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Crkll regulates focal adhesion kinase activation
by making a complex with Crk-associated

substrate, p130%3
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Crkll is an adaptor protein possessing oncogenic potential despite
the lack of an enzymatic domain. We investigated here the phys-
iological functions of Crkll by studying its ability to induce anchor-
age-independent cell growth. We found that inhibition or null
mutation of focal adhesion kinase (FAK) blocked the anchorage-
independent growth induced by Crkll overexpression, indicating
that FAK is a critical determinant of the transforming activity of
Crkll. Crkll overexpression enhanced the autophosphorylation of
FAK at Tyr-397 and tyrosine phosphorylation of p130<as (Crk-
associated substrate, Cas) upon stimulation of integrin by fibronec-
tin. Moreover, the constitutive phosphorylation of FAK and Cas
was observed in Crkll-overexpressing cells, even when they were
in the suspended condition, consistent with the ability of Crkil to
induce anchorage-independent growth. Using Cas-deficient cells,
we showed Cas function to be essential for both the Crkll-induced
phosphorylation of FAK (Tyr-397) and anchorage-independent cell
growth. The Crkil-induced FAK autophosphorylation depended
upon Crkll-Cas complex formation. Furthermore, we showed that
Crkll knockdown resulted in defects in integrin-mediated events,
such as cell spreading, haptotactic migration, and FAK autophos-
phorylation. The integrin-mediated FAK autophosphorylation was
also reduced in Cas-deficient cells. These results suggest that the
Crkll-Cas complex functions in integrin-mediated FAK activation
signaling. Our findings show the importance of Crkll in integrin-
mediated events, acting upstream of FAK to affect the activation
of this kinase, which appears to have a central role in this pathway.

anchorage-independent growth | integrin | tyrosine phosphorylation

he adaptor protein CrkII, which contains one Src homology

(SH) 2 and two SH3 domains, was originally identified as a
protooncogene product of the avian sarcoma virus, v-Crk (1).
Our recent studies showed that although CrkII is a cellular
protein, it can induce anchorage independent growth of NIH
3T3 cells when it is overexpressed in them (2). In fact, it has been
reported that increased expression of cellular Crk is associated
with human cancers, such as lung adenocarcinomas with an
aggressive phenotype and is involved in migration and invasive-
ness in glioblastomas (3-5). Because Grb2, which is another
SH2-SH3 adaptor protein and a well-known critical mediator of
proliferation signals, does not show such activity (2), the onco-
genic potential of CrkII is likely due to its unique physiological
function(s). In this study, we wish to clarify which of the cellular
interactions mediated by CrkII is most critical in relation to such
oncogenic activity.

CrklIl is considered to be involved in integrin-mediated signals
because the focal adhesion components p130€# (Crk-associated
substrate, Cas) and paxillin can couple to the Crk-SH2 domain
(6, 7), and these CrklI-Cas complexes regulate integrin-
mediated cell migration (8, 9). Therefore, it has been speculated
that integrin-mediated signals are involved in the oncogenic
activity of Crkll. The transmembrane integrins mediate the
adhesion of a cell to the extracellular matrix, which regulates cell
growth, migration, and survival (10). Integrin-mediated cell
adhesion creates many of the intracellular signals in which focal
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adhesion kinase (FAK) plays a central role. Upon integrin
stimulation, FAK is rapidly autophosphorylated at its Tyr-397,
an event that is correlated with its increased catalytic activity
(11) and provides a binding site for SH2-containing proteins
such as the Src family kinases (SFKs) (12-15). According to the
current hypothesis, SFK is recruited to the phosphorylated
Tyr-397 of FAK and then further phosphorylates FAK on
Tyr-407, Tyr-576/Tyr-577, Tyr-863, and Tyr-925 (16). Phosphor-
ylation at Tyr-576/Tyr-577, located in the activation loop of the
catalytic domain, has been shown to enhance the kinase activity
of FAK (11, 17). FAK and SFK also mediate the phosphoryla-
tion of FAK-binding proteins such as Cas and paxillin, which can
recruit other signaling molecules, thus leading to multiple down-
stream signaling pathways (7, 18, 19). The molecular mecha-
nisms that regulate the early events in FAK autophosphorylation
processes and connect the focal adhesion molecules to the
clustered integrins are unclear.

