o Qo o 2 5
o O o 0O S £
T 6 5 6
2 8
p125FAK - [ — ] s 4 N
= 5 4
g g s
" a £ 26 g 29 28
= & ) a
enaun | N 2 §
ié T2 a 2
L L Ll A :
w =
S 3
Blot: 20 29
A' e Gr—e e e anti p125FAK Co gg c? c21 Co gt; c? ct21
' PAO PAO
Cell treatments Cell treatments

IP: p125FAK and PAXILLIN
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p125FAK antibody, to show loading in all lanes. (B) Densitometric analysis of the blot reported in A. The PTPase activity is represented
as fold activation of p125FAK and paxillin dephosphorylation referred to control level (Co).
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PAO Induces Focal Adhesion Assembly and Stress
Fiber Formation

Since the PTPase activity induced by disassembly of
actin stress fibers is sensitive to PAO, we used this inhibi-
tor to test whether modulation of PTPase activity can
affect the organization of the actin cytoskeleton. Thus,
we analyzed the effect of PAO in Swiss 3T3 cells in which
stress fibers and focal adhesions were disassembled by
serum starvation. As shown in Figs. 5A and 5B, serum-
starved cells lack actin stress fibers and phosphotyrosine-
containing focal adhesions. PAO treatment of these cells
induced a dose-dependent formation of actin filaments
and phosphotyrosine-containing focal adhesions (Figs.
5C-5F). Interestingly, at low doses (0.5-1 yM) PAO
stimulated a very rapid increase in phosphotyrosine clus-
ters, observable within 5 min of addition (Fig. 5D). The
response was maximal with 5 yM PAO at 5-10 min
after addition, when the phosphotyrosine clusters clearly
colocalized with the ends of newly formed stress fibers
(Figs. 5E and 5F). Vinculin (Figs. 5G-5J) and paxillin
(not shown) staining for focal adhesions gave similar
results.

We also tested the effect of PAO treatment on the
level of tyrosine phosphorylation of p125FAK and paxi-
llin. When serum-starved 3T3 cells were exposed to
PAO, the tyrosine phosphorylation of pl25FAK and
paxillin was restored to levels close to those in cells
grown in 10% serum (compare Figs. 1A and 1C). Vana-
dyl hydroperoxide, another known PTPase inhibitor,
also allowed recovery of tyrosine-phosphorylated pro-
teins in serum-starved cells (Fig. 1D) and induced focal
adhesion and stress fiber assembly [44]. However, va-
nadyl hydroperoxide treatment induced a much
broader profile of tyrosine-phosphorylated cellular pro-
teins, compared to the more selective PAO (compare
Figs. 1C and 1D). Thus, PAO treatment induces the
organization of focal adhesions and stress fibers in se-
rum-starved Swiss 3T3 cells as well as a parallel in-
crease in p125FAK and paxillin tyrosine phosphoryla-
tion.

To examine the effects of PAO on CD-induced disrup-
tion of actin stress fibers and focal adhesions, Swiss
3T3 cells grown under standard conditions were
treated with 1 M CD or with 1 yuM CD plus 1 and 5
uM PAO for 10 min. CD-treated cells showed a loss of
actin stress fibers and paxillin-containing focal adhe-
sions (Figs. 6C and 6D) compared with untreated cells
(Figs. 6A and 6B). In contrast, cells treated with CD
plus PAO retained numerous paxillin-containing focal
adhesions (Figs. 6F and 6H). Actin stress fibers were
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also present, but were largely restricted to the cell mar-
gins and were notably absent from the central region
of the cell (Figs. 6E and 6G).

Serum and LPA (a bioactive lipid component of se-
rum) are known to stimulate the formation of focal
adhesion and actin stress fibers in Swiss 3T3 cells [46].
We thus tested their ability to affect PTPase activity.
As shown in Fig. 7, LPA treatment caused significant
inhibition of the PTPase activity on p125FAK in serum-
starved cells, although a greater inhibition was ob-
served upon addition of serum.

These results show that inhibition of PAO-sensitive
PTPases leads to focal adhesion assembly and stress
fiber formation.

DISCUSSION

In this report we describe an assay to measure
PTPase activity on focal adhesion proteins p125FAK
and paxillin and show that (i) PTPase activity is in-
creased under conditions where actin stress fibers are
disassembled; and (ii) inhibition of PTPases is a suffi-
cient stimulus to drive focal adhesion and actin stress
fiber organization.

Most of the enzymology of PTPases has been deduced
from measurements made with artificial substrates, ei-
ther exogenous proteins or synthetic polypeptides. The
PTPase activity on endogenous substrates is less well
documented [38, 48]. In our studies, we chose p125FAK
and paxillin as substrates for the assay of PTPase ac-
tivity since these are major focal adhesion molecules
that become tyrosine phosphorylated in response to dif-
ferent stimuli leading to focal adhesion and actin cy-
toskeleton assembly [11, 44, 49-51]. Moreover, these
molecules are dephosphorylated when actin stress fi-
bers are disassembled either by cell detachment from
the substratum or by CD treatment [14, 47]. Tyrosine
phosphorylation of p125FAK and paxillin is responsi-
ble for their interaction with molecules such as Src [12,
52], Grb2 [53], Csk [54], and Crk [55, 56]. Tyrosine
phosphorylation of these molecules can thus trigger a
cascade of molecular interactions leading to the organi-
zation of focal adhesion and actin fibers.

