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Cleavage of p130Cas in Anoikis
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Abstract p130Cas is a multifunctional signaling adaptor protein. It integrates and relays signals generated from a
variety of extracellular stimuli and regulates a number of cellular activities including cell death. In this study, we analyzed
the regulation and function of p130Cas in anoikis, a type of apoptosis caused by disruption of cell-matrix interactions. We
found that p130Cas was specifically cleaved during anoikis in anoikis-sensitive epithelial cells, but not in anoikis-resistant
tumor cells. There is a close correlationbetweenp130Cas cleavage andanoikis. Furthermore,we found that the cleavageof
p130Cas, as well as another focal adhesion component FAK, is different from that of caspase substrate PARP and spectrin.
Although caspases and calpainwere found to be involved in the cleavage of p130Cas, there appear to be other unidentified
proteases that aremainly responsible for the cleavage of p130Cas, particularly at the early stage of anoikis. Overexpression
of the p130Cas cleavage product induced apoptosis. Taken together, these data suggest that there are novel proteases
involved in the cleavage of p130Cas during anoikis, which may be functionally involved in the onset of anoikis. p130Cas

may have a dual role in the regulation of anoikis. On one hand, it mediates a survival signal from cell-matrix interactions
when cells are attached to the extracellular matrix. On the other hand, it participates in executing cell death when cell-
matrix interactions are disrupted. These observations provide new insights into the understanding of the function of
p130Cas and the molecular mechanism of anoikis. J. Cell. Biochem. 91: 325–335, 2004. � 2003 Wiley-Liss, Inc.
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Extracellular matrix (ECM) plays a critical
role in regulating morphology, growth, migra-
tion, and differentiation of mammalian cells
[Fisher, 1994; Cooray et al., 1996]. Disruption of
cell–matrix interactions results in apoptosis of
many types of cells, particularly epithelial and
endothelial cells [Fisher, 1994]. This type of
apoptosis is termed anoikis [Fisher, 1994]. The
molecular mechanismofanoikis ispoorly under-
stood. Understanding of the molecular nature of
anoikis is important to the study of tumor cell
survival and growth because more than 80% of
malignant tumor cells are derived from epithe-
lial cells and are generally anoikis-resistant
[Wei et al., 2001].

The response of cells to matrix proteins is
mediated primarily through the integrin family
of adhesion receptors, which are in complexes
with intracellular signaling proteins at focal
adhesions. Disruption of cell–matrix interac-
tions causes changes in cell morphology, orga-
nization of cytoskeleton, and in modification
and interaction of focal adhesion proteins.
Changes in focal adhesion complexes upon cell
detachment are likely involved in the disruption
of cell adhesion-mediated cell survival signals
and the initiation of anoikis. Focal adhesion
complexes are composed of intracellular signal-
ing proteins such as focal adhesion kinase
(FAK), paxillin, pp60Src, p130Cas, vinculin,
tensin, talin, and a-actinin. Among them, FAK,
p130Cas, and paxillin are closely associated with
changes in the cytoskeleton. Reorganization of
the actin and cytoskeleton is accompanied by
changes in the modifications and activities of
these proteins [Tanaka et al., 1997; Zhu et al.,
1998; Kook et al., 2000].

p130Cas is an signaling adaptor protein,
which contains multiple functional domains
including a SH3 domain, several proline-rich
regions, and a cluster of tyrosine phosphoryla-
tion sites that are SH2 binding motifs [Sakai
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et al., 1994]. This unique molecular structure
enables p130Cas to interact with many signaling
proteins, such as FAK, Src, Crk, Grb2, PI 3K,
Nck, and PLC-g [Sakai et al., 1994; Burnham
et al., 1996]. These multiple interactions allow
p130Cas function as a signal assembly protein
to integrate and coordinate signals to control
cellular activities, including cell transforma-
tion, cell adhesion, actin organization, and cell
migration [Nojima et al., 1996; Nakamoto et al.,
1997; Klemke et al., 1998; Nakamura et al.,
1998]. Recently, a number of experiments sug-
gest that p130Cas is also involved in the regula-
tion of cell death [Chan et al., 1999; Weng et al.,
1999; Weyant et al., 2000; Harrington et al.,
2001; Lesay et al., 2001; Shim et al., 2001; Wang
et al., 2001]. Overexpression of wild-type p130Cas

protects cells from apoptosis [Weng et al., 1999;
Cho and Klemke, 2000], whereas overexpres-
sion of dominant-negative forms of p130Cas

induces cell death [Chan et al., 1999; Almeida
et al., 2000]. The finding that p130Cas is cleaved
during etoposide-induced apoptosis of Rat-1
cells also supports a role of p130Cas in apoptosis
[Kook et al., 2000].

