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PTPa regulates integrin-stimulated FAK
autophosphorylation and cytoskeletal
rearrangement in cell spreading and migration

Li Zeng,' Xiaoning Si,"** Wei-Ping Yu,' Hoa Thi Le,">* Kwok Peng Ng,' Raymond M.H. Teng,'
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e investigated the molecular and cellular actions
W of receptor protein tyrosine phosphatase (PTP)

in integrin signaling using immortalized fibroblasts
derived from wild-type and PTPa-deficient mouse embryos.
Defects in PTPa™"~ migration in a wound healing assay
were associated with altered cell shape and focal adhesion
kinase (FAK) phosphorylation. The reduced haptotaxis to
fibronectin (FN) of PTPa ™~ cells was increased by expression
of active (but not inactive) PTPa. Integrin-mediated formation
of src—FAK and fyn—FAK complexes was reduced or abolished
in PTPa ™'~ cells on FN, concomitant with markedly reduced
phosphorylation of FAK at Tyr397. Reintroduction of active
(but not inactive) PTPa restored FAK Tyr-397 phosphorylation.

FN-induced cytoskeletal rearrangement was retarded in
PTPa ™'~ cells, with delayed filamentous actin stress fiber
assembly and focal adhesion formation. This mimicked the
effects of treating wild-type fibroblasts with the src family
protein tyrosine kinase (Src-PTK) inhibitor PP2. These results,
together with the reduced src/fyn tyrosine kinase activity in
PTPa™'~ fibroblasts (Ponniah et al., 1999; Su et al., 1999),
suggest that PTPa functions in integrin signaling and cell
migration as an Src-PTK activator. Our paper establishes
that PTPa is required for early integrin-proximal events,
acting upstream of FAK to affect the timely and efficient
phosphorylation of FAK Tyr-397.

Introduction

The transmembrane integrins bind to ECM proteins such
as fibronectin (FN)* to generate intracellular tyrosine
phosphorylation—based signals that regulate cell growth,
migration, and survival. Many of the signals resulting from
integrin ligation are centered around the focal adhesion—
associated tyrosine kinase FAK and its interactions with src
family protein tyrosine kinases (Src-PTKs; for review see
Schlaepfer et al., 1999; Schaller, 2001). Integrin stimulation
induces FAK autophosphorylation at Tyr397, creating a
binding site for the src homology 2 (SH2) domain of the
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Src-PTKs src or fyn (Cobb et al., 1994; Schaller et al., 1994;
Xing et al., 1994; Cary et al., 1996). The recruited, active
Stc-PTK phosphorylates several other tyrosine residues in
FAK to affect both full FAK activation and the creation of
phosphotyrosine binding sites for other signaling molecules,
such as Grb2 (Schlaepfer et al., 1994; Calalb et al., 1995).
The Src—PTK-FAK complex mediates the phosphorylation
of certain FAK-associated proteins such as p130“ and paxil-
lin, and their recruitment of still other signaling molecules
(such as phosphotyrosine-dependent Crk binding to p130%
and paxillin, and Nck binding to p130°*), leading to forma-
tion of a muld-phosphocomponent signaling complex local-
ized at focal adhesions (Schaller and Parsons, 1995; Ha-
masaki et al., 1996; Vuori et al., 1996; Schlaepfer et al.,
1997, 1998). Integrin-stimulated focal adhesion formation,
cell spreading, and motility also involve reorganization of
the actin cytoskeleton, in which Rho family GTPases play
key roles (Barry et al., 1997; Clark et al., 1998; Price et al.,
1998; Ren et al., 1999). The molecular mechanisms regulating
the early events in the above processes and linking them to
the cell surface integrins are unclear.
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In addition to tyrosine kinases, several intracellular pro-
tein tyrosine phosphatases (PTPs) have been implicated as
positive and negative regulators of integrin-mediated signal-
ing (Angers-Loustau et al., 1999a). Key signaling compo-
nents such as Src-PTKs, small GTPases, FAK, and p130°*
appear to be regulated by more than one PTP, probably re-
flecting the numerous signal inputs that can be integrated by
this pathway and the dynamic nature of processes such as fo-
cal adhesion formation and dissolution. Spreading and mi-
gration defects are observed in fibroblasts prepared from
gene-targeted mice that are null or functionally null for the
intracellular PTPs SHP-2, PTP 1B, and PTP-PEST (Yu et
al., 1998; Angers-Loustau et al., 1999b; Oh et al., 1999;
Cheng et al., 2001). Multiple actions reported for SHP-2 in-
clude the SHPS-1-mediated activation of Src-PTKs (Oh et
al., 1999), the inactivation and activation of RhoA (Schoen-
waelder et al., 2000; Lacalle et al., 2002), and the regulation
of focal adhesion turnover by FAK dephosphorylation (Yu et
al., 1998). PTP 1B may also function as an upstream activa-
tor of Src-PTKs (Arregui et al., 1998; Cheng et al., 2001),
and like PTP-PEST, can dephosphorylate p130°* to modu-
late focal adhesion turnover (Liu et al., 1998; Angers-Lous-
tau et al., 1999b; Garton and Tonks, 1999). Additionally,
PTEN dephosphorylates the FAK autophosphorylation site
during cell detachment, and acts as a lipid phosphatase to
negatively regulate racl and Cdc42 GTPases and cell migra-
tion (Tamura et al., 1998, 1999; Liliental et al., 2000).