Whereas CrkII is believed to act as a downstream mediator of
the tyrosine-phosphorylated focal adhesion molecules, v-Crk-
expressing cells showed strong tyrosine phosphorylation of FAK
(20-23). However, it is still unclear whether FAK is essential for
the Crk-induced transformation. In this study, we demonstrated
that FAK is a critical determinant of the transforming activity of
CrklII. CrkII overexpression promoted FAK autophosphoryla-
tion even with the cells in the suspended condition. In addition,
CrkII knockdown abolished integrin-mediated responses, in-
cluding the FAK phosphorylation. We also found that Cas was
involved in CrkII regulation of FAK phosphorylation. Our
findings point to a site of physiological function of cellular CrkII
upstream of FAK activation.

Materials and Methods

Plasmids and Antibodies. Flag-tagged CrkII (Flag-CrkII) (2) and
v-Src were subcloned into the retroviral vector pCX4bsr (24).
cDNAs of HA-tagged WT and mutant FAK (Y397F, Y407F,
Y576/Y577F, mPR1.2, and KD) were kindly provided by S.
Hanks (Vanderbilt University, Nashville, TN) (11). FAK-related
nonkinase (FRNK) cDNA was created by PCR with WT FAK
as a template. The FAK and FRNK cDNAs were subcloned into
the retroviral vector pCX4puro. cDNAs of Cas and Cas mutant
with a deleted substrate domain (ASD) were kindly provided by
H. Hirai (University of Tokyo, Tokyo) (25). To make the Cas
mutant with a deleted SH3 domain (ASH3) construct, we deleted
the nucleotides corresponding to amino acid residues 10-59 by
PCR. The Cas constructs were subcloned into pCX4puro. The
following antibodies were purchased: anti-Crk (Transduction
Laboratories, Lexington, KY); anti-Cas, anti-FAK, and anti-

Abbreviations: Cas, Crk-associated substrate; Cas~/~, Cas-null fibroblasts; FAK, focal adhe-
sion kinase; FAK~/~, FAK-null fibroblasts; Flag-Crkll, Flag-tagged Crkll; FN, fibronectin;
FRNK, FAK-related nonkinase; SD, substrate domain; ASD, Cas mutant with a deleted SD;
SFK, Src family kinases; SH, Src homology; ASH3, Cas mutant having a deletion in its SH3
domain.
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CrkL (Santa Cruz Biotechnology); anti-phospho-FAK Y397 and
Y577 (BioSource International, Camarillo, CA); anti-HA (3F10,
Roche Molecular Biochemicals); and anti-pTyr (4G10, Upstate
Biotechnology, Lake Placid, NY).

Cell Culture. NIH 3T3 and HeLa cells were maintained in DMEM
containing 5% calf serum and 10% FCS, respectively. The
FAK-deficient fibroblasts and Cas-deficient fibroblast cell lines
(kindly donated by T. Yamamoto, University of Tokyo; M.
Hamaguchi, Nagoya University, Nagoya, Japan; and H. Hirai,
University of Tokyo, respectively) were cultured as described in
refs. 26 and 27.

Cell Culture in Anchorage-Free Semisolid Medium. Cells were main-
tained in DMEM containing 1.5% methylcellulose, supple-
mented with 10% FCS, and collected by centrifugation as
described by Assoian et al. (28) with some modification.

Retroviral Expression. Ecotropic retroviruses were produced by
transient transfection of Plat-E cells (29) with the viral vectors
as described in ref. 2.

Soft-Agar Colony Formation Assay. For the soft-agar colony for-
mation assay, cells were plated into a soft-agar matrix and
incubated for 3-4 weeks as described in ref. 24.

Immunoprecipitation and Immunoblotting. Cells were lysed in ice-
cold RIPA buffer [5S0 mM Tris (pH 7.4) containing 1% Nonidet
P-40, 0.1% SDS, 1% sodium deoxycholate, 150 mM NaCl, 5 mM
EDTA, 50 mM NaF, 2 mM Na3VOy, 10 ng/ml each of leupeptin
and aprotinin, and 1 mM PMSF]. The lysates were immunopre-
cipitated with the indicated antibodies for 2 h at 4°C and
subsequently incubated with Protein G Sepharose (Amersham
Pharmacia) for 1 h. The precipitated protein complexes were
washed three times with lysis buffer without sodium deoxy-
cholate or SDS and then suspended in Laemmli SDS/PAGE
sample buffer. For immunoblotting, the samples were subjected
to SDS/PAGE and transferred to an Immobilon membrane
(Millipore) as described in ref. 2.