In this study, we examined changes in focal
adhesion proteins during anoikis and found
that p130Cas was cleaved early during anoikis
and that there is a close correlation between the
cleavage of p130Cas and the initiation of anoikis.
Furthermore, we found evidences to suggest
that novel proteases, in addition to caspases
and calpains, were also involved in the cleavage
of p130Cas. These observations provide new in-
sights into the understanding of the function of
p130Cas and the molecular mechanism of anoikis.

MATERIALS AND METHODS

Cell Culture and Anoikis Assay

Immortalized human bronchial epithelial cell
line HBE4-E6/E7 and Madin–Darby canine
kidney epithelial cell line MDCK and lung ad-
enocarcinoma cell lines A549, H1792, SK-LU-1,
and H23 were purchased from the American
Type Culture Collection (Manassas, VA). The
cells, except HBE4-E6/E7, were maintained in
DMEM (Life Technologies, Inc., Grand Island,
NY) supplemented with 10% heat-inactivated
fetal bovine serum. HBE4-E6/E7 was cultur-
ed in Keratinocyte-SFM supplemented with
brain pituitary extracts and human recombi-
nant EGF as suggested by the manufacturer
(GIBCO-BRL, Grand Island, NY).

The anoikis assay was essentially performed
as described by Frisch and Francis [1994].
Briefly, cells were grown to confluence in 100-
mm tissue culture dishes. Cells were then
trypsinized, and 106 cells were plated into
60-mm polyHEMA-coated Petri dishes.
The polyHEMA- coated dishes were prepared
by applying 2-ml polyHEMA solution (10 mg/ml
polyhydroxyethylmethacrylate, Aldrich Chemi-
cal Co., Milwaukee, WI, in ethanol) onto the
dish, dried in tissue culture hood, repeated
once, followed by extensive wash with PBS (>3
times). Cells cultured in the polyHEMA dishes
were collected by pipetting; cells cultured in
regular tissue culture dishes were collected by
scraping. Cytosolic nucleic acids, which contain
fragmented genomic DNA, were extracted with
0.6-ml cell lysis buffer containing 0.5% Triton X-
100, 10 mM EDTA, and 10 mM Tris (pH 7.4).
The cell lysates were extracted with pheno-
chloroform three times, precipitated with etha-
nol, and analyzed by electrophoresis using a
1.5% agarose gel. The gel was incubated in a
RNase A-containing solution (5 mg/ml) to digest
away RNAs before photographing.

Determination of Apoptotic
Cells by Flow Cytometry

Cells were fixed in 70% ethanol for 10 min at
room temperature, resuspended in 0.5 ml solu-
tion of 20 mg/ml propidium iodide and 100 mg/ml
DNase-free Rnase in PBS, and incubated for
30 min at room temperature. For flow cytometric
analysis, at least 10,000 cells were evaluated
using a FACSCaliburTM. Cell cycle distribution
and pre-G1 fraction were determined and quan-
titated using the Cell QUESTTM program. Cells
in Sub-G1 fraction were defined as apoptotic
cells.

