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Members of the Src family of tyrosine kinases function to phosphorylate focal adhesion (FA) proteins. To
explore the overlapping functions of Src kinases, we have targeted Csk, a negative regulator of the Src family,
to FA structures. Expression of FA-targeted Csk (FA-Csk) effectively reduced the active form (nonphospho-
rylated at the C-terminal regulatory tyrosine) of Src members in the cell. We found that fibroblasts expressing
FA-Csk lost integrin-mediated adhesion. Activated Src (SrcY529F) as well as activation of putative Src
signaling mediators (Fak, Cas, Crk/CrkL, C3G, and Rap1) blocked the effect of FA-Csk in a manner dependent
on Rapl. SrcY529F also inhibited activated Ras-induced cell detachment but failed to rescue detachment
caused by an activated mutant of Rafl (Raf-BXB) that Rap1l cannot inhibit. Although normal spreading onto
fibronectin was restored by the 3, integrin affinity-activating antibody TS2/16 in cells expressing FA-Csk or
Raf-BXB, FAs were lost in these cells. On the other hand, Rap1 activation could restore FAs in cells expressing
FA-Csk. Activation of the executioner caspase, caspase 3, is essential for many forms of apoptosis. While a
caspase 3 inhibitor (Z-DEVD-FMK) inhibited cell detachment triggered by activation of caspase 8, this
inhibitor had no effect on cell detachment caused by FA-Csk. Likewise, overexpression of an activated Akt made
cells resistant to the effect of caspase 8 activation, but not to the effect of FA-Csk. It is therefore likely that the
primary cause of cell rounding and detachment induced by FA-Csk involves dysfunction of FAs rather than
caspase-mediated apoptosis that may result from possible loss of survival signals mediated by Src family
kinases. We suggest that endogenous Src family kinases are essential for FAs through activation of Rapl in

fibroblasts.

The control of cell-extracellular matrix (ECM) adhesion is
required for many physiological functions of stationary as well
as motile cells in vivo (29). The integrin family of transmem-
brane proteins forms heterodimers that function as receptors
for ECM proteins such as fibronectin. The engagement of
integrins to the ECM triggers cascades of protein-protein in-
teractions. Activation of protein tyrosine kinases (PTKs) such
as Src family kinases and focal adhesion (FA) kinase (Fak) is
one of the earliest events that immediately follow integrin-
fibronectin engagement (39). While Src localizes to endosomal
membranes in quiescent cells, Src transiently translocates to
newly formed FA structures during cell spreading onto a fi-
bronectin-coated surface (32). It has also been shown that Src
and Fyn, another member of the Src family, bind to Fak at
tyrosine 397 (Y397) upon autophosphorylation (53). Inhibition
of cell spreading by an endogenous inhibitor of Fak, Frnk
(Fak-related nonkinase), can be bypassed by co-overexpression
of Src, potentially due to the ability of Src to phosphorylate
downstream FA proteins such as paxillin (49). These observa-
tions have raised the hypothesis that Src family kinases play a
role in integrin signaling at the FA protein complex.

Csk is a cytosolic tyrosine kinase that negatively regulates
Src family kinases in vitro and in vivo by phosphorylating the
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regulatory tyrosine residue conserved among all members of
the Src family (30, 42). This phosphorylation is one of the
requirements for the intramolecular conformational change
that maintains Src family kinases structurally and catalytically
inactive (65). Csk localizes to FA structures when Src family
kinases are activated (25). Furthermore, consistent with acti-
vation of Src family kinases upon cell adhesion to fibronectin,
Csk transiently accumulates at the integrin-cytoskeletal protein
complex upon fibronectin-integrin engagement (39). Csk can
associate with phosphorylated FA proteins such as Fak and
paxillin in vitro, thus suggesting that Csk translocation to FA
structures is regulated by tyrosine phosphorylation (5, 51).
Thus, activation as well as regulation of Src family kinases
appears to take place at the FA complex. To address this
hypothesis, we have devised fusion proteins of Csk that con-
stitutively localize to FAs. With this approach, we provide
formal evidence for the previous prediction that Src family
kinases are regulated positively or negatively at FAs. Ras and
its effector Rafl have been implicated in inhibition of integrin
affinity in hematopoietic cells (28). Our results demonstrate for
the first time that in contrast to overexpression of oncogenic
Src, which can activate Ras and Rafl, endogenous Src family
kinases play an essential role in integrin adhesive function and
FA structures through Rapl in fibroblastic cells.

MATERIALS AND METHODS

FAT constructs. FA-targeting (FAT) sequences were isolated from chicken
Fak and mouse paxillin. The FAT sequence (encoding amino acids 854 to 1053)
of chicken Fak was amplified by PCR with primers 5'-AGG GCC CAG CTG
GTA AC-3" and 5'-TTA GTG GGG CCT GGA CTG-3' from the RCAS A FAK
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FIG. 1. Subcellular targeting of Csk to the FA complex. (A) Structures of Csk fusion proteins, Csk, Fak, and paxillin. PTK, protein tyrosine
kinase domain; SH, Src homology domain; FAT, FA-targeting sequence; GFP, green fluorescent protein. The C-terminal half of paxillin contains
four LIM domains. Kinase-inactive versions of Csk fusion proteins were also made with a point mutation that replaces the lysine residue (K222)
at the ATP binding site with a methionine residue. (B) Subcellular localization of FA-GFP proteins (GFP-FAT and GFP-LIM) in NIH 3T3 cells
was determined. Note that fusion proteins (green) are localized to FA structures at the distal tip of F-actin fibers (red). Another FA-GFP,
GFP-Pxn, showed similar subcellular localization (not shown). Cells were fixed and stained with phalloidin 18 h after electroporation for transient
expression of the transgene. (C) The ability of FA-targeted Csk to phosphorylate the C-terminal regulatory tyrosine of Src kinases was determined
by Clone 28 immunoblot analysis. HEK 293 cells were transiently transfected by lipofection with 4 pg of kinase-active or -inactive CskGFP-FAT
[FA-Csk(+) or FA-Csk(—), respectively], normal mouse Csk (Csk+), or empty vector (CTR) in a 100-mm-diameter tissue culture plate.
Twenty-four hours later, cell lysates were made. Ten micrograms of total protein per lane was separated in an SDS-polyacrylamide gel and analyzed
in immunoblots probed with Clone 28 (to detect Src kinases with the C-terminal tyrosine nonphosphorylated), MAb327 (to detect the total amount
of Src expressed), or anti-Csk antibody (to determine the amount of transgene expression as well as endogenous Csk). All kinase-active FA-Csk

constructs had similar effects on the phosphorylation status of the C-terminal tyrosine of Src kinases (not shown).

plasmid, obtained from Jeffery Hildebrand (24). cDNA fragments that encode a
full-length paxillin or the LIM domains of paxillin were obtained from Sheila M.
Thomas. We inserted these FAT sequences or full-length paxillin in frame into
the C terminus of a modified green fluorescent protein (GFP) synthesized with
the humanized codon bias (pGreenLantern-1; Life Technologies) (69). PCR-
based mutagenesis was performed with Pfu DNA polymerase (Stratagene) to
introduce mutations that increase solubility at 37°C (V163A, I1167T, and S175G)
in addition to the S65T mutation which had been included in the GFP sequence
obtained (67). In addition to these functional modifications, we inserted a FLAG
epitope and three restriction sites (each of which opens up a different reading
frame) for construction of a C-terminal fusion at the N- and C-terminal ends of
the GFP sequence, respectively (sequence information available upon request).
pGreenLantern-1 vector is an expression vector including the human cytomeg-
alovirus promoter and simian virus 40 polyadenylation signal. The stop codon of
mouse Csk cDNA was removed by PCR-based mutagenesis using Pfu polymer-
ase before insertion into the N terminus of the GFP sequence. Kinase-inactive
Csk (CskK222 M) was prepared by PCR-based mutagenesis with Pfu polymerase.
The accuracy of the mutated constructs was confirmed by DNA sequencing.
These sequences were assembled as illustrated in Fig. 1.