Cell Stimulation with Fibronectin. Cells were serum-starved over-
night and harvested by 0.05% trypsin treatment. The treatment
was stopped with 0.5 mg/ml soybean trypsin inhibitor in DMEM.
After washing, cells were resuspended in DMEM and held in
suspension for 1 h at 37°C. Culture dishes were coated (over-
night, 4°C) with 10 ug/ml fibronectin (Chemicon). The sus-
pended cells were then plated onto the fibronectin (FN)-coated
dishes and incubated at 37°C for various times.

RNA Interference. To construct the retroviral vectors for expres-
sion of small interfering RNAs, we used pSUPER.retro (Oligo-
Engine, Seattle). Chemically synthesized oligonucleotides (5'-
gatccccGCCTGAAGAGCAGTGGTGGA ATgtgtgetgtccATTC
CACCACTGCTCTTCAGGCtttttggaaa-3" and 5'-agcttttcca-
2aaaGCCTGAAGAGCAGTGGTGGAATggacagcacacAT-
TCCACCACTGCTCTTCAGGCggg-3"); were annealed and li-
gated into the vector digested with Bg/II and HindIII. The 22-nt
CrklII target sequences are indicated in capital letters in the
oligonucleotide sequence.

Adhesion and Spreading Assay. For adhesion experiments, 96-well
plates were coated with FN (10 pg/ml). Serum-starved cells
were plated for the desired times. After washing, the adherent
cells left in each well were estimated by using WST-1 reagent
(Roche Molecular Biochemicals). For spreading analysis, serum-
starved cells were plated onto FN-coated (10 ug/ml) dishes for
the desired times and then chilled on ice for 15 min. Spread cells
were determined by dark-phase counting from five fields.
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Fig. 1. FAK activity is necessary for Crkll-mediated transformation. (A) NIH
3T3 cells expressing Flag-Crkll were infected with retroviruses expressing FRNK
(Crkll+FRNK) or control vector (Crkll). Control cells were infected with empty
vector alone (mock). The soft-agar colony formation assay was performed by
plating the indicated cells into a soft agar containing 10% serum. Three weeks
later, the numbers of colonies were counted. Bars represent the averages of
three independent experiments. Error bars represent standard deviations. The
number of colonies of Crkil cells was taken as 100%. (B) FAK*/* or FAK~/~
fibroblasts were infected with retrovirus expressing Flag-Crkll (Crkll), v-Src, or
the control vector (mock) and subjected to the soft-agar colony formation
assay as in A. Colonies were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide, and photographs were taken. Representative
dishes from three independent experiments are shown. (C) FAK~/~ fibroblasts
were infected with retroviruses expressing the indicated combinations of
HA-FAK constructs and Crkll and subjected to the soft-agar colony formation
assay asin A. The expression levels of FAK mutants and Crkll in cell lysates were
analyzed by immunoblotting with anti-FAK and anti-Crk antibody, respec-
tively (Lower). (D) FAK~/~ fibroblasts expressing the indicated FAK molecules
were lysed with RIPA buffer. FAKs were immunoprecipitated from the lysates
with anti-HA and then immunoblotted with anti-Cas (Upper) or anti-FAK
(Lower).

Cell Migration. Cell migration assays were performed by using
Transwell chambers (Costar) as described by Yano ez al. (30). In
brief, the undersurface of the polycarbonate membrane of the
chambers was coated with FN (10 ug/ml in PBS). The lower
chamber was filled with 400 ul of assay medium (0.2% BSA
DMEM). Serum-starved cells were suspended in assay medium,
and 8 X 10* of them in 0.1 ml were added to the upper chamber.
After 3 h at 37°C, cells that had migrated to the undersurface of
the upper chamber were fixed in 4% paraformaldehyde, stained
with crystal violet, and counted.