Just two receptor PTPs have been associated with integrin
signaling; LAR and PTPa. LAR localizes to focal adhesions
and may be integrated into cell migration pathways through
its interaction with the guanine nucleotide exchange factor
Trio (Serra-Pages et al., 1995; Debant et al., 1996; Seipel et
al., 1999), or into cell survival pathways through its action
in dephosphorylating and destabilizing p130* (Weng et al.,
1999). PTPa can also be found in focal adhesions (Lammers
et al., 2000). Cells overexpressing PTPa show enhanced
cell-substratum association (Harder et al., 1998), and cells
lacking PTPa show defective spreading on FN and reduced
tyrosine phosphorylation of FAK and p130* (Su et al.,
1999). PTPa-overexpressing cells exhibit increased Src-PTK
activity, and PTPa™'~ fibroblasts have reduced Src-PTK ac-
tivity (Zheng et al., 1992; den Hertog et al., 1993; Bhandari
et al., 1998; Harder et al., 1998; Ponniah et al., 1999; Su et
al., 1999), suggesting that PTPo may exert effects on inte-
grin signals through modulating Src-PTK activities. Also,
studies with a substrate-trapping PTPa mutant have idend-
fied p130“ as a PTPa substrate (Buist et al., 2000). Collec-
tively, the above findings show that PTPs intersect with
PTKs at multiple points downstream of the integrins, and
that ablated or increased PTP activity has profound effects
on integrin-mediated processes.

Here, we describe studies comparing wild-type and
PTPa ™'~ embryonic fibroblasts to define the molecular role
of PTPa in integrin-stimulated events. Novel defects in mi-
gration and haptotaxis, and in Src-PTK association with
FAK were found in the PTPa ™'~ cells. The reduced associa-
tion between sre/fyn and FAK was found to be due to the
striking abrogation of FAK Tyr-397 phosphorylation. Rein-
troduction of wild-type but not catalytically inactive forms

of PTPa into the cells restored FAK Tyr-397 phosphoryla-
tion, demonstrating that the phosphatase activity of PTPa is
required for its function in this context. The lack of PTPa
mimics the effects observed on treatment of fibroblasts with
the selective Src-PTK inhibitor PP2, not only in preventing
optimal phosphorylation of FAK at Tyr-397 (Salazar and
Rozengurt, 2001), but also in delaying integrin-mediated re-
arrangement of the actin cytoskeleton and focal adhesion
formation. These findings point to a site of action of
PTPo proximal to receptor integrins and upstream of FAK.
We propose that through its action as an Src-PTK acti-
vator, PTPa functions as a previously unidentified link be-
tween integrin engagement and the ensuing FAK autophos-
phorylation that promotes numerous downstream signaling
events.

Results

Impaired PTPa ™'~ cell migration

The migration abilities of wild-type and PTPa '~ fibro-
blasts were examined in a cell culture wound healing assay.
Confluent dishes of cells were “wounded” by scraping with a
pipette tip, creating a space free of cells. A significant delay
in the ability of the PTPa™'~ cells to migrate into the empty
space was observed (Fig. 1 A), with the wild-type cells clos-
ing the gap by 15 h, and the PTPa '™ cells still not able to
completely fill the gap even after 24 h. Examination of the
leading edge of the migrating cells revealed multiple protru-
sions and extensions in wild-type cells, but a relatively uni-
form flat edge on the PTPa™" cells (Fig. 1, B and C).
ECM-integrin signaling events are prominently involved in
regulating cell migration, and FAK is a key mediator of this
process. As our subsequent investigation of integrin-stimu-
lated FAK phosphorylation revealed defects in FAK Tyr-397
phosphorylation in PTPa-deficient cells (see Results), we
examined this in cells at the leading edge of the wound (Fig.
1 C). At a time just before wound closure (about a one-cell
wide gap remaining between wild-type cells), the wild-type
cells appeared to have more phospho-Tyr397 FAK than
PTPa ™'~ cells. The phospho-Tyr397 FAK was localized
within elongated, well-defined structures (likely focal adhe-
sions) in multiple protrusions from the wild-type cells,
whereas in PTPa™'" cells, the phospho-Tyr397 FAK ap-
peared to be localized in smaller, round structures. We also
analyzed haptotactic migration of the above cells and an-
other independently derived PTPa™'~ fibroblast line to the
integrin ligand FN in a Transwell chamber assay. Both
PTPa '™ lines of cells showed significantly impaired migra-
tion (67 and 49%) relative to the PTPa™* control cell line
(Fig. 2 A), indicating a defect in FN-stimulated responses.
To determine whether reintroduction of PTPa would re-
store migration ability, PTPa or a catalytically defective mu-
tant of PTPa lacking the active site cysteine residues
(C414S/C704S) were introduced into PTPa ™'~ cells by
adenoviral infection. Expression of PTPa increased the per-
centage of migrating cells from 49 to 64% (Fig. 2 B). The
extent of restored migration may be low because Western
blotting revealed that the introduced PTPa was always less
than that present in wild-type cells (unpublished data); nev-

/



>~
oo
1S
2
m
)
)
—
o
©
c
-
>
L=}
(D)
e
—

PTPq*

PTPa*

Figure 1. Defective migration of PTPa™'~ cells. (A) Delayed
migration of cells lacking PTPa. The migration of PTPa™* and
PTPa ™/~ fibroblasts into an empty area of the culture dish was
followed by time-lapse video microscopy. Fields at the indicated
times are shown. (B) 6 h after wounding, cells at the migrating edge
were stained for actin with Alexa Fluor 488—conjugated phalloidin.
(C) Cells at the leading edge were stained with anti-phospho-Tyr397
FAK antibody just before wound closure of the PTPa** cells.

ertheless, this represents a significant (P < 0.005) 1.3-fold
increase in haptotaxis. Expression of inactive PTPa had no
effect on the number of migrating cells (Fig. 2 B). Together,
the above results indicate that efficient cell migration from a
wounded cell monolayer and in haptotaxis requires catalyti-
cally active PTPa, and that PTPa may function in these
processes to promote FAK Tyr-397 phosphorylation and the
formation of membrane extensions characteristic of migrat-
ing cells.