Other expression constructs. Mouse Src cDNA fragments (normal nonneu-
ronal Src, SrcY529F, and SrcK297M/Y529F) were inserted into a plasmid vector
that contains the RNA polymerase II (Pol2) promoter and the bovine growth
hormone polyadenylation signal. Similar constructs were made with pcDNA3
containing the cytomegalovirus promoter and the bovine growth hormone poly-
adenylation signal (Invitrogen). Mouse nonneuronal Src cDNA was obtained
from Tony Hunter. SrcY529F mutant cDNA was prepared by PCR-based mu-
tagenesis with Pfu polymerase. The accuracy of mutated cDNA constructs was
confirmed by DNA sequencing.

BCR-ABL (p210) retroviral vector is a gift from Warren Pear. Expression
plasmids for dominant negative Ras (Ras 17N in pEXV vector) and Raplb
mutants (Raplb 17N and Raplb 12V in pcDNA3 vector) are gifts from Alan
Hall and Philip J. S. Stork, respectively. Activated mutants of H-Ras and Rafl
(Ras 61L and Raf-BXB, respectively) were gifts from Anning Lin (7, 38) and
were subcloned into the bicistronic viral expression vector MIGR1 (a gift from
Warren Pear [45]) designed to coexpress GFP. Activated R-Ras (R-Ras 38V)
was a gift from Erkki Ruoslahti (68) and was subcloned into pcDNA3. A dom-
inant negative Rafl (Raf-C4) is a gift from Marsha R. Rosner (7). An expression
vector for the activated p110 subunit of PI3K (Myc-tagged and membrane-
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anchored, p110a-CAAX) is a gift from Julian Downward (62). Activated Akt (a
fusion of Akt to the SH4 domain of Src, i.e., myristoylated Akt) in the pPBABE
puro retroviral vector is a gift from Suzanne Conzen (41). NIH 3T3 cells that
overexpress myristoylated Akt were generated by retrovirus infection with the
plasmid mentioned above.

Expression plasmids for CD2Fak and CD2Fak-Y397F are gifts from Kristina
Vuori (61). Various expression plasmids for Cas and its fragments are gifts from
Amy Bouton (9). Human CRKL ¢DNA (in pcDNA3) is a gift from Brian J.
Druker. Mouse Crk IT ¢cDNA was obtained from Beatrice Knudsen and sub-
cloned into pcDNA3. Human C3G and DOCKI80 expression vectors (in
pCAGGS) are gifts from Michiyuki Matsuda (22). pCEFL-CD8-C is an expres-
sion vector for a chimeric fusion protein between the CD8 extracellular-trans-
membrane domains and the caspase domain of caspase 8 (without the prodo-
main) (37).

Cells, tissue culture, and transfection. Mouse embryonic fibroblasts (MEFs)
NIH 3T3, human embryonic lung fibroblasts WI-38, and human embryonic
kidney 293 (HEK 293) epithelial cells were obtained from American Type Cul-
ture Collection (ATCC). MEFs that express SrcY529F were prepared by per-
manent transfection of Src™ spontaneously immortalized cells with the Pol2
promoter/bpA cassette transducing SrcY529F. Cells were maintained in Dulbec-
co’s modified essential medium (DMEM) supplemented with 10% calf serum.

For transient expression, we used electroporation or Lipofectamine reagent
(Life Technologies) with uncut plasmids. Electroporation was carried out with 20
g of plasmid for 107 cells at 280 V and 500 wF. Cells were plated onto a glass
coverslip coated with an ECM protein for subsequent observation of GFP and
cell staining. In dose-response experiments with multiple plasmids using Lipo-
fectamine reagent, we adjusted the combined amount of plasmids to 0.2 or 0.4
pg/well in a 24-well plate by adding an empty plasmid in order to use the same
ratio and amount of DNA and reagent in each group. For biochemical analysis,
cells were transfected in a 60-mm-diameter tissue culture plate. We used the
conditions for transfection with Lipofectamine reagent described in the manu-
facturer’s protocol. After 3 h of lipofection in serum-free DMEM or electropo-
ration, cells were cultured in the presence of 10% calf serum unless otherwise
stated for the period indicated in the appropriate figure legend before examina-
tion.

Cell staining. After transfection (18 or 24 h after electroporation or Lipo-
fectamine treatment, respectively), cells were fixed by buffered formalin solution
at room temperature for 5 min. Fixed cells were permeabilized with 0.1% Triton
X-100 in phosphate-buffered saline (PBS) and blocked with bovine serum albu-
min and normal goat serum. Cells were incubated with the following primary
antibodies: anti-Csk rabbit polyclonal antibody (Santa Cruz), anti-Fak rabbit
polyclonal antibody against the N-terminal peptide (Santa Cruz Biotechnology),
antipaxillin mouse monoclonal antibody (Transduction Laboratories), antivincu-
lin mouse monoclonal antibody (Sigma), or anti-mouse Enabled rabbit poly-
clonal antibody (a gift from F. B. Gertler [20]). We found that the epitope of the
antipaxillin antibody is outside the LIM domains. Alexa 594-conjugated second-
ary goat antibodies (Molecular Probes) were used to detect the staining. To
observe the actin cytoskeleton, Alexa 594-conjugated phalloidin (Molecular
Probes) was used. When necessary, the nucleus was counterstained with 4',6'-
diamidino-2-phenylindole (DAPI) (Molecular Probes). After staining, cells were
mounted in Prolong antifade reagent (Molecular Probes). Cellular staining was
observed in an Axiovert microscope equipped with fluorescent attachment and
filter combinations for DAPI, red-shifted GFP, and Texas Red (compatible with
Alexa 594). Photomicrographs were recorded by a cooled charge-coupled device
camera controlled by an O2 Workstation (Silicon Graphics).

Quantitation of fluorescent images. Levels of immunostained proteins were
quantitatively measured by NIH Image software (developed at the National
Institutes of Health and available on the Internet at http://rsb.info.nih.gov/nih-
image/) as previously described (23). To assess the total value of signal intensity
in the cell, the mean pixel density was multiplied by the number of pixels in the
cell. Original digital images (without gamma adjustment in TIFF format) that
included both transfected and nontransfected cells were chosen. The ratio of the
total value of intensity of transfected cells to the total value of intensity of
nontransfected cells was calculated for each image. The final data were obtained
by averaging the ratios of multiple images.

Rescue experiments with (8, integrin-activating antibody. WI-38 human lung
fibroblasts were transfected by electroporation with CskGFP-FAT (kinase active
or inactive), activated Rafl (Raf-BXB), or empty control vector and plated on a
nontissue culture petri dish coated with poly-L-lysine (PLL) in order to prevent
cell detachment that may be caused by FA-Csk(+) or Rafl-BXB expression. In
experiments with Rafl-BXB, WI38 cells were cotransfected with GFP-LIM or
GFP-PXN to assess FAs. Cells were cultured for 16 h in DMEM supplemented
with 10% fetal bovine serum to allow efficient expression of the transgene. After
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this period, cells were washed with PBS and incubated with 2 ug of cyclohexi-
mide per ml in serum-free DMEM for 2 h to prevent production of ECM
proteins by these cells. Cells were then trypsinized and treated with soybean
trypsin inhibitor (Sigma). Cells were preincubated with the human B,-activating
monoclonal antibody TS2/16 at 37°C in serum-free DMEM in suspension for 30
min. After being washed, cells were plated onto fibronectin-coated coverslips.
Cells with phase-refractive spherical morphology were scored as nonspreading,
whereas those with extended cellular processes were scored as spreading. Cell
spreading was evaluated as the percentage of spreading cells to total cells for
each field. The number of GFP-positive cells spread at 1 h was determined. The
total number of GFP-positive cells that remained attached was also determined.
Since FAs in WI38 cells were more distinct at 2 h than 1 h after replating, some
cells were cultured for 2 h after replating with or without TS2/16 pretreatment
for observations of FAs and cell morphology. The TS2/16.2.1 hybridoma cell line
was obtained from ATCC.