Antibodies and Immunoblotting

Mouse monoclonal antibodies against p130Cas,
FAK, and paxillin were purchased from Trans-
duction Laboratory (San Diego, CA). Mouse
monoclonal antibody to Src and rabbit poly-
clonal antibody to p130cas were purchased from
Santa Cruze Biotech, Inc. (Santa Cruze, CA).
Rabbit polyclonal antibodies to cleaved caspase
3, phospho-Akt, Akt, phospho-MAPK, and MAPK
were purchased from New England BioLabs
(Beverly, MA). Mouse monoclonal antibody to
PARP was from Pharmagen (San Diego, CA).
All commercially purchased antibodies were
used as recommended by the manufactures.
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For immunoblotting, cells were lysed in a
modified RIPA buffer [50 mM Tris-HCl (pH 7.4),
150 mM NaCl, 1% NP40, 0.5% (w/v) sodium
deoxycholate, 0.1% SDS, 0.2 mM phenylmethyl-
sulfonyl fluoride, leupeptin (5 mg/ml), aprotinin
(5 mg/ml), and 1 mM Na3VO4]. Cell nuclei were
removedfromlysatesbycentrifugationfor10min.
Protein concentration was determined with
the Bradford reagent (Bio-Rad). Proteins were
resolved by SDS–PAGE (7.5%) and transferred
to a nitrocellulose membrane. For immunoblot-
ting, membranes were pre-incubated for 1 h at
room temperature in a solution containing 5%
fat-free milk, 10 mM Tris-HCl (pH 8.0), 150 mM
NaCl, and 0.1% (v/v) Tween-20. After the pre-
incubation, the membranes were incubated
with primary antibodies at 48C overnight. The
membranes were then washed three times with
the blocking solution and incubated for 1 h at
room temperature with horseradish peroxidase-
conjugated secondary antibodies (Promega,
Madison), followed by ECL detection (Amer-
sham Pharmacia Biotech, Piscataway, NJ).

Plasmid Constructs

A construct of p130Cas encoding the C-termi-
nal amino acids from residue 665 (a putative
caspase cleavage site) to 881 resembling the
cleavage product of p130Cas was subcloned
in frame into an EGFP c2 expression vector
(Clontech, Palo Alto, CA) to generate green
fluorescent protein (GFP) fusion protein. The
construct was verified by restriction enzyme
digestion mapping. The GFP–p130cas fusion
protein produced from the construct was ana-
lyzed by transfection and immunoblotting.

Transfection and Apoptosis Assay

Cells (293 or A549) were plated onto 30-mm
cell culture dishes at 60�75% confluence in
DMEM supplemented with 10% FBS. Cells
were transfected using the Lipofectamine Plus
transfection kit (GIBCO-BRL). Plasmid DNA
(1 mg) was used per transfection. Protein expres-
sion of the transfected constructs was analyzed
by visual inspection of the green fluorescence
produced by the GFP fusion proteins and by
immunoblotting of lysates of the transfected
cells 24 h after transfection. For apoptosis
analysis, three separate transfections were per-
formed for the construct. After expression of the
fusion protein, cells were incubated in suspen-
sion for 24 h and stained with DAPI and
analyzed under a Nikon-inverted fluorescence

microscope equipped with dual FITC/DAPI
filters. Total GFP positive and GFP positive with
fragmented nuclei apoptotic cells were counted.
The apoptotic index represents the percentage
of GFP-positive cells that were scored as apop-
totic after DAPI staining.

Treatment of Cells With Caspases
and Calpain Inhibitors

The specific caspases inhibitors (ZVAD,
ZAEVD, ZVDVAD, and ZWEHD) and calpain
inhibitors (ALLM, ALLN, Calpeptin, and EST)
were purchased from Calbiochem (La Jolla, CA)
and dissolved in DMSO. In experiments that
cells were treated with the inhibitors, the same
volumes of DMSO were added to the controls.

RESULTS

p130Cas Is Cleaved During Anoikis in
Anoikis-Sensitive Epithelial Cells, but not

in Anoikis-Resistant Tumor Cells

Immortalized epithelial cells (HBE4-E6/E7,
MDCK) and human lung adenocarcinoma cells
(A549, H1792, SK-LU-1, and H23) were ana-
lyzed and compared for their sensitivity to
anoikis by culturing them in suspension on
polyhydroxyethylmethacrylation (poly-HEMA)-
coated petri-dishes. FACS analysis demon-
strated that the percentages of cell death of
the control epithelial cells MDCK and HBE4-
E6/E7 were more than 30% when they were
cultured in suspension for 24 h, whereas that of
most of the lung tumor cells was less than 10%
(Fig. 1A). The MDCK control cells were com-
pletely dead after 72 h incubation, but the tumor
cells survived and continued to grow in suspen-
sion (data not shown). These observations are
consistent with our previous report [Wei et al.,
2001], confirming that normal epithelial cells
are anoikis-sensitive (anchorage-dependent),
whereas most of the tumor cells are relatively
anoikis-resistant (anchorage-independent).