Reduced association of src and fyn with FAK

Formation of a FAK—src complex is essential for full phos-
phorylation and activation of FAK (Owen et al., 1999;
Schlaepfer et al., 1999; Ruest et al., 2000) and phosphoryla-
tion of FAK-associated substrates such as p130°*, which are
known to be required for cell motility (Vuori et al., 1996;
Klemke et al., 1998). FAK has also been found to associate
with the Src-PTK fyn (Cobb et al., 1994; Cary et al., 1996).
Thus, we examined the association of FAK with src and fyn
in adherent PTPa™'~ cells. Both src and fyn were com-
plexed with FAK in wild-type cells, as evidenced by probing
FAK immunoprecipitates with anti-src or -fyn antibodies
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Figure 2. Haptotactic migration toward FN. (A) Wild-type fibroblasts
(+/+) and two independently derived lines of PTPa ™~ fibroblasts
(—/—) were analyzed for migration toward FN as described in Materials
and methods. Each bar represents the average of four independent
experiments, each experiment with three wells per cell type, + S.D.
The number of migrating wild-type cells was taken as 100%, and
other values were calculated relative to this. (B) In other experiments,
wild-type fibroblasts (+/+), line 2 PTPa ™" fibroblasts (—/—), and
line 2 PTPa™~ fibroblasts infected with adenovirus expressing PTPa
(a-wt) or catalytically inactive double mutant PTPa (a-dm) were
analyzed for migration toward FN. Each bar represents the average
of two independent experiments, each experiment with two wells
per cell type, = S.D.

(Fig. 3 A). However, a greatly decreased amount of src was
found in association with FAK in PTPa™'" cells, amounting
to 38% = 8 (n = 3) of the src detected in association with
FAK in wild-type cells. Furthermore, the association of fyn
with FAK was abolished in PTPa™'~ cells (Fig. 3 A). FAK-
src and FAK-fyn association was also examined in cells after
plating on FN. This time, the src or fyn was immunoprecip-
itated and immunoblotted to detect associated FAK. FAK
was not complexed with src or fyn in either wild-type or
PTPa ™" cells held in suspension. Plating of wild-type fibro-
blasts on the FN-coated dishes induced the association of src
and fyn with FAK, but in PTPa '~ cells there was a reduced
amount of FAK, or no FAK, detected in association with src
or fyn, respectively (Fig. 3 B).

Integrin-stimulated phosphorylation of FAK Tyr-397 is
reduced in PTPa '~ cells

As src and fyn bind to phospho-Tyr397 of FAK, reduced
FAK Tyr-397 autophosphorylation in the PTPa™'~ cells
could account for less stc/fyn binding. The overall phospho-
tyrosine content of FAK was less in PTPa ™'~ cells than in
PTPa*'" cells, both under normal culture conditions and
after plating on FN (Fig. 4 A). The phosphorylation status
of FAK Tyr-397 was examined using an anti-FAK phospho-
Tyr397—specific antibody. No phosphorylation of FAK Tyr-
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Figure 3. Reduced association of Src-PTKs and FAK in PTPa ™'~
cells. (A) Reduced src/fyn-FAK interaction in PTPa™" cells cultured
on plastic dishes. Lysates (WCL) of PTPa*"* and PTPa™"~ cells
cultured on plastic tissues culture dishes in serum-containing
medium were resolved by SDS-PAGE and immunoblotted with
anti-src antibodies (top left panel) or anti-fyn antibodies (top right
panel). FAK immunoprecipitates were probed with anti-src antibodies
(middle left panel), anti-fyn antibodies (middle right panel), or anti-
FAK antibodies (bottom panels). HC indicates the antibody heavy
chain. (B) Reduced src/fyn-FAK interaction in PTPa ™~ cells plated
on FN-coated plastic dishes. Lysates (WCL) were prepared from
PTPa™* and PTPa™" cells in suspension (susp) or after plating onto
FN-coated dishes for 30 min (FN30) and probed with anti-FAK anti-
bodies (top panel). Src (middle and bottom left panels) and fyn (mid-
dle and bottom right panels) immunoprecipitates prepared from the
cell lysates were probed for the presence of FAK (middle panel), src
(bottom left panel), or fyn (bottom right panel). HC indicates the
antibody heavy chain.

397 was detected in any cells in suspension. The phosphory-
lation of Tyr397 of FAK was consistently observed to be re-
duced in PTPa ™™ cells, compared with wild-type cells, on
FN-induced integrin activation (Fig. 4, B and C).