Time-lapse observations. Normal MEFs (107 cells) were electroporated with
FA-Csk vectors and seeded onto a glass surface coated with fibronectin. The
coverslip was assembled into a thin temperature-controlled chamber (FCS2;
Bioptechs, Inc.) that allows continuous flow of fresh tissue culture media during
observation under an Axiovert microscope (Carl Zeiss). Time-lapse photomicro-
graphs were taken with a cooled charge-coupled device camera controlled by an
02 Workstation (Silicon Graphics).

Immunoblotting analysis. Cell lysates were prepared in radioimmunoprecipi-
tation assay buffer containing 1 mM sodium orthovanadate, 15 pg of aprotinin
per ml, 1 pg of leupeptin per ml, and 0.1 mM phenylmethylsulfonyl fluoride.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblot
analysis were performed according to a standard protocol. Monoclonal anti-Src
antibody 327 (MADb327; a gift from Joan Brugge) was used to detect Src expres-
sion. Clone 28 (a gift from Hisaaki Kawakatsu and Koji Owada) is a monoclonal
antibody that recognizes the nonphosphorylated status of the Csk target site
(Y529 or Y531 in mouse or human Src, respectively) conserved among the
members of the Src family (35). Polyclonal anti-Csk antibody (Santa Cruz) was
used to compare the level of FA-Csk expression with the level of endogenous
Csk. Anti-DOCKI180 and anti-Akt1/2 polyclonal antibodies were obtained from
Santa Cruz Biotechnology, and anti-p110a monoclonal antibody was obtained
from BD Transduction Laboratories. After incubation with peroxidase-conju-
gated secondary antibodies (Jackson Immunolab), blots were developed with a
chemiluminescent agent (Pierce). The results of each immunoblot were analyzed
by the NIH Image program for quantitation with at least two different exposures
to avoid over- or underexposure.

Caspase inhibitor treatment. After transfection, cells were incubated with or
without the caspase 3 inhibitor Z-DEVD-FMK (Calbiochem) in DMEM sup-
plemented with 10% calf serum.

Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL). To prevent cell detachment caused by FA-Csk while enhancing
formation of FAs, glass coverslips were sequentially coated with PLL and fi-
bronectin with a method previously described (48). After plating (in a 24-well
plate with the coated coverslips), NIH 3T3 cells were cultured overnight in
DMEM containing 10% calf serum and transfected in serum-free DMEM con-
taining an expression vector by the lipofection method described above. After
3 h, transfection medium was replaced with DMEM containing 10% calf serum.
After 18 h, cells were fixed with neutral buffered formalin for 5 min at room
temperature. Cells were permeabilized with 0.01% Triton X-100. To block en-
dogenous biotinylated proteins, coverslips were incubated with streptavidin and
subsequently with an excess amount of biotin (to block the remaining biotin-
binding sites of the streptavidin) by using a kit available from Molecular Probes.
After blocking, cells were incubated with biotinylated-14-dATP (Roche) and
terminal deoxynucleotide transferase (TdT; obtained from Roche) in 30 mM Tris
(pH 7.2)-140 mM sodium cacodylate—-1 mM CoCl, (TdT buffer). Positive con-
trols for the TdT reaction were prepared by brief treatment of cells with DNase
I (5 min) prior to the TdT reaction. After the TdT reaction, cells were washed
with PBS and nick end labeling was detected by incubation with mouse anti-
biotin monoclonal antibody (Jackson Immunolab) followed by Alexa 594-conju-
gated anti-mouse immunoglobulin G (IgG) (Molecular Probes).

RESULTS

Subcellular targeting of Csk to FAs. It has been reported
that Src is localized to FAs in Csk™ cells, and that introduction
of kinase-inactive Csk into these cells results in colocalization
of Src and Csk, thus suggesting that the FA complex may be
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the major site for Src regulation (25). To test this hypothesis,
we have engineered mutant Csk proteins that constitutively
localize to the focal adhesion (FA) complex. It has been shown
that Csk can associate with at least two FA proteins, Fak and
paxillin (5, 51). These proteins contain FA-targeting sequences
known as FAT and LIM domains, respectively (6, 24). We took
advantage of these FA-targeting sequences as well as a full-
length paxillin sequence to construct Csk fusion proteins as
illustrated in Fig. 1A. Subcellular targeting to the FA complex
by fusion of GFP and FA-targeting sequences was successful
and did not cause notable morphological changes (Fig. 1B).

In order to determine the phosphorylation status of the
C-terminal regulatory tyrosine (the Csk target site) of Src
members, we used Clone 28 monoclonal antibody to detect the
nonphosphorylated regulatory tyrosine (thus in the active
state) by immunoblot analysis of lysates of HEK 293 cells
transfected with Csk transgenes. The amino acid sequence at
the C terminus of Src (TEPQY*QPGENL, where Y* is the
Csk phosphorylation site) is highly conserved among all mem-
bers of the Src family (in fact, it is identical for Src, Fyn, and
Yes). Therefore, Clone 28 recognizes most members of the Src
family when the C-terminal tyrosine is not phosphorylated. We
found that transient expression of kinase-active versions of
FA-targeted Csk [FA-Csk(+)] dramatically reduced the active
status of Src members whereas overexpression (approximately
five- to sixfold the level of endogenous Csk) of normal mouse
Csk or kinase-inactive FA-Csk [FA-Csk(—)] did not cause a
significant change (Fig. 1C). After normalization with the total
amount of Src detected by MAb327, we estimated that the
active form of Src members in cells transfected with FA-
Csk(+) was approximately 1/10 that of controls. As the trans-
fection efficiency was approximately 90% in 293 cells, active
Src members in remaining nontransfected cells (that is, ~10%
in the transfected group) may explain the residual amount of
Clone 28-reactive Src members in the FA-Csk(+) group.
Therefore, virtually all Src members appear to be phosphory-
lated at the regulatory site by FA-Csk(+). These results con-
firm the previous prediction that FAs are the major sites at
which Src family members are dynamically (positively or neg-
atively) regulated (25).

Loss of cell-matrix adhesion in fibroblasts expressing FA-
Csk. While HEK 293 cells were relatively tolerant to transient
expression of FA-Csk(+) (not shown), FA-Csk(+) induced a
drastic change in NIH 3T3 cells and MEFs. As expected, ki-
nase-inactive FA-Csk(—) proteins localized to FA structures
without inducing notable differences in cell morphology or in
the F-actin staining pattern when examined 18 h after electro-
poration. In contrast, all FA-Csk(+) constructs resulted in
spherical morphology on a fibronectin-coated surface in ap-
proximately 80 to 90% of GFP-positive fibroblasts (MEFs and
NIH 3T3) (Fig. 2A; results with CskGFP-Pxn not shown). Csk
fusion without an FAT sequence (Csk-GFP) or fusion proteins
without Csk (FA-GFPs) did not result in abnormal morphol-
ogy in these cells (Fig. 1B; Csk-GFP data not shown).