Results

FAK Is Required for Crkll-Induced Anchorage-Independent Cell
Growth. To determine the significance of FAK in CrkII-induced
cell transformation, we infected NIH 3T3 cells with retroviruses
expressing CrkII; some of the cultures were simultaneously
infected with FRNK, which functions as a potent dominant-
negative inhibitor of FAK activity (31, 32). As shown in Fig. 14,
FRNK expression markedly reduced the CrkII-induced colony
formation in soft agar, suggesting that the FAK activity is
required for the ability of CrkII to induce anchorage-
independent cell growth. Moreover, CrkII did not induce colony
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Fig.2. Casisrequired forthe Crkll-induced anchorage-independent growth.
(Upper Left) Cas mutants are schematically shown (ASD and ASH3). (A-F)
Cas~/~ fibroblasts were infected with retroviruses expressing control (mock)
(A), Crkll (B), WT Cas (Caswt) (C), Caswt and Crkll (D), ASD and Crkll (E), and
ASH3 and Crkll (F) and subjected to the soft-agar colony formation assay as in
Fig. 1. Images show typical fields at 40X. (Upper Right) The expression of Cas
mutants and Crkll was detected by immunoblot analysis of cell lysates by using
anti-Cas and anti-Crk, respectively.

formation by FAK-null fibroblasts (FAK /™), although it did by
the FAK*/* control cells (Fig. 1B). In contrast, v-Src showed no
difference in colony formation by either type of cell (Fig. 1B),
indicating that FAK is not a critical determinant of v-Src-induced
cell growth in soft agar, as reported in refs. 33-35. These results
clearly show that FAK is essential for CrkII-induced anchorage-
independent cell growth.

Next, we introduced a series of FAK mutant into the CrkII-
overexpressing FAK™/~ cells and examined the soft-agar colony-
forming activity of CrkII (Fig. 1C). Although the introduction of
WT FAK (WT) into the FAK-null cells restored the CrkII-
induced colony formation, a catalytically defective mutant of
FAK mutated at the ATP-binding site (R454K) had no effect on
the colony formation (Fig. 1C). Two mutants important for the
catalytic activity of FAK, Tyr-397 (Y397F) and a double mutant
for both Tyr-576 and Tyr-577 (Y576/Y577F) (11, 17) also could
not restore the colony formation, either. The results obtained
with these mutants (R454K, Y397F, and Y576/Y577F) thus
indicate that the Crkll-induced anchorage-independent cell
growth depended on the FAK kinase activity. In contrast,
expression of other Tyr mutants of FAK, including the Grb2
binding-site mutant (Y925F), did not result in any significant
decrease in the colony formation compared with the number for
the WT.

Cas Is Involved in Crkll-Induced Anchorage-Independent Cell Growth.
Within its C-terminal region, FAK contains two proline-rich
regions (PR-1 and PR-2), which are reported to be binding sites
for the SH3 domain of Cas. Introduction of an mPR1.2 mutant
of FAK, with mutations in both PR-1 and PR-2, into CrklII-
overexpressing FAK ™/~ cells resulted in a 55.5% reduction in the
number of colonies formed (Fig. 1C), and their size was smaller
than that of the WT ones (data not shown). Because mPR1.2
showed no interaction with Cas (36) (Fig. 1D), this result
suggests a critical role for Cas in the CrklI-induced anchorage-
independent cell growth. To better clarify the involvement of
Cas in the Crkll-induced anchorage independent cell growth,
we next used Cas-null fibroblasts (Cas™/~). As shown in Fig.
2B, colony formation was not observed in Cas™~ cells overex-
pressing CrkII, but the colony-forming activity of CrkII was
restored by the expression of WT Cas (Caswt) (Fig. 2D). This
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Fig. 3.  Crkll overexpression enhances FAK phosphorylations. (A) Crkll pro-
motes tyrosine phosphorylations of FAK and Cas. NIH 3T3 cells expressing
Flag-Crkll (+) or empty vector (—) were cultured in serum-containing medium
insuspension (susp) or on FN-coated dishes (FN) for 30 min, harvested, washed,
and lysed with RIPA buffer. FAK was immunoprecipitated with anti-FAK (IP
FAK), and subsequently immunoblotted with site-specific anti-phospho-FAK
Y397 (FAKpY397), Y577 (FAKpY577), anti-FAK (FAK), or anti-Cas (Cas). Cas was
immunoprecipitated with anti-Cas (IP Cas) and then immunoblotted with
anti-phosphotyrosine (pY) or anti-Cas. (B) Cas is involved in Crkll-induced
phosphorylation of FAK Tyr-397. Cas™/~ fibroblasts expressing the indicated
combinations of Cas constructs and Flag-Crkll, described in Fig. 2, were cul-
tured in suspension for 48 h in 1.5% methylcellulose-DMEM supplemented
with 10% FCS. The cells were then harvested, washed, and lysed with RIPA
buffer. The lysates were probed with anti-phospho-FAK Y397 (pY397) or
anti-FAK (FAK). Cas immunoprecipitates (IP Cas) from the lysates were probed
with 4G10 (IB pY) or anti-Cas (IB Cas). Crk immunoprecipitates (IP Crk) were
probed with anti-Cas (IB Cas) or anti-Crk (IB Crk). The position of molecular
mass markers (in kDa) is shown at left.