The altered FAK phosphorylation was also confirmed by
visualization in cells attached to an FN substratum (Fig. 5).
After plating of the cells on FN-coated dishes for 30,
60, and 120 min, the cells were processed for indirect im-
munofluorescent labeling with anti-vinculin and anti-
FAK phosphospecific-Tyr397 antibodies. In wild-type cells,
phospho-Tyr397 FAK was localized in focal adhesions
present in multiple cell extensions after 30 min on FN. In
contrast, PTPa™'" cells possessed membrane ruffles, but
virtually no extensions or focal adhesions and mainly nu-
clear/perinuclear labeling with the ant-FAK Tyr-397 anti-
body (Fig. 5, A and B; top panels). After 60 min on FN,
phospho-Tyr397 FAK was detected in thickened elongated
focal adhesions in numerous well-defined cell extensions
around the entire periphery of the wild-type cells, and had
begun to appear in thin streaky focal adhesions in the outer
periphery of PTPa™'~ cells, although with less intensity
than in the wild-type cells and in the absence of well-
defined cell extensions (Fig. 5, A and B; middle panels).
After 120 min on FN, the wild-type and PTPa ™'~ cells ap-
peared similar in terms of FAK Tyr-397 staining and focal
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Figure 4. Integrin-stimulated FAK Tyr-397 phosphorylation is
impaired in PTPa-null cells. (A) Reduced tyrosine phosphorylation
of FAK in PTPa™"~ cells. FAK immunoprecipitates from PTPa*/*
and PTPa™'" cells adhering to plastic dishes (on dish), retained in
suspension (susp), or plated onto FN-coated dishes for 30 min
(FN30), were probed with anti-phosphotyrosine antibodies (top panel)
or with anti-FAK antibodies (bottom panel). (B) Reduced FAK
Tyr-397 phosphorylation in PTPa™'~ cells. FAK immunoprecipitates
from PTPa™* and PTPa ™~ cells retained in suspension (susp) or
plated onto FN-coated dishes for 30 min (FN30) or 60 min (FN60)
were probed with anti-phospho-Tyr397-specific antibodies (top
panel), or anti-FAK antibodies (bottom panel). (C) Integrin-stimulated
FAK Tyr-397 phosphorylation was quantitated from at least seven
independent experiments such as that presented in B and is shown
as the mean =+ S.D. FAK Tyr-397 phosphorylation in PTPa*™* cells
plated on FN for 30 min was taken as 100%, and the other data was
calculated relative to this.

adhesion formation (Fig. 5, A and B; bottom panels). These
observations suggest that relative to wild-type cells, there is
an early delay or impairment of integrin-stimulated FAK
Tyr-397 phosphorylation and formation of focal adhesions
in the PTPa™'" cells, but that after 120 min on FN, these
processes have reached approximately equivalent points in

the wild-type and PTPa ™'~ cells.

Rescue of FAK Tyr-397 phosphorylation by

reintroduction of catalytically active PTP«

To confirm that the defective FAK autophosphorylation in
the PTPa ™'~ cells was a direct result of the absence of
PTPa, we examined the consequences of PTPa reexpres-
sion. We were unable to generate PTPa-expressing cells
through stable transfection and selection, as reported by oth-
ers and possibly due to toxic effects of high levels of the
wild-type phosphatase (Lammers et al., 2000). To obtain
high efficiency expression in the PTPa™'~ cells, we used
adenovirus-mediated expression of wild-type or a catalyti-
cally inactive mutant form of PTPa with the active site cys-
teine residues mutated to serine in both catalytic domains.
As shown in Fig. 6 A, PTPa ™" cells contain three immuno-
detectable forms of PTPa, all of which are absent in the
PTPa ™'~ cells. The proteins with apparent molecular masses
of 130 and 100 kD represent the fully glycosylated and un-
glycosylated forms of PTPo (Daum et al., 1994), whereas
the ~80-kD form may be a proteolyzed or processed prod-
uct of 130-kD PTPa (Su et al., 1994, Lammers et al., 2000;
Gill-Henn et al., 2001). After adenovirus infection of the
PTPa ™ cells, we could detect low levels of the fully glyco-
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Figure 5. Localization of vinculin and appearance of FAK Tyr-397 phosphorylation in integrin-stimulated cells. Cells were allowed to
adhere to FN-coated glass coverslips for 30 min (FN30), 60 min (FN60), and 120 min (FN120), and were then fixed and labeled with mouse

monoclonal anti-vinculin antibody (red) and rabbit polyclonal antibodies specific to FAK phospho-Tyr397 (green). (A) Wild-type (PTP«

cells. (B) PTPa™'" cells.

+/+)

sylated 130-kD PTPa., trace amounts of the unglycosylated
100-kD PTPa, and amounts of the ~80-kD PTPa compa-
rable to that in the PTPa™'" cells (Fig. 6 A). The contribu-
tion of the ~80 kD form to PTPa-dependent integrin sig-
naling events is unknown. In three independent experiments
(Fig. 6 B), integrin-stimulation of the PTPa ™'~ cells in-
duced FAK Tyr-397 phosphorylation to 56% (*£2) of that
quantitated in PTPa™" cells, and reintroduction of wild-
type PTPa significantly increased FAK Tyr-397 phosphory-
lation to 85% (*11). However, expression of catalytically
inactive PTPa in the PTPa™'™ cells did not significantly af-
fect FAK Tyr-397 phosphorylation (52% = 17). This con-
firms that it is the lack of PTPa that causes this defect in in-
tegrin signaling, and that the catalytic activity of PTPa is
required for FAK Tyr-397 phosphorylation to occur effi-
ciently. The somewhat more efficient restoration of FAK
Tyr-397 phosphorylation than of migration affected by rein-
troduction of PTPa into PTPa-deficient cells (a 1.5-fold vs.
a 1.3-fold increase, respectively) may reflect PTPa expres-
sion differences, either in total PTPa or in the relative
amounts of the three PTP« forms.