We noted that the number of FA-Csk(+)-expressing cells
was approximately 15% that of the control (GFP alone), sug-
gesting possible cell loss from the fibronectin-coated surface
(Fig. 2B). To determine whether FA-Csk(+) expression leads
to cell detachment from a fibronectin-coated surface, we in-
troduced FA-Csk proteins to cells that had been spread using
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a lipofection method. In addition, we tested different ECM
proteins as well as PLL (PLL molecular weight, 30,000 to
70,000) in order to determine whether this phenotype was
related to dysfunction of integrins. Consistent with this hypoth-
esis, expression of FA-Csk(+) resulted in cell detachment
from coverslips coated with fibronectin, vitronectin, or gelatin
but not from PLL (Fig. 2C). We noted little difference in
morphology or in the number of cells between the groups
expressing FA-Csk(+) or FA-Csk(—) on PLL. Although the
number of FA-Csk(+)-expressing cells attached to a non-
coated glass surface was comparable to that of PLL (Fig. 2C),
they showed rounding morphology instead of a flat or spread
shape like those on PLL-coated coverslips (Fig. 2D). Further-
more, the incidence of cell detachment increased when the
glass surface was covered by increasing concentrations of fi-
bronectin (Fig. 2E).

The constructs we used resulted in similar expression levels
of FA-Csk(+) and FA-Csk(—) as shown in Fig. 1C. The level
of FA-Csk fusion proteins in individual NIH 3T3 cells ranged
from 0.45 to 2.88 (average, 1.18; calculated from eight images
that included 14 transfected cells and 19 nontransfected cells.)
relative to the endogenous level of Csk (Fig. 2F). When lipo-
fection was used with 0.1 pg of the expression vector per 1 well
of a 24-well plate, the expression level was comparable to but
slightly higher than that obtained with electroporation (data
not shown). Hence, physiological levels of FA-Csk(+) were
sufficient to induce the cell rounding and detachment pheno-
type. Furthermore, FA-Csk(—) proteins did not affect local-
ization of Fak or paxillin to FAs under our experimental con-
ditions (Fig. 2G; paxillin data not shown), thus suggesting that
the effect of FA-Csk(+) is unlikely due to potential replace-
ment of endogenous Fak or paxillin with FAT or LIM domains
at FAs. These results suggest that the cell rounding and de-
tachment phenotype caused by FA-Csk is due to constitutive
subcellular localization of Csk catalytic activity to the FA com-
plex.

Src activation blocks the effect of FA-Csk. To confirm that
the effect of FA-Csk was due to the ability of Csk to repress Src
family kinases, we examined the effect of FA-Csk on MEFs
that express an activated mouse Src in which the regulatory
tyrosine is replaced with a phenylalanine residue (SrcYS529F).
MEFs expressing SrcYS529F should be resistant to FA-Csk if
the cell rounding and detachment phenotype is due to loss of
the activity of Src family members. To minimize overactivation
of physiological or nonphysiological pathways by this constitu-
tively active Src, we used MEFs that express SrcY529F in an
Src™ background at a protein expression level of approximately
one-fifth that of the endogenous level of Src in wild-type cells
(Fig. 3A). These MEFs showed a morphology similar to that of
normal MEFs. Indeed, these cells remained spread on the
fibronectin-coated surface when transfected with FA-Csk(+)
(Fig. 3A). Furthermore, SrcY529F rescued the cell detachment
phenotype of FA-Csk(+) in a dose-dependent manner while
SrcYS529F by itself led to cell detachment from a fibronectin-
coated surface at the highest concentration examined (Fig.
3B). In contrast, a kinase-inactive variant of SrcY529F (Src-
K297M/Y529F) could not rescue the effect of FA-Csk(+) (Fig.
3B). Interestingly, overexpression of normal Src could also
rescue the cell detachment phenotype, albeit at a dose range
higher than that of Src-Y529F, suggesting that abnormally high
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FIG. 2. Loss of integrin-mediated adhesion caused by FA-Csk. (A) The morphologies of wild-type MEFs and NIH 3T3 cells expressing
kinase-active or -inactive FA-Csk constructs were determined after transient expression of the transgene. Only one example of each construct with
each cell type is shown. Phalloidin staining is shown in red. Green indicates GFP fluorescence in the transfected cell (arrows). (B) The numbers
of GFP-positive NIH 3T3 cells remaining on fibronectin-coated coverslips were determined in 30 random fields under a 25X objective and
expressed as percentages (* standard deviations [SD] in a triplicate experiment) of the control group electroporated with GFP alone. (C) The
numbers of GFP-positive NIH 3T3 cells remaining attached were determined on an ECM protein or PLL (PLL). Cells were transfected by
lipofection with CskGFP-FAT. FN, fibronectin; VN, vitronectin; Col, denatured collagen (gelatin). The values indicate the numbers of GFP-
positive cells relative to those of the control group transfected with the kinase-inactive variant. (D) Morphology of NIH 3T3 cells expressing the
kinase-active version of CskGFP-FAT on PLL-coated glass coverslips. Green and red indicate GFP fluorescence and F-actin, respectively. (E) NIH
3T3 cells were plated on glass coverslips coated with increasing concentrations of fibronectin prior to transient transfection with 0.1 pg of
CskGFP-FAT construct per well by lipofection. The y axis shows the total number (mean = SD in a triplicate experiment) of GFP-positive cells
remaining on the tissue culture surface in each group. (F) NIH 3T3 cells were stained with anti-Csk antibody (a-Csk) after electroporation with
kinase-inactive CskGFP-FAT in order to determine expression levels of the transgene compared to endogenous Csk. Green and white arrowheads
indicate cells transfected and nontransfected, respectively. Levels of proteins identified by anti-Csk antibody were measured as described in
Materials and Methods. (G) NIH 3T3 cells were plated on fibronectin-coated coverslips and stained with an anti-Fak antibody («-Fak) after
electroporation with kinase-negative CskGFP-FAT. This antibody detects endogenous Fak but not the fusion protein, as it recognizes the N
terminus of Fak. Green or white arrowheads indicate endogenous Fak at FA structures in a transfected cell or in a nontransfected cell, respectively.
In all experiments shown (panels A to G), cells were cultured in DMEM containing 10% calf serum for 18 h after transfection before fixation. All
experiments were repeated at least three times.

ratios of Src to Csk (endogenous Csk and FA-Csk) may also
activate Src (Fig. 3B). Therefore, the cell rounding and detach-
ment phenotype of FA-Csk is most likely due to its ability to
repress the catalytic activity of Src family kinases efficiently at
the focal complex.

The inhibitory effect of v-Src or activated Src on cell adhe-
sion has been described previously (28). However, we noted
that Csk~ MEFs, in which endogenous Src family kinases are
activated, adhere well to the fibronectin-coated surface al-
though they show accumulation of FA proteins and F-actin
into podosome-like large cell-matrix adhesion structures (58).
The results shown in Fig. 3B also suggest that the function of
Src is sensitive to the level of expression or activation. We
therefore determined whether activation of endogenous Src

family kinases rescues the FA-Csk phenotype. The inactive
state of Src is maintained by intramolecular binding between
the SH2 domain and phosphorylated Y529 (in mouse Src;
equivalent to Y527 in chicken Src) as well as by association of
the SH3 domain with the linker sequence between the SH2 and
kinase domains (65). It has been reported that Fak and Cas can
disrupt the inactive conformation of Src by their interactions
with the Src SH2 and SH3 domains, respectively (9, 52). While
phosphorylated Y397 of Fak is a binding site for the SH2
domains of Src and Fyn (53), the proline-rich motif at the
C-terminal region of Cas binds to the SH3 domain of Src (9).
In fact, expression of activated Fak (a membrane-anchored
Fak; CD2Fak) (19) or a C-terminal fragment of Cas (CasCT)
(9) counterbalanced the effect of FA-Csk in a dose-dependent



1208 LI ET AL.

Cell numbers

9]

Cell numbers

w)

Cell numbers

Narmal SecY529F } u
[«>)
g &
4 R
: g S 0
Z 9 9
: U
A - -
160
160 160
80 80 80-
40 40 401
H“f!—ﬂ
y 0 # r -+ 1
0 oof 0 " oo o1 0 001 01 1.0
Src-Y529F (ug) Src-K297M/Y529F (ug) Src (ug)
120 120
40 40
0 0.01 . ’ 001 041 1.0
CD2Fak (ug) CD2Fak-Y397F (ug)
160
120
80
40
0 #
0.01 . o 0.01 0.1 1.0
CasCT (ug) CasCT-P642A (ug)
160 F
120
o 120 2
3 2 80
E 80 5
c c
8 40 &
0 i
0 - 77
# 0.01 _ 0 0.01 0.1 1.0
p1 10-CAAX (ug) BCR-ABL (ug)
4

e —

MoL. CELL. BIOL.