Since p130Cas was found to be cleaved during
etoposide-induced apoptosis of Rat-1 cells [Kook
et al., 2000], we looked for possible cleavage of
p130Cas during anoikis in normal versus tumor
cells. We found that p130Cas was indeed cleaved
during anoikis in anoikis-sensitive HBE4-E6/
E7 and MDCK cells, but not in the anoikis-
resistant tumor cells or in the attached growing
cells (Fig. 1B). The identity of the cleavage
product was further confirmed by using inde-
pendent antibodies that specifically recognize
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p130Cas (data not shown). The cleavage of
p130Cas occurred rather rapidly, within 1 h after
the cells were plated on poly-HEMA-coated
dishes (Fig. 2). These data suggest that p130Cas

is cleaved during the early stages of anoikis and
that this cleavage is prevented in the anoikis-
resistant tumor cells. When the anoikis-resis-
tant lung tumor cells were induced to die by

Fig. 1. Cleavage of p130Cas in anoikis. A: Percentage of cell
death caused by culturing in suspension. Normal (MDCK and
HBE) and human lung adenocarcinoma cells (A549, H1792,
SK-LU-1, and H23) were cultured in suspension on polyHEMA-
coated Petri dishes for 24 h. Meanwhile the same amount of the
cells was cultured on the regular tissue culture dishes for 24 h as
the control. The apoptosis was measured with propidium iodide
staining by flow cytometry. The data presented are the mean
from three independent experiments. B: Proteolytic cleavage of
p130Cas in anoikis-sensitive cells (MDCK and HBE) and anoikis-
resistant cells (A549 and H1792). Cells were plated on regular
tissue culture dishes or poly-HEMA-coated dishes for the
indicated periods of time and were lysed with RIPA buffer. The

total cell lysates were resolved by 7.5% SDS–PAGE and
analyzed by Western blotting using a mAb to p130Cas. A:
attached cells. S6: cells cultured in suspension for 6 h. S24: cells
cultured in suspension for 24 h. C and D: Anoikis-resistant lung
tumor cells A549was induced to undergo anoikiswith genistein.
A549 cells were cultured in suspension (S) with or without
0.2 mM genistein for 24 h. Half of the cells were lysed with RIPA
buffer and the total cell lysates were resolved by 7.5% SDS–
PAGE and immunoblotted with antibody to p130Cas (C). The
other half of the cells were used for the isolation of the low-
molecular weight DNA and analyzed by agorose (1.5%) gel
electrophoresis (D).
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genistein, a protein tyrosine kinase inhibitor,
the cleavage of p130cas occurred in these tumor
cells (Fig. 1C). There appears to be a close corre-
lation between p130Cas cleavage and the onset
of anoikis.

We then examined possible cleavage of other
components of the focal adhesion complexes
during anoikis. We found that in addition to
p130Cas, FAK, but not Src and paxillin, was also
cleaved during anoikis with similar kinetics
(Fig. 2), suggesting that the cleavages of p130Cas

and FAK are specific.

Caspases and Calpain Are Involved in the
Cleavage of p130Cas in Anoikis

Caspases are responsible for initiation and
executing apoptotic cell death by cleaving a
number of critical homeostatic, repair, and
structural proteins in the dying cells [Nicholson
and Thornberry, 1997]. p130Cas contains puta-
tive caspase cleavage sites and has been
reported to be cleaved by caspase-3 in etopo-

side-induced apoptotic rat-1 cells [Kook et al.,
2000]. To find out whether caspase-3 is also
responsible for the cleavageofp130Cas inanoikis,
we analyzed the cleavage of p130Cas and com-
pared with that of caspase-3 and its substrate
PARP (Fig. 3). Cleavage products of p130Cas

were detected as early as 1 h after MDCK cells
were plated into suspension, reached its max-
imum within 4 h, whereas the cleavage of
caspase-3 occurred 3 h after the cells were in-
cubated in suspension. Similarly, the cleavage
of PARP also began 3 h after the cell detach-
ment, which correlated with that of caspase-3
(Fig. 3). These data suggest that cleavage of
p130Cas occur before caspase-3 activation.