FN-induced morphological changes in PTPo-null

cells resemble defects observed in wild-type cells

after Src-PTK inhibition

The FN-induced phosphorylation of Tyr397 of FAK is re-
duced on treatment of fibroblasts with the selective Src-PTK
inhibitor PP2 (Salazar and Rozengurt, 2001). This sug-
gested that defective Src-PTK function underlies the im-
paired FAK Tyr-397 phosphorylation in PTPa™' cells. In-
tegrin-stimulation is reported to activate stc and promote its
translocation to focal adhesions (Kaplan et al., 1995; Clark
et al,, 1998; Sieg et al., 1998; Oh et al., 1999), but we were
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Figure 6. Reintroduction of PTPa into PTPa™'~ cells restores
integrin-stimulated FAK Tyr-397 phosphorylation. (A) PTPa ™/~ cells
(line 2) were infected with adenovirus expressing wild-type PTPa
(o-wt) or a catalytic mutant of PTPa (a-dm), and were plated on
FN-coated dishes for 30 min. FAK immunoprecipitates were prepared
from lysates of these cells or of uninfected PTPa™* and PTPa™~ cells
and probed with anti-phospho-Tyr397-specific antibodies (top
panel) or anti-FAK antibodies (middle panel). The expression of
endogenous and introduced PTPa was examined in cell lysates (WCL)
by probing with anti-PTPa antibodies (bottom panel). (B) FAK Tyr-397
phosphorylation was quantitated from at least three independent
experiments such as that presented in A and is shown as the

mean = S.D. FAK Tyr-397 phosphorylation in the PTPa*/* cells was
taken as 100%, and the other data was calculated relative to this.
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Figure 7.  Similar delays in FN-induced actin stress fiber assembly
and focal adhesion formation in PTPa~'~ cells and PP2-treated
wild-type cells. Wild-type (+/+), PTPa™'~ (—/—), PP2-treated (PP2),
and PP3-treated (PP3) wild-type cells were plated on FN-coated
coverslips for 30 (A; FN30) and 60 (B; FN60) min and stained for
F-actin (green) and vinculin (red). The arrows highlight focal adhesions.
Bars, 10 wm. (C) PP2- or PP3-treated wild-type fibroblasts were
plated on FN-coated coverslips for 30 (FN30) and 60 (FN60) min
and stained for F-actin (green) and FAK (red). The arrows highlight
some putative focal adhesions visualized by high FAK immunoreac-
tivity. Bar, 10 pm.

unable to detect either of these events in wild-type fibro-
blasts and so could not determine whether they were af-
fected by the lack of PTPa. In agreement with Su et al.
(1999), we observed that FN-induced cell spreading was de-
layed in PTPa™'~ cells. Spreading involves cytoskeletal rear-
rangement leading to stress fiber assembly and focal adhe-
sion formation, and is impaired in FAK™'~ cells expressing a
FAK autophosphorylation site mutant (Owen et al., 1999).
To determine if the parallel FAK autophosphorylation de-
fect resulting from the absence of PTPa or the chemical in-
hibition of Src-PTKs extended to a similar impairment of
cell spreading events, the distribution of actin, vinculin, and
FAK were visualized and compared in these two situations.
Plating of wild-type cells on FN for 30 min led to cell
spreading and the formation of long actin stress fibers ori-
ented in bundles at the leading edge of the polarized cells
(Fig. 7 A). Putative focal adhesion sites at the end of these
stress fibers were visualized by vinculin staining. In contrast,
PTPa ™'~ cells were much less well spread and unpolarized.
This was coincident with a virtual lack of actin stress fibers,
and the appearance of F-actin—rich membrane ruffles and
lamellipodia around the cell periphery. Furthermore, these
cells had compacted cytoplasmic vinculin staining consistent

with a lack of focal adhesion formation (Fig. 7 A). The PP2-
treated wild-type cells appeared very similar, with reduced
spreading and F-actin in membrane ruffles, no actin stress fi-
bers, and compacted cytoplasmic vinculin staining that colo-
calized with what appeared to be perinuclear actin staining
(Fig. 7 A). This latter colocalization was also observed in sev-
eral of the PTPa™'~ cells. Treatment of wild-type cells with
PP3, an inactive analogue of PP2, did not alter the actin and
vinculin localizations (Fig. 7 A). At 60 min on FN, actin
staining defined thick longitudinally oriented stress fibers in
the untreated and PP3-treated wild-type cells with vinculin
present at the ends of the stress fibers in focal adhesion-like
structures (Fig. 7 B). At 60 min, both the PTPa ™~ cells and
the PP2-treated wild-type cells had spread more and devel-
oped actin stress fibers with some vinculin colocalizing at the
ends of these fibers, appearing similar to wild-type cells
plated on FN for 30 min. Retarded FN-induced focal adhe-
sion formation was also evident in PP2-treated wild-type
cells stained for FAK (Fig. 7 C), as observed previously with
the PTPa ™' cells (Fig. 4). Thus, the absence of PTPa leads
to a temporally indistinguishable cell spreading delay and
physically similar altered cell morphology as observed with
the inhibition of Src-PTK activity. Delayed stress fiber as-
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sembly and focal adhesion formation were characteristic of
both situations.