VoL. 22, 2002

manner whereas mutants (CD2Fak-Y397F or CasCT-P642A)
incapable of binding the Src SH2 or SH3 domain failed to do
so (Fig. 3C). Although the PI3K regulatory subunit p85 is also
capable of binding phosphorylated Y397 of Fak (13), the fact
that activated PI3K (a membrane-anchored p110a subunit,
p110-CAAX) could not rescue the FA-Csk phenotype (Fig.
3D) suggests that the ability of CD2Fak to rescue the pheno-
type is dependent on its ability to bind Src or Fyn rather than
on activation of the PI3K pathway. Therefore, consistent with
the multistage Src activation-inactivation model (65), our re-
sults suggest that FA-Csk effectively shifts the balance and
equilibrium of Src activation and inactivation toward inactiva-
tion at FAs.

Although another tyrosine kinase, Abl, has been implicated
in mediating part of Src signaling (46), expression of p210
BCR-ABL decreased the number of cells attached to fibronec-
tin and could not rescue the FA-Csk phenotype (Fig. 3E).
Therefore, the Src family-specific tyrosine phosphorylation
rather than that of Abl is required for proper cell-matrix ad-
hesion.

Involvement of Crk/CrkL and C3G. The results shown above
suggest that Src substrates may mediate cell-matrix adhesion
pathways. Cas is a large adapter protein that has many protein-
protein interaction domains and motifs. Src has been impli-
cated in phosphorylation of Cas (43, 61), which then creates
binding sites for other adapter proteins such as Crk (16). We
found that while Crk and Crk-like (CrkL) could rescue the
FA-Csk phenotype, CrkL was more effective than Crk (Fig.
4A). Unlike CrkL, however, Crk overexpression reduced the
number of cells in both FA-Csk(+)- and FA-Csk(—)-trans-
fected groups. Conversely, overexpression of dominant nega-
tive forms of CrkL induced a cell rounding phenotype in nor-
mal NIH 3T3 cells (not shown). Thus, CrkL is a candidate for
mediating Src family-dependent adhesion mechanisms. One of
the SH3 domains of Crk family adapter proteins associates
with C3G and DOCK180, guanine nucleotide exchange factors
for Rapl and Racl, respectively (16). An activated C3G
(C3G-F; a farnesylated mutant) was also able to rescue the
FA-Csk phenotype, whereas a similar farnesylated mutant of
DOCKI180 (DOCK180-F) failed to do so (Fig. 4B). These
results suggest that activation of C3G but not DOCKI180 is
sufficient to complement defective signaling pathways that re-
sult from FA-Csk expression.

ESSENTIAL ROLE OF Src KINASES IN FOCAL ADHESIONS 1209

A

120
P
é 80
=
z
3 40
Q

A _

0 0.001 0.01 0.1 0 0.01 0.1
CRKL (ug) Crk (19)

B

1% 160

Cell Numbers
o ®
S o

g 3

& 0 w
0 + T T | 0 #
0 0.001 0.01 0.1 0 0.01 0.1 1.0
C3G-F (pg) DOCK180-F (ug)

e

FIG. 4. CrkL/Crk and their SH3 binding protein, C3G, mediate an
Src family-dependent adhesion mechanism. (A) Experiments similar
to those illustrated in Fig. 3B were carried out with human CRKL or
mouse Crk (cotransfection with kinase-active or -inactive CskGFP-
FAT, indicated by closed or open circles, respectively). (B) Experi-
ments similar to those described above were carried out with C3G-F or
DOCKI180-F (farnesylated mutant of C3G or DOCK180, respectively;
Myc-tagged). The Western blot shows expression levels of DOCK180
in NIH 3T3 cells transfected with 0, 0.1, or 1 pg of plasmid in a
60-mm-diameter plate (each dose corresponds, from left to right, to 0,
0.01, and 0.1 pg of plasmid in 1 well of a 24-well plate as performed in
detachment assays, respectively). In all experiments, cells were cul-
tured for 24 h after transfection in DMEM containing 10% calf serum
before fixation. The values (means * standard deviations from a trip-
licate experiment) indicate the number of transfected (GFP-positive)
cells remaining on the fibronectin-coated surface in 30 fields under a
25X objective in panels A and B. All experiments were repeated at
least three times.

The need for Rapl in a pathway downstream of Src. Since
C3G is a guanine-nucleotide exchange factor for the small
G-protein Rapl, we then determined whether activation of
Rapl rescues the FA-Csk phenotype. Indeed, an activated
form of Raplb (Rapl 12V) was able to inhibit the effect of

FIG. 3. Src activation rescues the FA-Csk phenotype. (A) Kinase-active CskGFP-FAT was electroporated into wild-type MEFs or MEFs
permanently expressing SrcY529F. Wild-type MEFs showed a spherical morphology (arrows) upon expression of FA-Csk(+), while SrcY529F-
expressing MEFs were resistant. Cells were stained for F-actin (red). The panel next to the photomicrographs shows an immunoblot for Src for
which total cell lysates were used. (B) FA-Csk plasmid (0.1 pg of kinase-active or -inactive CskGFP-FAT, indicated by closed or open circles,
respectively) was cotransfected by lipofection into NIH 3T3 cells plated on fibronectin with increasing concentrations of activated Src (Src-Y529F),
its kinase-inactive variant (Src-K297M/Y529F), or normal mouse Src. (C) Cotransfection of FA-Csk plasmid (0.1 pg of kinase-active or -inactive
CskGFP-LIM; closed or open circles, respectively) with increasing concentrations of CD2Fak, CD2Fak-Y397F, CasCT, or CasCT-P642A was
carried out as described above. (D) Increasing concentrations of the membrane-anchored p110a subunit of phosphoinositide 3" kinase (p110-
CAAX; Myc-tagged) were cotransfected with 0.1 pg of FA-Csk plasmid per well in a 24-well plate (kinase-active or -inactive CskGFP-FAT,
indicated by closed or open circles, respectively). The Western blot below panel E shows expression levels of p110« in NIH 3T3 cells transfected
with 0, 0.3, or 3 pg of plasmid in a 60-mm-diameter plate (from left to right; approximately corresponding to 0, 0.03, and 0.3 g of plasmid per
well of a 24-well plate as performed in detachment assays, respectively). (E) Increasing concentrations of p210 BCR-ABL were cotransfected with
0.1 pg of FA-Csk plasmid (kinase-active or inactive CskGFP-FAT, indicated by closed or open circles, respectively) per well. In all experiments
shown in panels A to E, cells were cultured for 24 h after transfection in DMEM containing 10% calf serum before fixation. The values in panels
B to E (means * standard deviations in a triplicate experiment) indicate the numbers of transfected (GFP-positive) cells remaining on the
fibronectin-coated surface in 30 fields under a 25X objective. All experiments were repeated at least three times.
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FIG. 5. Involvement of Rapl, Ras, and Raf1 in Src family-dependent adhesion. Experiments similar to those illustrated in Fig. 3B were carried
out. The values (means = standard deviations from triplicate experiments) indicate the number of transfected (GFP-positive) cells remaining on
the fibronectin-coated surface in 30 fields under a 25X objective. (A) Activated Rap1 (Rap1b 12V) was cotransfected with kinase-active or -inactive
CskGFP-FAT (closed or open circles, respectively) by lipofection into NIH 3T3 cells plated on fibronectin. (B) SrcY529F (0.05 g per well) and/or
a dominant-negative Rapl (0.1 pg of Raplb 17N) were cotransfected with FA-Csk (0.1 pg of CskGFP-FAT; kinase active or inactive) by
lipofection into NIH 3T3 cells plated on fibronectin. Symbols + or — below the panel indicate the presence or absence of the transgene,
respectively. (C) Increasing concentrations of a dominant negative Ras (Ras 17N) or dominant negative Raf1 (Raf-C4; the N-terminal half without
the kinase domain of Rafl) were cotransfected with FA-Csk (0.1 wg of kinase-active or -inactive CskGFP-FAT, indicated by closed or open circles,
respectively) into NIH 3T3 cells plated on fibronectin by lipofection. (D) A fixed amount (0.2 pg) of Ras 61L (closed circles), Raf-BXB (triangles),
or empty vector control (MIGR1; open circles) was cotransfected with increasing concentrations of SrcY529F into NIH 3T3 cells plated on
fibronectin-coated coverslips by lipofection. All experiments were repeated at least three times.