result indicates the requirement of Cas for the CrkIl-induced
anchorage-independent growth. In contrast, a Cas mutant hav-
ing a deletion in its SH3 domain, which is required for binding
to FAK (21, 37), failed to restore the colony formation (Fig. 2F).
In addition, expression of a Cas mutant with a deleted SD, which
consists of a cluster of YxxP motifs and offers binding sites for
the Crk-SH2 domain in a phosphorylation-dependent manner
(8,38, 39), also failed to recover the colony formation (Fig. 2E).
These results indicate that the presence of Cas with both its SH3
domain and substrate domain (SD) intact is essential for the
anchorage-independent growth of cells overexpressing CrkII.

Crkll Overexpression Induces Tyrosine Phosphorylation of FAK and Cas
Without Stimulation of Integrin. Because FAK activity is required
for the anchorage-independent growth by CrkII, we next ana-
lyzed the effect of CrkII overexpression on the activation of
FAK. We measured the status of FAK activation by monitoring
its tyrosine phosphorylation at the Tyr-397 (pY397), the major
autophosphorylation site of FAK, and the Tyr-577 (pY577)
residue within the FAK domain. After cell attachment to FN,
CrklII-overexpressing cells showed enhanced phosphorylation of
FAK at both its Tyr-397 and the Tyr-577 compared with
mock-infected NIH 3T3 cells (Fig. 34, lanes 3 and 4). Moreover,
constitutive phosphorylation of FAK at both sites was clearly
observed in the CrKII cells, even in the absence of FN stimulation
(Fig. 34, lanes 1 and 2). The phosphorylation level of FAK in the
suspended CrKII cells was comparable with that of the control
cells attached to the FN (Fig. 34, lanes 2 and 3). These results
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suggest that CrkII overexpression induces the constitutive acti-
vation of FAK in an anchorage-independent manner.

We confirmed that Cas was coprecipitated with endogenous
FAK, as previously reported (Fig. 34), indicating the formation
of the FAK—Cas complex. However, there was no significant
difference in the complex formation among cells under our
experimental conditions. Upon stimulation of integrin, Cas is
rapidly tyrosine phosphorylated and subsequently localized to
sites of focal adhesion (37, 40-42). In CrklII cells, the FN-
induced phosphorylation of Cas was markedly augmented com-
pared with that in the control cells (Fig. 34, lanes 3 and 4). In
addition, even in the suspended condition, CrkII cells showed an
increased level of tyrosine phosphorylation of Cas (Fig. 34, lanes
1 and 2). Taken together, these results suggest that CrkII
overexpression can bypass the requirement of cell attachment to
FN for FAK activation and Cas phosphorylation.

Cas Is Involved in Crkil-Induced Anchorage-Independent Autophos-
phorylation of FAK. To address the mechanism of the CrkII-induced
constitutive autophosphorylation of FAK, we investigated the
functional role of Cas in the FAK phosphorylation by using Cas ™/~
cells expressing a series of Cas constructs as mentioned in Fig. 2. As
shown in Fig. 3B, for the cells in suspension cultures, CrkII
overexpression enhanced phosphorylation of FAK at Tyr-397 only
in the cells expressing WT (wt) Cas (Fig. 3B, lane 2) but not in those
expressing the ASD or ASH3 (Fig. 3B, lanes 3 and 4). These results
are closely correlated with those for the soft-agar colony formation
shown in Fig. 2. Under the same experimental conditions, the
tyrosine phosphorylation level of ASD and ASH3 was much lower
than that of wt-Cas (Fig. 3B, lanes 2-4). Furthermore, wt-Cas, but
neither the ASD nor ASH3, was coprecipitated with the overex-
pressed CrkII (Fig. 3B). Taken together, these results suggest that
the association of phosphorylated Cas with CrklI is critical for the
CrklII-induced anchorage-independent phosphorylation of FAK.