To further investigate the involvement of
caspases in the cleavage of p130Cas during
anoikis, ZVAD (inhibitor of caspases 1, 3, 4, 7),
ZAEVD (inhibitor of caspases 6, 8, 9, 10),
ZVDVAD (inhibitor of caspase 2), and ZWEHD
(inhibitor of caspase 5, 1, 4) were added into
MDCK cells cultured on poly-HEMA-coated
dishes. Cleavage of PARP and spectrin were
completely blocked by ZVAD and ZAEVD,
whereas the cleavage of p130Cas was only par-
tially blocked (Fig. 4A and data not shown).
These data suggest that although caspases do
play a role in the cleavage of p130Cas during

Fig. 2. Time-course of the cleavage of focal adhesion proteins
during anoikis in MDCK cells. MDCK cells were cultured on
regular tissue culture dishes (A) or in suspension for the indicated
time periods and lysed with RIPA buffer. The total cell lysates
were resolved by 7.5% SDS–PAGE and analyzed by Western
blotting using mAbs to p130Cas, Src, FAK, paxillin, and tubulin
sequentially.

Fig. 3. Time-course of cleavage of p130Cas, caspase 3, and
PARP during anoikis in MDCK cells. MDCK cells were cultured
on regular tissue culture dishes (A) or in suspension for the
indicated time periods and lysed with RIPA buffer. Total cell
lysates were resolved by 7.5% SDS–PAGE and analyzed by
Western blotting using mAbs to p130Cas, PARP, and tubulin, and
a rabbit Ab to cleaved caspase-3.
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anoikis, there are other proteases involved, par-
ticularly in the early stage of p130Cas cleavage.

Calpain, a calcium-activated proteolytic en-
zyme, has also been shown to be involved in the
cleavage of p130Cas in etoposide-induced apop-
tosis in Rat-1 and L929 cells [Shim et al., 2001]
and in cleavage of FAK in degraded-collagen-
treated smooth muscle cells [Carragher et al.,
1999]. Therefore, we investigated possible in-
volvement of calpain in the cleavage of p130Cas

in anoikis by using various calpain specific
inhibitors, including ALLM, ALLN, calceptin,
and EST. Similar to the caspase inhibitors, the
calpain inhibitors also partially inhibited the
cleavage of p130Cas in MDCK cells, suggesting
that calpains are also involved in the cleavage
of p130Cas (Fig. 4B). Combination of both in-
hibitors to caspases and calpain still could
not completely block the cleavage of p130cas

(Fig. 4B), suggesting that additional proteases

are involved in the cleavage of p130Cas, parti-
cularly at the early stage of anoikis.

To compare the cleavage of p130Cas in anoikis
with that in other types of apoptosis, we ex-
amined the time-course of p130Cas cleavage in
cisplatin-induced apoptosis of MDCK cells. As
shown in Figure 5A, cleavage of p130Cas, as
well as FAK, occurred simultaneously with the
cleavage of PARP and spectrin. Treatment of
caspase inhibitors completely blocked the clea-
vage of PARP and spectrin, but only partially
inhibited the cleavage of p130Cas and FAK
(Fig. 5B). These data suggest that the cleavages
of focal adhesion proteins p130Cas and FAK are
different from that of PARP and spectrin. There
are proteases other than caspases and calpain
that are involved in the cleavage of p130Cas.
These proteases may be activated before the
activation of caspases and calpain upon cell
detachment. The early cleavage of p130Cas by

Fig. 4. Effects of caspases and calpain inhibitors on the
cleavage of p130Cas. MDCK cells were incubated in suspension
for 5 hwith orwithout 25 mMcaspases inhibitors ZVAD,ZAEVD,
ZVDVAD, or ZWEHD (A); or 25 mM calpain inhibitors ALLM,
ALLN, calceptin, or EST (B). Combination-1 is a mixture of all
the caspases inhibitors at a concentration of 25 mM each (A);
Combination-2 is a mixture of all calpains inhibitors at a

concentration of 25 mM each (B); Combination-3 is a mixture
of both the caspases and calpains inhibitors at a concentration of
25 mM each (B). Total cell lysates were resolved in 7.5% SDS–
PAGE and analyzed byWestern blotting using mAbs to p130Cas,
FAK, PARP, or spectrin. The cleavage products are indicated.
A: attached cells without addition of inhibitors (B); C: cells
cultured in suspension without addition of inhibitors (A and B).
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the unidentified proteases may function to in-
itiate anoikis.