FA-Csk(+) (Fig. 5A). Furthermore, a dominant negative form
of Raplb (Raplb 17N) inhibited the ability of SrcY529F to
rescue the FA-Csk phenotype (Fig. 5B), thus confirming that
Rapl lies downstream of Src signaling to regulate cell-matrix
adhesion. Consistent with these results, expression of Raplb
17N at high levels by retrovirus resulted in cell rounding sim-
ilar to that caused by FA-Csk(+) (data not shown).

It has been reported that Ras activation inhibits the affinity
of integrins (28). We found that dominant negative forms of
H-Ras and its effector Rafl (Ras 17N and Raf-C4, respec-
tively) were also able to rescue the cell rounding and detach-
ment phenotype of FA-Csk(+) (Fig. 5C). Rapl has been im-
plicated in negative regulation of Rafl by its interaction with
the N-terminal regulatory region of Rafl (26). A cell detach-
ment phenotype can be induced by overexpression of activated
H-Ras (Ras 61L) (38) or activated Rafl (Raf-BXB; the C-
terminal half of Rafl) (7). We found that activated Src
(SrcY529F) can rescue the detachment phenotype induced by
Ras 61L in a dose-dependent manner, but not that induced by
Raf-BXB, consistent with the fact that Rap1 cannot inhibit this

mutant Rafl that lacks the N-terminal half including the Rapl
interaction domain (Fig. SD). Thus, these results suggest a role
for Rapl in mediating Src signaling for regulation of integrin-
mediated adhesion by counteracting the Ras pathway likely at
the level of Rafl.

Affinity activation of integrins rescues the FA-Csk phenotype.
The Ras-Rafl pathway is believed to inhibit integrin affinity
(27). To provide evidence that Src family-dependent pathways
modulate integrin affinity, we tested the effect of the anti-B,
integrin antibody TS2/16 that activates the conformation of
human B, integrins and promotes (3,-mediated cell adhesion
(3). We found that the TS2/16 monoclonal antibody was able
to promote cell attachment and spreading of WI-38 human
lung fibroblasts expressing FA-Csk(+) on a fibronectin-coated
surface whereas without this antibody, FA-Csk(+) expression
inhibited cell attachment and spreading on fibronectin (Fig.
6A). These results therefore suggest that FA-Csk(+) expres-
sion inhibits the affinity of the 3, integrin subunit.

Interestingly, we noted that WI-38 cells rescued by TS2/16
showed diffuse distribution of the FA-Csk fusion protein in the
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group transfected with FA-Csk(+), unlike that of FA-Csk(—)
(Fig. 6B). Likewise, while integrin affinity activation by TS2/16
rescued spreading defects caused by activated Rafl (Raf-
BXB), these cells did not show FAs assessed by GFP-LIM or
GFP-Pxn cotransfection (Fig. 6C; results of GFP-Pxn not
shown). Therefore, it is likely that expression of FA-Csk(+)
and Raf-BXB compromised the architecture of FAs. While
monoclonal mouse antibodies could not be used to determine
the localization of paxillin or vinculin in TS2/16 mouse mono-
clonal antibody-pretreated cells, our conclusion was further
confirmed by localization of FA proteins Enabled and VASP
using polyclonal rabbit antibodies against these proteins (20)
(data not shown). Interestingly, however, the phenotypic res-
cue by activated Rap1 promoted localization of FA-Csk(+) to
FAs (Fig. 6D). Cotransfection of CRKL and C3G-F resulted in
similar rescues of the FA-Csk(+) phenotype for both spread-
ing and FA structures (not shown). These findings therefore
support the model that Rapl activation downstream of Src
kinases regulates Rafl, which otherwise inhibits not only inte-
grin affinity but also FAs in fibroblastic cells. In agreement with
these observations, our earlier experiments (Fig. 2D) also
showed that kinase-active CskGFP-FAT poorly localize to FAs
in cells rescued by plating on PLL, suggesting that FA struc-
tures were not formed or maintained in these cells.

In order to follow the kinetics of cell rounding and detach-
ment, we determined the subcellular localization of FA-
Csk(+) in time-lapse recordings (Fig. 7). The fusion protein
accumulated to FAs at 10 h after electroporation. The cell
expressing FA-Csk(+) (marked with an asterisk) at the 10-h
point already showed early signs (such as retraction fibers seen
in the differential interference contrast [DIC] image) of cell
rounding. Between 10 and 11 h, cells lost some FA structures
from the periphery (see the merged image). As shown in the
enlarged image of the periphery of the cell, the loss started
from the distal ends while the proximal ends were still assem-
bled (see arrowheads in the enlarged image). These changes
were specific to FA-Csk(+) and were not observed in cells
expressing FA-Csk(—) [data for FA-Csk(—) not shown]. Treat-
ment with a wide dose range of cytochalasin D did not rescue
the FA-Csk(+) phenotype (not shown), thus indicating that
loss of the distal end of FA structures is not due simply to a
possibility of increased tension in the force-generating cy-
toskeleton.

The FA-Csk phenotype is independent of caspase-induced
apoptosis. Since Src has been implicated in adhesion-depen-
dent survival mechanisms (19) and in expression of the anti-
apoptotic gene Bcl-x; (33), FA-Csk expression may cause cell
death. As cell death may result in a phenotype of cell rounding
and detachment, we investigated possible involvement of apo-
ptosis in the process of cell detachment caused by FA-Csk.
Caspases play a central role in executing many forms of apo-
ptotic cell death that result from inhibition of integrin-medi-
ated survival pathways (10, 18). Recent studies also suggest a
direct link between integrins and caspases in some forms of
apoptosis (8, 55). In fact, we noted that when caspase cascades
are activated by subcellular targeting of the caspase domain of
caspase 8 to the membrane (CDS-C [37]), NIH 3T3 cells be-
came spherical and detached from the fibronectin-coated sur-
face (Fig. 8A; morphological features not shown). Although
rare cases of apoptosis that do not require caspase 3 may exist,
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it has been suggested that this caspase is essential for DNA
fragmentation, chromatin condensation, and membrane bleb-
bing in all cell types so far examined (47). Indeed, caspase
8-induced cell detachment was completely blocked by treat-
ment with a cell-permeating inhibitor of the executioner
caspase, caspase 3 (Z-DEVD-FMK; Fig. 8A). However, this
inhibitor had no effect on detachment caused by FA-Csk (Fig.
8B). Although another pathway mediated by Racl and Ras
appears to be important for adhesion-mediated survival in the
absence of serum, activation of PI3K and AKT prevents de-
tachment-induced, caspase-mediated apoptosis in the presence
of serum (1, 50, 64). As expected, CD8-C expression did not
lead to the detachment of NIH 3T3 cells that overexpress a
myristoylated Akt mutant (Fig. 8C). On the other hand, con-
sistent with the inability of activated PI3K p110 subunit to
rescue the FA-Csk phenotype (Fig. 3E), FA-Csk effectively
resulted in the detachment of these cells from fibronectin (Fig.
8D). These results therefore suggest that the primary mecha-
nism of cell rounding and detachment caused by FA-Csk is
independent of caspase-mediated apoptosis.