Discussion

The integrin-stimulated processes of migration, haptotaxis,
and spreading are impaired in PTPa-deficient cells. An ini-
tial delay in integrin-stimulated cell spreading involves al-
tered actin cytoskeletal rearrangement and retarded focal ad-
hesion formation in the PTPa '~ cells, and this is associated
with reduced FAK Tyr-397 phosphorylation and formation
of an Src—PTK-FAK complex. There is a long term defect
in the migration ability of PTPa-null cells even after spread-
ing is completed, and at late times in migration there is still
reduced FAK Tyr-397 phosphorylation and impairment of
the cytoskeletal remodeling required to form cell extensions
in PTPa™"" cells at the leading edge of the wound. FAK
phosphorylation at Tyr397 is an eatly event in the sequence
of reactions leading to full activation and function of this ki-
nase, and is essential for SH2-dependent binding of Src-
PTKs, as well as for the promotion of cell migration
(Schaller et al., 1994; Owen et al., 1999; Sieg et al., 1999).
We conclude that FAK Tyr-397 phosphorylation is an inte-
grin-proximal event mediated by PTPa, and that this defec-
tive step in PTPa™'" cells is a basis for the other observed
defects in Src-PTK-FAK interactions and cell migration.
Additional or interrelated PTPo-mediated events also regu-
late cytoskeletal rearrangement in cell spreading and migra-
tion. The difference in timing between the shorter term,
transient spreading defect and the long term, prolonged mi-
gration defect of PTPa™'" cells likely reflects the intrinsi-
cally different kinetics of the two processes. We speculate
that it may also reflect the limited versus the continued focal
adhesion turnover required for cell spreading and cell migra-
tion, respectively.

Signaling events that occur immediately after integrin
stimulation and leading to autophosphorylation of FAK on
Tyr397 are far from clear. Src-PTKs are not only physically,
but also functionally necessary for efficient FAK autophos-
phorylation. Attenuated FAK autophosphorylation and/or
reduced motility in response to integrin engagement is ob-
served in triple-null fibroblasts lacking the widely expressed
Stc-PTKs src, fyn, and yes (SYF cells; Klinghoffer et al.,
1999; Salazar and Rozengurt, 2001), and on inhibition of
the catalytic activity of Src-PTKs by treatment of cells with
the selective inhibitor PP2 (Salazar and Rozengurt, 2001).
In these cases of defective Src-PTK function, there is a low
level of integrin-stimulated FAK autophosphorylation
(Salazar and Rozengurt, 2001; Cary et al., 2002), suggesting
that an Src-PTK-independent response is also operable, but
not sufficient to deliver maximal FAK Tyr-397 phosphory-
lation. The reduced (but not abolished) phosphorylation of
FAK Tyr-397 and impaired migration on FN of the PTPa ™'~
cells is similar to the above situations, and consistent with
the demonstrated action of PTPa as a positive regulator of
Src-PTKs (Ponniah et al., 1999; Su et al., 1999). Cells null
for src alone do not have reduced FAK Tyr-397 phosphory-
lation on integrin stimulation (unpublished data), indicating
that the lack of src is probably compensated for by either
fyn, yes, or both. Thus, the abrogated FAK Tyr-397 phos-
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phorylation observed in the PTPa™'" cells is likely due to
the impaired PTPa-dependent activity of both src and fyn
(Ponniah et al., 1999; Su et al., 1999), and supported by the
reduced binding of not only src to FAK, but also the com-
plete abolition of the association of fyn with FAK, in the
PTPa '~ cells. It is possible that PTPa also affects the activ-
ity of yes (Harder et al., 1998), but this has not been investi-
gated in the PTPo-null fibroblasts.

It has been proposed that integrin ligation results in Src-
PTK activation followed by binding to phospho-Tyr397, or
that binding of Src-PTKs via their SH2-domain to phos-
pho-Tyr397 of FAK disrupts autoinhibitory intramolecular
interactions to result in Src-PTK activation. PTPa could
function in either scenario as an Src-PTK activator (imply-
ing in the latter case that binding of Src-PTKs to phospho-
Tyr397 is in itself not sufficient for Src-PTK activation) by
affecting the dephosphorylation of the COOH-terminal ty-
rosine residue of these kinases. This predicts that in the ab-
sence of PTPa, no integrin-dependent activation of src
would occur. However, we were unable to assess this because
in wild-type cells we did not observe the FN-induced src ac-
tivation (in vitro kinase assays; unpublished data) that has
been reported by others (Clark et al., 1998; Sieg et al., 1998;
Oh etal.,, 1999). Neither did we detect FN-induced src relo-
calization from the endosome/perinucleus to focal adhe-
sions, even after transient expression of c-src. A shift of src to
focal adhesions has usually been demonstrated in fibroblasts
transfected with src (Kaplan et al., 1995), and even then
may require coexpression of other molecules such as FAK
(Schaller et al., 1999). Nevertheless, expression of an active
src mutant (src Y527F) did allow its detection in focal adhe-
sions after integrin stimulation (unpublished data), as re-
ported (Howell and Cooper, 1994; Kaplan et al., 1994). As
we found, Cary et al. (2002) were unable to detect integrin-
stimulated activation of src or its relocalization to focal adhe-
sions. Taken in conjunction, it seems likely that these are
difficult to detect because they may be transient, occur with
only a small population of src, and/or be dependent on addi-
tional parameters such as cell density (Kobayashi et al.,
1997; Oh et al., 1999). Cary et al. (2002) propose that src
activity (but not src activation) is required for integrin sig-
naling, and that src action does not require its concentration
in focal adhesions. One interpretation of our results is that if
PTPa is not functioning as an integrin-responsive Src-PTK
activator, then perhaps it is maintaining Src-PTKs at an ac-
tivity level that permits integrin-induced Src-PTK function.
In PTPa-null cells, the src and fyn activities are reduced to
~30% of that in wild-type cells (Ponniah et al., 1999; Su et
al., 1999), suggesting that this activity is insufficient to sup-
port optimal integrin signaling events. The reduction in src/
fyn activity observed in the absence of PTPa was quanti-
tated with total immunoprecipitated src and fyn, and could
be even more pronounced if it is specifically associated with
a subpopulation of src/fyn that participates in integrin sig-
naling. Certainly, the phosphatase activity of PTPa is neces-
sary for proper FAK Tyr-397 phosphorylation, as this was
restored by reintroduction of wild-type PTPa into the
PTPa '~ cells, but not by expression of a catalytically inac-
tive form of PTPa. Together, these observations suggest that
PTPa functions as a component in the upstream events of
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integrin signaling through its action as an Src-PTK phos-
phatase and activator.