Cleavage of p130Cas Is Functionally
Involved in the Initiation of Anoikis

The data presented above indicate that cleav-
age of p130Cas is closely associated with cell
death and may have a role in the ignition of
anoikis. To find out whether the cleavage of
p130Cas is functionally involved in executing
cell death, we tested the possibility that the
p130Cas cleavage product may participate in the
initiation of anoikis. We constructed a cDNA
expression plasmid encoding a GFP (green fluo-
rescence protein) p130Cas C-terminal segment

fusion protein, which mimics the p130Cas clea-
vage product, and expressed this protein in the
anoikis-resistant A549 cells. Cell death was
analyzed with DAPI staining. As shown in
Figure 6, 35% of the A549 cells transfected with
p130Cas–GFP fusion protein were dead when
cultured in suspension for 24 h. The cells trans-
fected with the vector alone, however, had only
2% cell death. These data suggest that cleavage
of p130Cas was likely the cause, rather than
the consequence of cell death and that the
cleavage of p130Cas may participate in the
initiation of anoikis.

To further understand the function and me-
chanism of p130Cas cleavage in inducing cell

Fig. 5. A: Cleavage of p130Cas in cisplatin-induced cell death.
MDCK cells cultured on regular tissue culture dishes were
exposed to cisplatin (0.1 mM) for the indicated time-periods and
lysed with RIPA buffer. The total cell lysates were resolved in
7.5% PAGE and analyzed by Western blotting using antibodies
against p130Cas, FAK, PARP, and spectrin. The cleavage products
are indicated. B: Effects of caspase inhibitors on the cleavage of

p130cas, FAK, PARP, and spectrin in cisplatin-induced apopto-
sis. MDCK cells on regular tissue culture dishes were pre-treated
with the caspase inhibitors at 100 mM for 30 min and then
exposed to cisplatin of 0.1mM for 4 h. The total cell lysates were
resolved in 7.5% PAGE and analyzed by Western blotting using
antibodies against p130Cas, FAK, PARP, and spectrin.
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death, we analyzed the effect of overexpression
of the p130Cas cleavage product on phosphor-
ylation of Akt and MAPK, two important cell
survival signal mediators. As shown in Figure 7,
overexpression of the p130Cas cleavage product
had no effect on Akt phosphorylation/activa-
tion, but reduced phosphorylation of MAPK,
suggesting that the p130Cas cleavage product
may induce cell death through a pathway that
lies upstream of MAPK, but independent of Akt.

DISCUSSION

p130Cas is a multifunctional signaling adap-
ter protein. It integrates and relays signals
generated from a variety of extracellular stimuli
and regulates a number of cellular activities
including cell transformation [Burnham et al.,
1996; Nojima et al., 1996; Salgia et al., 1996;
Honda et al., 1998], cell adhesion [Nojima et al.,
1996; Vuori et al., 1996; Nakamura et al., 1998],
actin organization [Nakamura et al., 1998], and
cell migration [Cary et al., 1998; Klemke et al.,
1998]. Recently, there are also evidence linking
p130Cas to the regulation of cell death/survival.
It was reported that p130Cas undergoes depho-
sphorylation during apoptosis induced by var-
ious agents ranging from anti-cancer drugs
[Kook et al., 2000; Weyant et al., 2000; Shim
et al., 2001], collagen gel overlay [Wang et al.,
2001], adenosine/homocysteine [Harrington
et al., 2001], UV irradiation [Chan et al., 1999],
tyrosine phosphatase [Weng et al., 1999], to
serum withdraw [Almeida et al., 2000]. Results
from our own study indicate that anchorage-
independent phosphorylation of p130Cas pre-
vents lung tumor cells from anoikis [Wei et al.,
2002]. More direct evidence supporting an
active role of p130Cas in apoptosis came from
overexpression experiments, in which overex-
pression of wild-type p130Cas protects cells from
tyrosine phosphatase-induced apoptosis [Weng
et al., 1999] and increases survival of migratory
cells [Cho and Klemke, 2000], whereas over-
expression of dominant-negative forms of p130Cas

blocks FAK-mediated cell survival [Chan et al.,
1999; Almeida et al., 2000].