Crkil Is Required for Integrin Function. Our finding that CrklII
overexpression enhanced the adhesion-dependent phosphoryla-
tion of FAK (Fig. 34) raises another interesting possibility that
CrkII might be physiologically implicated in the integrin-
mediated signaling pathway leading to the activation of FAK. To
investigate the physiological role of Crkll, we used a short
interfering dSRNA approach to achieve knockdown of endoge-
nous CrKII levels. Using a retroviral vector designed to express
a short interfering dsSRNA for CrkII, we stably inhibited the
expression of endogenous CrklII in a bulk cell population of
HeLa cells (Fig. 44). Because FAK is a key mediator of the
extracellular matrix-integrin signaling, which regulates cell
spreading and migration, the CrkII-knockdown cells were as-
sessed for their ability to spread and migrate. As shown in Fig.
4C, Crkll-knockdown cells showed drastically delayed cell
spreading on FN compared with mock-infected cells. Most of the
mock cells spread with polarized extension between 30 and 60
min. In contrast, the CrkII-knockdown cells were still round, and
only a portion of the cells spread even at 60 min (Fig. 4C). The
majority of CrkII-knockdown cells had eventually spread by 120
min (Fig. 4C). This delay in spreading on FN is also observed in
FRNK-expressing cells and FAK™~ (17, 32, 43). The addition of
serum could promote the cell spreading but not rescue the
delayed spreading of the knockdown cells (data not shown). The
CrkII-knockdown cells also showed reduced adhesion to FN at
an early time point (Fig. 4B). However, the knockdown and
control cells could no longer be distinguished from one another
after 30 min (Fig. 4B), suggesting that cell adhesion was delayed
but not blocked. The migration ability of the CrkII-knockdown
cells was analyzed by measuring haptotactic migration toward
FN in a Transwell chamber assay. The CrkII-knockdown cells
showed significantly impaired migration (31%) relative to the
control cells (Fig. 4 D and E), indicating a defect in responses to
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Fig. 4. Crkll knockdown results in impaired cellular responses on FN. Hela
cells expressing the murine ecotropic receptor were infected with a retrovirus
expressing a short interfering dsRNA for Crkll (CrksiRNA) or the control vector
(mock). Infected cells were subjected to drug selection, and the selected bulk
populations were then used for the following experiments. (4) Infected cells
were analyzed for Crkll, a closely related protein CrkL, or FAK expression by
immunoblotting. (B and C) After serum starvation, the cells were replated on
FN-coated dishes. (B) Adherent cells were estimated at the indicated times
after replating. (C) Phase-contrast images (40X) were recorded at the indi-
cated times to evaluate cell spreading. Representative fields from five exper-
iments are shown. At 30 min, 65% of control cells were spread, whereas 25%
of the knockdown cells were spread. At 60 min, 85% of control cells were
spread, whereas 47 % of the knockdown cells were spread. By 120 min, 95% of
the cells were spread in all cultures. (D) The serum-starved cells were analyzed
for migration toward FN. Bars represent the averages of three independent
experiments plus or minus standard deviation. (E) Representative images
(40x) of the FN-coated lower porous membrane surface from the cell migra-
tion assays. Cells were stained with crystal violet.

mock CrksiRNA

FN stimulation. Taken together, these results demonstrate that
CrKkII is required for integrin function.

Regulation of Integrin-Stimulated Autophosphorylation of FAK by
Crkll and Cas. To test whether a defect in FAK activation is
involved in the above-mentioned delayed spreading and im-
paired migration, we next examined the integrin-stimulated FAK
autophosphorylation in the CrkII-knockdown cells. As shown in
Fig. 54, upon FN-induced integrin activation, constitutively
reduced phosphorylation of Tyr-397 was observed in the CrkII-
knockdown cells compared with the level for the control cells.
This result further indicates that CrkII is an important regulator
of FAK phosphorylation, which is implicated in the regulation of
cell spreading and migration.