To provide further evidence, we examined chromosomal
DNA fragmentation, the hallmark of apoptosis, by the
TUNEL method in NIH 3T3 cells that express FA-Csk. To
prevent cell detachment while facilitating formation of FAs at
the same time (thus ensuring accumulation of FA-Csk to FAs),
NIH 3T3 cells were plated onto glass coverslips coated with
PLL and subsequently with fibronectin. Consistent with the
observations described above, expression of kinase-active FA-
Csk did not result in chromosomal DNA fragmentation (as
shown by TUNEL) or apoptotic chromatin condensation (as
seen in DAPI staining) at 18 h after transfection (Fig. 8E). On
the other hand, FA-Csk(+)-expressing NIH 3T3 cells on fi-
bronectin alone often show condensed nuclei and membrane
blebbing suggestive of apoptosis (Fig. 2A, examined at the
same time point). It has been shown that even when integrins are
still occupied with ECM proteins, loss of the geometric support of
cell shape induces apoptosis (12). Therefore, apoptotic cell
death likely occurs secondarily to the cell rounding caused by
FA-Csk expression, but it seems unlikely to be the primary
cause of loss of matrix adhesion in cells expressing FA-Csk.

DISCUSSION

Csk translocates to FA structures according to the status of
Src activation in embryonic fibroblasts (25). Overexpression of
Csk in HeLa cells results in cell rounding accompanied by
abnormal distribution of o, 85 integrins (5). These observations
prompted us to examine the physiological functions of endog-
enous Src family kinases by subcellular targeting of Csk to the
FA protein complex. Although the cell detachment phenotype
caused by inhibition of Src family kinases makes it difficult to
analyze the biochemical events that parallel the cellular phe-
notype, we have utilized cell and molecular biology techniques
to circumvent this problem. Here, we report for the first time
that catalytic activity of endogenous Src family kinases is re-
quired for proper maintenance of integrin adhesive function
and FAs through Rapl activation in fibroblasts.

Overexpression of CrkL has been shown to increase inte-
grin-mediated cell adhesion in hematopoietic cells (2). It has
also been shown that CrkL, but not Crk, forms a stable com-
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FIG. 7. Time-lapse observation of FA structures in living cells expressing kinase-active CskGFP-FAT on fibronectin. MEFs that express GFP
fluorescence were observed for an extended time. DIC and GFP fluorescence images were recorded. Asterisks in the DIC images indicate an
example of a GFP-positive cell. A part of the merged image (white rectangle) is enlarged to show details (enlarged). White arrowheads indicate
an example of typical changes that occur in FA structures. Note that the distal part of the FA complex (red) was gone and the proximal portion

of the FA complex was extended (green) between 10 and 11 h. Yellow indicates overlap in the images taken at 10 and 11 h.

plex with a Rapl guanine-nucleotide exchange factor, C3G, in
NIH 3T3 cells (15). MEFs lacking C3G cannot activate Rapl
in response to cell adhesion and show spreading defects (44).
Inhibition of Rap1 by overexpression of SPA1, a Rap1GAP, in
HeLa cells results in cell rounding (59). Recent studies have
also implicated Rapl in integrin-mediated adhesion in hema-
topoietic cells (11, 34). Rapl is capable of activating specific
effectors while it also inhibits the Ras effector Rafl (70). Al-
though results shown in the present study are consistent with
the latter possibility, they do not exclude potential involvement
of Rapl-specific effectors in Src family-dependent adhesion
regulation. The signaling mechanisms of Rapl-mediated ad-
hesion regulation have yet to be understood.

Our results suggest that the mechanisms of cell-matrix ad-
hesion regulation by Src family-dependent activation of Rapl
cannot be explained by B, integrin affinity modulation alone. It
has been reported that the cytoplasmic tail of a subunits con-
tributes to adhesion regulation. Deletion of the o, cytoplasmic
tail results in diminished integrin clustering without changing
the binding affinity of «,3, integrins to soluble VCAM-1 (66).
This clustering defect appeared to result from restricted lateral
diffusion of integrins. Interestingly, Src~ homozygous cells
show abnormally strong linkage of vitronectin receptors with

the cytoskeleton compared to wild-type cells or cells in which
Src has been reintroduced (17), thus suggesting a role for Src
in regulating the interaction of the «, subunit with the cytoskel-
eton. In this regard, it is noteworthy that the N-terminal half of
Src colocalizes with «, but not B, integrins (17). Src family
kinases and Rapl may regulate integrin-cytoskeletal associa-
tion to allow lateral diffusion for proper integrin clustering.
The fact that de novo formation of FAs still occurs in cells that
express FA-Csk(+), however, argues that initial integrin clus-
tering may be normal. On the other hand, although increased
integrin affinity by TS2/16 monoclonal antibody could compen-
sate for FA-Csk(+)-induced loss of integrin-mediated adhe-
sion, the rescued cells still failed to form stable FAs. While
normal FAs had likely been formed prior to expression of
FA-Csk in the time-lapse experiments, FA-Csk proteins al-
ready existed in the cell before the formation of FAs in the
plating assays shown in Fig. 6. Thus, it is plausible that FA-Csk
may also inhibit de novo formation of FAs. The fact that the
effect of FA-Csk on cell adhesion is observed with different
ECM proteins also suggests that dysfunction of integrins may
not result from a mechanism specific for 8, integrin. Failure to
maintain or form proper FAs may in turn affect integrin avidity
and affinity necessary for sustained cell-matrix adhesion. A role