A role for PTPa in integrin-stimulated reorganization of
the actin cytoskeleton is also apparent from the defects in
the PTPa ™'~ cells. We demonstrate that a transient delay in
spreading of the PTPa™'~ cells is associated with retarded
formation of actin stress fibers and focal adhesions, and pro-
longed membrane ruffle formation. A direct comparison of
FN-induced changes in the actin cytoskeleton and localiza-
tion of the focal adhesion proteins vinculin and FAK of
wild-type cells treated with PP2 and untreated PTPa ™'~
cells confirms that virtually indistinguishable delays in the
above events occur in both situations, suggesting that abro-
gated Src-PTK activity is the common factor underlying the
defective responses. The Rho family GTPases Cdc42, Rac,
and Rho are all involved in regulating cell morphology and
cytoskeletal events such as spreading, assembly of actin stress
fibers, and focal contacts after integrin engagement (Barry et
al., 1997; Clark et al., 1998; Price et al., 1998; Ren et al.,
1999). Particular attention has focused on the initial tran-
sient inactivation of RhoA that is necessary for rapid focal
adhesion turnover and cell spreading on the ECM (Ren et
al., 1999, 2000). In addition to c-src, p190RhoGAP, the
PTP SHP-2, and FAK have all been implicated in regulation
of RhoA activity and may operate as c-src effector molecules
in as yet unclear, but potentially linked pathways (Arthur et
al., 2000; Ren et al., 2000; Schoenwaelder et al., 2000;
Arthur and Burridge, 2001; Lacalle et al., 2002). Addition-
ally, an intact actin cytoskeleton is required for Tyr397 and
maximal FAK phosphorylation, as well as for full activation
of c-src (Sieg et al., 1998; Oh et al., 1999), suggesting that
the impaired cytoskeletal rearrangement and FAK phos-
phorylation defects in PTPa™'~ cells are linked effects of a
common and early signaling defect.

Materials and methods

Antibodies and immunological detection reagents

Anti-PTPa antiserum no. 2205 was obtained from rabbits immunized with
purified recombinant PTPa-D1 (Lim et al., 1998). Antibodies toward FAK,
fyn, phosphotyrosine (PY20), and Pyk2 were purchased from Transduction
Laboratories. The phosphosite-specific antibody to FAK Tyr-397 was from
Biosource International. Anti-fyn antibody for immunoprecipitation was
purchased from Santa Cruz Biotechnology, Inc., and v-src antibody (Ab-1)
was from Oncogene Research Products. Anti-actin and vinculin antibodies
were purchased from Sigma-Aldrich. Alexa Fluor 594-conjugated anti—
mouse 1gG, Alexa Fluor 488-conjugated goat anti-rabbit I1gG, and Alexa
Fluor 488—conjugated phalloidin were from Molecular Probes, Inc.

Cells

Embryonic fibroblasts were prepared and genotyped as described previ-
ously (Ponniah et al., 1999). The cells were cultured in DME with 10%
FCS and spontaneously immortalized by repeated passage. A PTPa*™* and
two independently derived PTPa™" cell lines were used at passages 29-50
for experiments described here. Results shown are from PTPa ™~ line 1 un-
less otherwise indicated to be from line 2.

Cell stimulation with FN

Cells were serum-starved overnight and harvested by 0.0625% trypsin
treatment. The trypsin digestion was stopped with 0.5 mg/ml soybean
trypsin inhibitor (GIBCO BRL) in DME. Cells were collected by centrifuga-
tion and washed twice with DME containing soybean trypsin inhibitor,
then resuspended in DME and held in suspension for 1 h at 37°C. Cell cul-
ture dishes were precoated with 10 pg/ml FN (CHEMICON International)
overnight at 4°C, and washed twice with PBS. Suspended cells were dis-

tributed onto FN-coated dishes (10° cells/ml) and incubated at 37°C for
various times.

Treatment with PP2 or PP3

Subconfluent serum starved wild-type fibroblasts were incubated with 10
wM PP2 or PP3 (Calbiochem) for 15 min. The cells were trypsinized and
held in suspension with PP2 or PP3 for 30 min at 37°C before plating (in
DME with PP2 or PP3) onto FN-coated coverslips for the indicated times.