Because the result shown in Fig. 3B suggests the involvement
of Cas in the regulation of FAK phosphorylation by CrkII, we
tested the possibility that Cas also plays an important role in
integrin-stimulated FAK Tyr phosphorylation. As expected,
after having been plated on FN, Cas™/~ cells showed reduced
FAK phosphorylation at both Tyr-397 and Tyr-577, compared
with the null cells infected with wtCas (Fig. 5B, lanes 1 and 2).
In contrast, introduction of neither the ASD nor the ASH3 into

Iwahara et al.
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Integrin-stimulated FAK Tyr-397 phosphorylation is impaired in Crkll-knockdown cells and in Cas-null cells. (A) Serum-starved Crkll-knockdown cells

(CrksiRNA) and control cells (mock), described in Fig. 4, were kept in suspension (susp) or plated on FN-coated dishes for indicated times, harvested, and lysed
with RIPA buffer. The lysates were probed with anti-phospho-FAK Y397 (pY397) or anti-FAK (FAK). (B-D) After serum-starvation, Cas~/~ fibroblasts expressing
the indicated Cas proteins were replated on FN-coated dishes for 30 min and lysed with RIPA buffer. (B) FAK immunoprecipitates from the lysates (IP FAK) were
probed with anti-FAKpY397 (FAKpY397), anti-FAKpY577 (FAKpY577) or anti-FAK (FAK). Whole-cell lysates (WCL) were immunoblotted with anti-Cas (IB Cas).
(C) Cas immunoprecipitates (IP Cas) from the same lysates were probed with 4G10 (IB pY) or anti-Cas (IB Cas). (D) Crk immunoprecipitates (IP Crk) were probed

with anti-Cas (IB Cas) or anti-Crk (IB Crk).

the null cells restored FAK phosphorylation at either site,
showing that both the SD and the SH3 domains of Cas were
critical for the integrin-induced FAK phosphorylation (Fig. 5B,
lanes 3 and 4). Furthermore, consistent with the results shown
in Fig. 3B, the FN-stimulated FAK phosphorylation could be
correlated with Cas phosphorylation and CrkII-Cas complex
formation (Fig. 5 C and D). These results strongly suggest that
CrkII and Cas physiologically regulate the integrin-stimulated
FAK activation through CrkII-Cas complex formation.

Discussion

v-Crk and CrkII overexpression lead to anchorage-independent
but serum-dependent cell growth (44) (data not shown), sug-
gesting that the Crk selectively activates an integrin-mediated
signaling pathway in the transformation process. In addition,
previous studies showed that hypertyrosine phosphorylation of
FAK was observed in v-Crk-transformed cells (20-23), prompt-
ing us to test whether FAK is a critical determinant of the CrkII
transformation. Here, by using a dominant-negative FAK mu-
tant as well as FAK-null cells, we clearly showed that FAK
activity was required for the anchorage-independent cell growth
induced by CrkII overexpression. Furthermore, we found that
even in the suspended condition, CrklI-overexpressing cells
showed significant phosphorylation of FAK on its Tyr-397, the
major autophosphorylation site, and on Tyr-577, located in the
activation loop, indicating that FAK is constitutively activated.
There are several lines of evidence suggesting that constitutive
FAK activation plays an important role in cell transformation
(45-47). The introduction of a constitutively activated variant of
FAK was earlier shown to induce anchorage-independent
growth and survival of MDCK cells (47). Moreover, increased
expression and activation of FAK have been reported to corre-
late with increased cancer cell motility, invasion, and prolifera-
tion (48-51). In view of all of the data taken together, we
propose that CrkII overexpression induces anchorage-
independent growth by FAK activation bypassing the require-
ment of cell attachment to the extracellular matrix.

Because oncogenes are thought to be points on normal
growth-signaling pathways that are constitutively activated by
mutation or overexpression (52), the fact that CrklIl-induced
transformation totally depended on FAK, which is in stark
contrast to v-Src-induced transformation, strongly suggests the
role of CrklII as an upstream regulator of FAK activation. In fact,
we showed that the CrkII knockdown reduced the integrin-
stimulated FAK Tyr-397 autophosphorylation (Fig. 54). In
addition, as was observed for FAK-deficient cells and FRNK-
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expressing cells (17, 26, 32, 43, 53), CrkIl-knockdown cells
delayed cell spreading on FN and migrated poorly in response to
haptotactic signals (Fig. 4), clearly demonstrating that CrkII is
physiologically involved in the integrin-stimulated FAK activa-
tion signal.