In addition to phosphorylation regulation,
proteolytic cleavage has also been shown to play
an important role in regulating signaling pro-
teins and cell signal transduction. It has been
reported that caspase-dependent cleavage of
the hematopoietic specific adapter protein Gads
alters signaling from the T cell receptor by
disrupting cross talks between SLP-76 and LAT
[Berry et al., 2001]. FAK cleavage by calpain
attenuates its kinase activity and induces its
subcellular redistribution [Cooray et al., 1996].
Cleavage of FAK by caspase generates a FRNK-
like polypeptide which prevents FAK from
localizing to focal adhesions and may play an
important role in the execution of apoptosis by
disabling the anti-apoptotic function of FAK
[Gervais et al., 1998]. Fyn and Lyn, two of the
Src family members, were also reported to

Fig. 6. Effects of overexpressionof p130Cas cleavageproducton
cell death. Anoikis-resistant tumor cell A549 was transfected
with the GFP vector alone or the expression construct of GFP–
p130Cas C-terminal segment fusion protein and cultured in
suspension for 24 h. A549 cells were analyzed for cell deathwith
DAPI staining.

Fig. 7. Effects of p130Cas cleavage on MAPK and Akt
phosphorylation. 293 cells were transfected with the above
constructs (over 80% of the cells were transfected). The
transfected cells cultured in suspension for 24 h were resolved
by 7.5% SDS–PAGE and analyzed by Western blotting analysis
using rabbit antibodies to phospho-MAPK, phospho-Akt, MAPK,
and Akt.
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be cleaved during induction of apoptosis. The
cleavage of Fyn and Lyn alters their kinase
activities and represents a new mechanism for
the regulation of Src kinases [Luciano et al.,
2001]. Recently, p130Cas was reported to be
cleaved by caspase in etoposide-induced apop-
tosis of Rat-1 cells [Kook et al., 2000] and/or by
calpain [Shim et al., 2001], which may con-
tribute to the disassembly of focal adhesion
complexes and interrupt survival signals from
the ECM.

Anoikis is a type of apoptosis when adherent
cells were denied from attachment to their ECM
[Frisch and Francis, 1994]. Resistance to anoi-
kis is a property shared by many malignant
tumor cells and is the basis of tumor cell
anchorage independence [Wei et al., 2001]. We
have found that p130Cas and its anchorage-
independent phosphorylation play an impor-
tant role in protecting tumor cells from anoikis.
In this study, we observed that p130Cas, in
addition to its change in tyrosine phosphoryla-
tion, was cleaved in anoikis-sensitive cells, but
not in anoikis-resistant tumor cells upon cell
detachment. However, when the anoikis-resis-
tant tumor cells were induced to undergo cell
death, cleavage of p130Cas was observed, reveal-
ing a good correlation between p130Cas cleavage
and anoikis. To confirm the role of p130Cas cleav-
age in anoikis, we expressed a GFP (green fluo-
rescence protein)–p130Cas fusion protein that
mimics the p130Cas cleavage product in cultur-
ed cells. Expression of this fusion protein in
anoikis-resistant tumor cells induced cell death,
suggesting that p130Cas cleavage causes cell
death and may initiate anoikis.

The mechanism by which p130Cas cleavage
product induces apoptosis remains to be under-
stood. p130Cas normally acts as a cell survival
signal transducer. Cleavage of p130Cas may
terminate its normal role as a survival factor
and therefore disrupts the p130Cas-mediated
cell survival signal transduction. The cleavage
products of p130Cas may serve a dual role in
regulating cell death. On one hand, the cleavage
products may function as dominant-negative
agents to interfere with the normal p130Cas;
on the other hand, the cleavage products may
function actively to turn on a death program. PI
3 kinase/Akt pathway and MAP kinase path-
way are the two major pathways for cell survival
and proliferation downstream of p130Cas. In our
study, overexpression of the p130Cas cleavage
product did not affect the phosphorylation of

Akt, but reduced the phosphorylation of MAPK,
suggesting that p130Cas may mediate cell sur-
vival through MAPK, rather than PI 3K/Akt.