Cell migration

To assess cell migration using an in vitro wound healing assay, fibroblasts
were grown on collagen-coated plates or coverslips in DME and 10% FCS.
During the 24 h before wounding, the cells were maintained in migration
medium (DME with 0.1% FCS and 0.1% ITS-X). The cell layer was
scratched with a pipette tip, and the migration of cells into the wound area
was followed by video microscopy. Transwell chamber (Costar) migration
assays were performed as described by Sieg et al. (1999) with some modi-
fications. In brief, the undersurface of the polycarbonate membrane of the
chambers was coated with FN (10 wg/ml in PBS) for 2 h at 37°C. The mem-
brane was washed in PBS to remove excess ligand, and the lower chamber
was filled with 500 ! of migration medium (DME with 0.5% BSA). Serum-
starved cells were harvested using limited trypsin treatment, and washed
twice in DME containing 0.5 mg/ml soybean trypsin inhibitor and once in
serum-free DME. Cells were resuspended in migration medium and 8 X
10* cells in 0.1 ml were added to the upper chamber. After 1.5 h at 37°C,
cells were washed, fixed in methanol for 15 min at RT, and stained with
Giemsa solution. The cells on the upper surface of the membrane were re-
moved using cotton buds. The number of migrated cells on the lower sur-
face of the membrane was counted using a 20X objective (cells/field).

Immunofluorescence

For single or double labeling, cells on coverslips were fixed with 3.7%
formaldehyde and permeabilized with 0.04% Triton X-100 for 10 min. Af-
ter blocking with 1% BSA in PBS for 20 min, the cells were incubated with
anti-vinculin (1:200; Sigma-Aldrich) and anti-phospho-Tyr397 FAK (1:150;
Biosource International) for 60 min. This was followed by incubation with
Alexa Fluor 594-conjugated goat anti-mouse I1gG (1:200; Molecular
Probes, Inc.) and Alexa Fluor 488-conjugated goat anti-rabbit antibody
(1:200; Molecular Probes, Inc.) for 60 min. In other experiments, vinculin
was labeled as above or FAK was labeled with anti-FAK antibody (1:50;
Transduction Laboratories) and visualized by incubation with Alexa Fluor
594-conjugated anti—-mouse 1gG (1:200), and Alexa Fluor 488—conjugated
phalloidin (1:250) was used to stain F-actin. Coverslips were mounted in
Vectashield® mounting medium (Vector Laboratories) and viewed using a
fluorescence microscope (Axioplan2; Carl Zeiss Microlmaging, Inc.). Im-
ages were captured by a CCD microcolor digital camera (CRI, Inc.) and
processed by Smartcapture VP software (Digital Scientific, Ltd).

Immunoprecipitation and immunoblotting

Cells were lysed with modified RIPA buffer (50 mM Hepes, pH 7.3, 1% so-
dium deoxycholate, 1% Triton X-100, 0.1% SDS, 150 mM NaCl, T mM
EDTA, 1 mM Na;VO,, T mM PMSF, and 10 pg/ml aprotinin). Total cell
protein in lysates from serum-starved, suspended, or replated cells was de-
termined using the Bio-Rad Laboratories protein assay reagent and stan-
dardized before further analyses. Lysates were immunoprecipitated with
the indicated antibodies for 2 h at 4°C followed by incubation with protein
G plus protein A agarose beads (Oncogene Research Products) for 1 h. The
precipitated protein complexes were washed at 4°C in RIPA buffer without
sodium deoxylcholate or SDS. For immunoblotting, proteins were resolved
by SDS-PAGE and were transferred to polyvinylidene difluoride mem-
branes. The membranes were blocked in 1% BSA and Tris-buffered saline
with 0.05% Tween 20 overnight at 4°C, and were then incubated with the
indicated antibodies for 1 h. Bound primary antibody was observed by ECL
detection (Amersham Biosciences).

PTPa adenoviral expression system

The AdEasy™ vector system (Qbiogene, Inc.) was used to obtain PTPa ex-
pression in mouse fibroblasts. To eliminate the Pacl site in PTPa cDNA
and so facilitate cloning into the adenoviral vector, the codons for Leu-15
(TTA) and lle-16 (ATT) in human PTPa cDNA were respectively altered us-
ing PCR-mediated site mutagenesis to degenerate coding sequences of
CTA and ATC. A Kozak sequence of CCACC and a Sall restriction site were
also added immediately 5’ to the ATG translation start code. The absence
of other mutations introduced by PCR was confirmed by sequencing. The
cDNAs encoding both wild-type and double mutant (C414/704S) forms of
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PTPa (Lim et al.,, 1997) were cloned into the Sall and Notl sites of the
pAdTrack-CMV vector. These two resulting plasmids were linearized with
Pmel and cotransformed respectively with pAdEasy-1 into Escherichia coli
strain BJ5183 to generate the infective viral DNA plasmid that contains a
wild-type or mutant form of PTPa by homologous recombination. Recom-
binants were selected by kanamycin and positive candidates were retrans-
formed into E. coli strain DH10B to preserve the correctly recombined
plasmid from further recombination. After confirmation, correct plasmid
DNAs were cleaved by Pacl and transfected into 293A cells using Lipo-
fectAMINE™ reagent (Life Technologies). Virus-infected cells could be vi-
sualized 24 h after transfection under the fluorescence microscope due to
the integrated GFP expression in the viral vector. Viral particles were har-
vested from the cells by freeze/thaw and purified by continuous CsCl gra-
dient centrifugation. To infect mouse fibroblasts, a sufficient amount of vi-
ral particles in a minimum volume of normal culture medium that can
completely cover the plate was applied to the cells. Cells were then incu-
bated at 37°C for 2 h. Thereafter, the medium was topped up to the normal
level and cells were cultured for 48 h after infection before harvesting for
experiments.
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