Based on the use of specific inhibitors, we previously
suggested a prominent role for protein tyrosine phos-
phatases in the regulation of p125FAK tyrosine phos-
phorylation and cytoskeletal assembly during cell ad-
hesion [14]. To further investigate this aspect, we have
measured the PTPase activity under different condi-
tions leading to the loss of actin stress fibers. Using

FIG. 5. PAO induces focal adhesion assembly and stress fiber formation. Swiss 3T3 cells cultured in serum-free medium for 16 h were
treated for 10 min with fresh medium containing 1 uM (C, D, I, J) or 5 uM PAO (E, F) or the carrier (DMSO) (A, B, G, H). Cells were fixed,
permeabilized, and then stained for F-actin (A, C, E, G, 1), phosphotyrosine (B, D, F), or vinculin (H, J). Bar, 15 um.
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FIG. 6. PAO protects focal adhesions from cytochalasin D-induced disassembly. Swiss 3T3 cells maintained in 10% serum were left
untreated (A, B) or were treated for 10 min with 1 uM cytochalasin D (C, D), 1 uM cytochalasin D plus 1 uM PAO (E, F), or 1 uM cytochalasin
D plus 5 uM PAO (G, H). Cells were fixed, permeabilized, and then stained for F-actin (A, C, E, G) or paxillin (B, D, F, H).
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FIG. 7. LPA or serum treatments lead to PTPase inhibition. (A) Lysates from serum-starved cells, untreated (Co) or treated with: 100
ng/ml LPA for 10 min (+LPA), 1% serum for 10 min (+S 1%), or 10% serum overnight (+S 10%), were assayed for PTPase activity on
immunoprecipitated p125FAK and paxillin substrates as described. The blot has been immunostained with the anti-phosphotyrosine PY20.
(B) Densitometric analysis of the blot reported in A. The values are represented as fold inhibition of p125FAK and paxillin dephosphorylation

referred to serum-starved cells (Co).

the assay described above, we show that tyrosine phos-
phatase activity on p125FAK and paxillin is markedly
increased after cell detachment from the substratum.
In these cells the actin stress fibers are disassembled
and cell-matrix interactions are lost. To determine
which of these two events was responsible for PTPase
activation we induced disassembly of actin stress fibers
in adherent Swiss 3T3 by serum starvation. It was pre-
viously demonstrated that culturing Swiss 3T3 cells
overnight in serum-free medium results in the loss of
focal adhesions and actin stress fibers and in tyrosine
dephosphorylation of p125FAK and paxillin [44, 46]
without cell detachment from the substratum. In the
present work we show that, in these cells, serum star-
vation also leads to an increase in cellular PTPase ac-
tivity, indicating that the loss of actin stress fibers may
be responsible for this event. It cannot be excluded,
however, that withdrawal of growth factors during se-
rum starvation might have contributed to this phenom-
enon. In fact, it was shown that some growth factors
can induce tyrosine phosphorylation of p125FAK and
paxillin and modulate actin cytoskeleton assembly [44,
57, 58]. To test this possibility we analyzed the PTPase
activity in cells treated with cytochalasin D, a drug
known to lead to cytoskeleton disassembly and
p1l25FAK tyrosine dephosphorylation [47] without af-
fecting cell attachment to the substratum. The fact that
we found an increase in cellular PTPase activity in this
system demonstrates that cell-matrix interaction and

growth factor deprivation are not directly involved in
the increase in cellular PTPase activity. Rather, dis-
ruption of the actin cytoskeleton is a sufficient stimulus
regulating cellular PTPase activity. These data add
further insights to previous findings by Maher [59]
showing increased PTPase activity in response to dis-
ruption of cell-substrate adhesion.

The PTPase activity detected in our system was sen-
sitive to PAO, a relatively selective covalent inhibitor
known to react with two thiol groups of closely spaced
protein cystenyl residues to form stable dithioarsine
rings [38, 60, 61]. The inhibition by PAO was shown to
be specific since it can be competitively reverted by
1,4-dithiothreitol but not by monothiols. The PTPase
activity on p125FAK and paxillin can also be inhibited
by vanadate, a PTPase inhibitor with a much broader
selectivity compared to PAO [14, 59, 60]. Thus, the
PTPases implicated in the regulation of p125FAK and
paxillin tyrosine phosphorylation belong to a restricted
class of PTPases possessing vicinal cysteine residues
at the active site.

We took advantage of the ability of PAO to block
pl25FAK and paxillin PTPases to test whether inhibi-
tion of this activity can affect cytoskeleton organization
in cultured cells. When serum-starved Swiss 3T3 cells
lacking actin stress fibers were treated with PAO, a
dose-dependent increase in p125FAK tyrosine phos-
phorylation and assembly of focal adhesions and actin
stress fibers were observed. Moreover, physiological
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agents known to determine the increase in p125FAK
and paxillin tyrosine phosphorylation and to stimulate
the formation of focal adhesions and actin stress fibers,
such as fetal calf serum and lysophosphatidic acid [44,
46], significantly reduced the cellular PTPase activity.
We thus conclude that inhibition of one or more PAO-
sensitive PTPases is sufficient to trigger focal adhesion
and actin stress fiber formation in adherent cells. The
identification of the nature of the PTPase(s) involved
in this process will be a matter for future investigation.
LAR phosphatase [62] is a possible candidate as sug-
gested by its localization at focal adhesion sites.

Previous results suggest the involvement of tyrosine
kinases in focal adhesion formation [8, 11, 45, 63—65].
The role of PTK has been mostly inferred by the use of
specific inhibitors [8, 11, 46, 65] and only a modest
increase in p125FAK or Src PTK activity has been de-
tected in response to cell adhesion or stimuli leading
to cytoskeleton assembly [66, 67]. Since tyrosine phos-
phorylation is a dynamic, reversible process, depending
on the PTK and PTPase activities, the level of phos-
phate in target substrates depends on the balance be-
tween these enzyme activities. Our current data indi-
cate that PTPases play a major role in regulating the
tyrosine phosphorylation levels of p125FAK and paxil-
lin during actin cytoskeleton assembly.
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