We found that Cas is involved in CrkII-regulated FAK phos-
phorylation. The Cas mutants having a deleted SD domain or
SH3 domain showed reduced ability of CrkII to induce the
constitutive phosphorylation of FAK Tyr-397 as well as the
anchorage-independent cell growth (Figs. 2 and 3B). These
mutants also displayed reduced integrin-stimulated autophos-
phorylation of FAK (Fig. 5B), implying that Cas is physiologi-
cally involved in the integrin-stimulated FAK activation signal.
Because the SD and the SH3 domains are mapped as the binding
regions for CrkII and FAK, respectively, the formation of the
CrkII-Cas-FAK molecular complex may be important for the
FAK autophosphorylation. In fact, we observed that the FAK
phosphorylation was well correlated with Cas tyrosine phos-
phorylation and formation of the CrkII-Cas complex in the case
of both CrkII overexpression and integrin stimulation (Figs. 3B
and 5 C and D). The phosphorylation of Cas is thought to be
regulated by its SH3 domain with which FAK and its related
kinase, Pyk2, are associated. Consistently, the ASH3 mutant was
not phosphorylated by either CrkII overexpression or integrin
stimulation and did not coprecipitate with CrkII (Figs. 3B and 5
C and D). These observations suggest that the Cas-FAK com-
plex is required for phosphorylation of Cas and for CrkII-Cas
complex formation. Existing models for FAK and Cas functions
in integrin signaling have placed Cas downstream of FAK. It has
been reported that Cas is a mediator of FAK-promoted cell
migration (53, 54) and that cell migration depends on the
formation of Crk—Cas complexes (8, 54). Our present observa-
tions provide a model in which the CrkII-Cas-FAK complex
may not only serve as a downstream mediator of activated FAK
but also affect the activation of FAK as an upstream regulator.

FAK autophosphorylation at Tyr-397 is an initial event lead-
ing to full activation of this kinase. However, the signaling events
that occur immediately after integrin clustering and lead to
autophosphorylation of FAK Tyr-397 are still unknown. Re-
cently, it was reported that defective function of SFKs reduces
(but not abolishes) integrin-stimulated FAK autophosphoryla-
tion (55, 56). Furthermore, we previously reported that v-Crk-
induced FAK autophosphorylation was reduced by expression of
Csk, a negative regulator of SFKs (23). These observations
suggest that SFK activation is possibly involved in CrkII-
regulated FAK phosphorylation. In addition, because SFKs have
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also been implicated in integrin-dependent phosphorylation of
Cas, they may be required for promoting CrkII-Cas complex
formation. However, we were unable to detect significant Src
activation in the CrkII-overexpressing NIH 3T3 cells (data not
shown). Whereas SFKs have been clearly shown to play roles in
downstream signaling of integrin stimulation, several studies
were unable to demonstrate integrin-dependent activation of Src
(56-59). Cary et al. (56) proposes that basal kinase activity of Src
is clearly essential for integrin-mediated events but that regula-
tion of Src activity by phosphorylation of Tyr-416 in its activation
loop may not occur. We speculate that CrkII overexpression
promotes the efficiency of SFK-mediated phosphorylation of
substrates, such as Cas and FAK, through its scaffolding function
rather than by changing the activity of SFKs. Interestingly, some
scaffolding events are clearly essential for integrin-mediated
FAK autophosphorylation. Cary et al. (56) also reported that a
kinase-inactive Src mutant expressed in SFK-defective cells
could rescue integrin-stimulated autophosphorylation of FAK
Tyr-397 and that its overexpression permitted FAK phosphor-
ylation even in the absence of integrin stimulation. This obser-
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vation is very similar to the case with CrkII. Although CrKkII has
not been observed to associate directly with FAK, the scaffolding
function of CrklI, such as in the CrkII-Cas complex formation,
might be essential for promoting efficient autophosphorylation
of FAK.

From studying the ability of CrkII to induce anchorage-
independent cell growth, we found the physiological function of
cellular CrkII upstream of FAK activation. We propose that the
CrkII-Cas complex acts as a previously unidentified mechanism
to promote the autophosphorylation of FAK after integrin
engagement. Further studies to understand the function of CrkII
in FAK autophosphorylation will provide more details on this
mechanism of FAK activation.
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