FIG. 6. Src kinases are essential for sustained integrin activation and FA structures. (A) Effects of the B, integrin affinity-activating antibody
TS2/16 on cell spreading in WI-38 cells expressing kinase-active or -inactive CskGFP-FAT [FA-Csk(+) or FA-Csk(—), respectively]. To prevent
cell detachment while expressing FA-Csk, cells were initially transfected on PLL before TS2/16 treatment and replating. The values (means *
standard deviations) indicate the numbers of transfected (GFP-positive) cells attached (with or without spread morphology) or cells spread in 30
random fields under a 25X objective lens 1 h after replating on to fibronectin. Asterisks indicate groups significantly different from the
corresponding groups without TS2/16 treatment (¢ test; *, P < 0.001; **, P < 0.005). (B) The subcellular localization of kinase-active or -inactive
CskGFP-FAT [FA-Csk(+) or (—), respectively] was determined 2 h after replating with or without TS2/16 pretreatment. (C) The subcellular
localization of GFP-LIM was determined in WI38 cells expressing activated Rafl (Raf-BXB) 2 h after replating with or without TS2/16
pretreatment. WI38 cells were cotransfected with GFP-LIM and Raf-BXB as described in Materials and Methods. (D) The subcellular localization
of kinase-active or -inactive CskGFP-FAT was determined in Rapl 12V-rescued NIH 3T3 cells 18 h after plating onto fibronectin. Cells were
coelectroporated with 2 pg of Rapl 12V vector and 20 pg of CskGFP-FAT vector. Colocalization of paxillin with CskGFP-FAT was confirmed
by immunofluorescent staining (not shown).
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FIG. 8. The effect of FA-Csk on cell adhesion is independent of caspase-mediated apoptosis. (A) The effect of a membrane-anchored caspase
domain of caspase 8 (CD8-C) on cell adhesion was determined with or without a caspase 3 inhibitor. After lipofection of NIH 3T3 cells (plated
on fibronectin) with various amounts of pCEFL-CDS8-C and 0.1 g of a GFP expression plasmid, cells were cultured for 18 h with or without 8
ug of Z-DEVD-FMK (Calbiochem) per ml in DMEM containing 10% calf serum. (B) The effect of the caspase inhibitor Z-DEVD-FMK on cell
detachment caused by FA-Csk(+) was determined. After lipofection of NIH 3T3 cells (plated on fibronectin) with kinase-active or inactive
CskGFP-FAT, cells were cultured for 18 h in DMEM containing 10% calf serum and various doses of the caspase inhibitor. (C) Effect of activated
(myristoylated) Akt on cell detachment caused by CD8-C expression. The number of GFP-positive cells remaining on coverslips in the group
transfected with 0.3 ug of pCEFL-CDS-C is shown as a percentage of control (CTR) (that is, the mock-transfected group represents 100%) in
parental NIH 3T3 cells as well as in those overexpressing a myristoylated mutant of Akt (NIH 3T3-myrAKT). All groups were cotransfected with
a GFP expression vector. The Western blot above the bars shows the level of total Akt (endogenous and transfected) in NIH 3T3-myrAKT cells
(right lane) compared to that of endogenous Akt in parental NIH 3T3 cells (left lane). (D) Effect of FA-Csk (0.1 pg of kinase-active or -inactive
CskGFP-FAT plasmid) in NIH 3T3-myrAKT cells plated on fibronectin. (A to D) Values (means = standard deviations from a triplicate
experiment) indicate the numbers of transfected (GFP fluorescence-positive) cells remaining on the fibronectin-coated surface in 30 fields under
a 25X objective (for panel C, values are given as percentages of control cells as noted above). (E) DNA fragmentation and chromatin condensation
were determined for NIH 3T3 cells expressing FA-Csk(+) or FA-Csk(—) (kinase-active or -inactive CskGFP-FAT) plated on PLL/fibronectin
double-coated coverslips 18 h after transfection. Each column shows one field of cells in three different channels (TUNEL, DAPI, and GFP
signals). The arrows indicate the GFP-positive transfected cell in each group. Even after blocking endogenous biotinylated proteins, some
background staining can be seen in mitochondria in TUNEL staining. The nuclei were stained with DAPI. All experiments were repeated at least
three times (A to E).

for Ras and Rafl in integrin affinity regulation has been pro- and avidity regulation in relation to the architecture of FAs
posed (28). Our results for FA-Csk as well as activated Rafl remain to be elucidated.
suggest a complex mechanism of overall regulation of integrin Src has been implicated in the activation of the Ras pathway

adhesive functions. The precise mechanisms of integrin affinity upon growth factor and integrin stimulation (57), observations
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seemingly conflicting with ours. In particular, the Ras pathway
is activated by fibronectin in a manner dependent on Src in the
absence of serum (54). First, a signaling pathway utilized in the
absence of serum may be different from that normally used in
the presence of serum (1). Second, it has been reported that
Src kinases participate in at least two pathways of integrin
signaling: one leads to activation of Erk through Shc-Grb2-
SOS-Ras, and the other mediates Rapl activation through
Cas-Crk/CrkL-C3G (4, 63). The latter pathway appears to be
important for activating the MEK-Erk pathway depending on
B-Raf expression in some cells. Interestingly, activation of en-
dogenous Src by Cas leads to activation of Rapl but not Ras
(63). Although growth factor-induced Rapl activation does not
appear to inhibit Erk in Rat-1 fibroblasts (71), B-Raf expressed
in these cells likely mediates Erk activation instead of Raf1 (4).
Interestingly, platelet-derived growth factor can activate Erk
pathways in SYF embryonic fibroblasts (lacking all three major
members of the Src family, i.e., Src, Yes, and Fyn) at lower
concentrations than control cells that express Src (36). Al-
though the precise mechanisms of this observation are unclear,
one can speculate that Src family kinases participate in the
regulation of Erk activation pathways. As many stimuli such as
serum and growth factors activate the Ras pathway, inhibition
of Src-dependent regulatory pathways by FA-Csk at FAs may
lead to deregulation of Rafl in the presence of serum or
growth factors. Consistent with the ability of Rapl to regulate
Rafl, overexpression of a RaplGAP enhances Erk phosphor-
ylation (40). Likewise, MEFs isolated from CrkL-deficient em-
bryos (21) show an elevated basal level of Erk phosphorylation
(reported elsewhere), thus supporting our model. Neverthe-
less, our results do not conflict with the previous notion that
Src family kinases participate in Ras activation, since FA-Csk
inhibits Src kinases at FAs but not at other subcellular loca-
tions. Without proper balance of parallel Src-mediated path-
ways, FA structures and integrin adhesive functions may be
negatively affected. The fact that low expression levels of acti-
vated Src as well as activation of endogenous Src can rescue
the cell detachment phenotype of FA-Csk suggests the physi-
ological importance of this regulatory pathway.

Although our results indicate that Src family kinases are
required for integrin-mediated adhesion, the fact that MEFs
lacking three major members of the Src family (SYF cells) still
grow as adherent cells suggests the presence of an alternative
mode of cell-matrix adhesion in these cells (36). Unlike normal
cells, SYF cells may have adopted an Src family-independent
mechanism by which these cells can still maintain integrin-
mediated adhesion. Alternatively, it is possible that these cells
retain a developmentally primitive mode of adhesion which
may not require Src family kinases. Csk™ mouse embryos do
not show any overt defects at or earlier than embryonic day 8.5
(E8.5) (30), and embryos lacking Src, Fyn, and Yes show mor-
phological defects at E9.5 (36). These observations suggest
that embryonic cells have cellular mechanisms which do not
rely on these Src family kinases in early development before
ES8.5 and that Src family kinases become developmentally im-
portant after midgestation. We found that although SYF cells
were resistant to the effect of FA-Csk on integrin-mediated
adhesion, they became sensitive when Src or Fyn was reintro-
duced (not shown); thus, the effect of FA-Csk is dependent on
Src kinases. Although SYF cells have FA-like structures that
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contain vinculin (36), detailed studies of FAs have yet to be
conducted. A recent study of FAs in Src” and SYF cells re-
ported enhanced localization of tensin to FAs in these cells
compared to control cells that express Src (60). Thus, SYF cells
may have cell-matrix adhesion structures qualitatively different
from those of normal cells. Alternatively, it is possible that
acute accumulation of inactive Src kinases at FAs generated by
FA-Csk may be more detrimental to FAs than the complete
absence of Src family members.

Previously, Csk has been used to inhibit Src family kinases.
A 10-fold or higher overexpression of Csk in HeLa cells results
in cell rounding concomitant to a decrease in tyrosine phos-
phorylation in the cell (5). Csk overexpression by adenovirus
inhibits cell spreading of astrocytes (56). To make Csk regu-
lation of Src family kinases more efficient, the Src SH4 domain
containing a myristylation signal was fused to the N terminus of
Csk (14). This fusion has been analyzed for its effect on T-cell
receptor signaling (14). Although a similar mutant Csk fused to
the N terminus of Fyn was expressed from the Fyn locus in
mice (31), the effect of this mutant Csk appeared to be limited
to thymocytes in which Fyn is highly expressed. We found that
an SH4-Csk fusion protein can produce a cell rounding phe-
notype in fibroblasts only at concentrations higher than that of
FA-Csk, perhaps due to the limited distribution of membrane-
anchored Csk to the cell-matrix adhesion apparatus (data not
shown).

Subcellular targeting of the negative regulator of the Src
family, Csk, to the FA complex has made it possible to inves-
tigate the functions of Src family kinases at FAs. A similar
approach can be applied to studies of other signaling mole-
cules that shuttle between the cytoplasm and FA complex. This
system should be a useful tool for future investigations of such
molecules.
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