Our finding that the p130Cas cleavage occurs
before the activation/cleavage of caspases and
PARP during anoikis is intriguing. It suggests
that proteases other than caspases are involv-
ed in the early stage of p130Cas cleavage and
perhaps function in the initiation of anoikis.
p130Cas was reported to be cleaved by both
caspases and calpain in etoposide-induced
apoptosis in Rat-1 and L929 cells [Shim et al.,
2001]. By using calpain inhibitors, we found
that calpain was also involved in the cleavage of
p130Cas during anoikis. Calpain is a ubiquitous
cysteine protease and has been shown to be
activated by a number of apoptosis-inducing
agents, such as IR, etoposide, or staurosporine
[Waterhouse et al., 1998; Watters, 1999; Gao
and Dou, 2000; Shim et al., 2001]. Calpain is
usually activated in the later stage of apoptosis.
However, calpain activation was reported to
be upstream of caspases in radiation-induced
apoptosis [Waterhouse et al., 1998]. Another
recent study also showed that calpain activation
occurred early in cancer drug-induced apoptosis
[Mandic et al., 2002]. Calpain has been found to
be localized at focal adhesions in a number of
cells and several focal adhesion proteins, such
as FAK, talin, vinculin, paxillin, have been
identified as calpain substrates [Cooray et al.,
1996; Wang, 2000]. It is conceivable that disas-
sembling of focal adhesions during anoikis may
somehow activate calpain, which then cleaves
the focal adhesion proteins including p130Cas.
Our data also suggest the involvement of other
proteases in the cleavage of p130Cas during
anoikis because neither caspases and calpains
inhibitors nor their combination could comple-
tely block the cleavage of p130cas in anoikis.
The identity and the role of these proteases in
the early stage of cleavage of p130Cas during
anoikis remain to be clarified.

The level of the cleavage product of p130Cas

declined at the later stage of anoikis, which
is similar to that of FAK and caspase-3. The
mechanism and the functional significance of
this decline are not clear at present. The cleav-
age products may be particularly unstable and
are vulnerable to nonspecific protein degrada-
tion at the later stage of cell death. The decline
of p130Cas cleavage at the later stage of anoikis
may further emphasize its role in the early stage
of anoikis, which acts as a trigger for anoikis and
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becomes less important during the later stage of
cell death.

In summary, we have demonstrated that
p130Cas is cleaved early during anoikis. In addi-
tion to caspases and calpain, there are other
proteases involved in the cleavage of p130Cas.
Cleavage of p130Cas contributes to anoikis and
may be involved in the initiation of anoikis.
These observations provide new insights into
the understanding of the function of p130Cas

and the mechanisms of anoikis.

REFERENCES

Almeida EA, Ilic D, Han Q, Hauck CR, Jin F, Kawakatsu H,
Schlaepfer DD, Damsky CH. 2000. Matrix survival
signaling: From fibronectin via focal adhesion kinase to
c-Jun NH(2)-terminal kinase. J Cell Biol 149:741–754.

Berry DM, Benn SJ, Cheng AM, McGlade CJ. 2001.
Caspase-dependent cleavage of the hematopoietic speci-
fic adaptor protein Gads alters signaling from the T cell
receptor. Oncogene 20:1203–1211.

Burnham MR, Harte MT, Richardson A, Parsons JT,
Bouton AH. 1996. The identification of p130cas-binding
proteins and their role in cellular transformation.
Oncogene 12:2467–2472.

Carragher NO, Levkau B, Ross R, Raines EW. 1999.
Degraded collagen fragments promote rapid disassembly
of smooth muscle focal adhesions that correlates with
cleavage of pp125(FAK), paxillin, and talin. J Cell Biol
147:619–630.

Cary LA, Han DC, Polte TR, Hanks SK, Guan JL. 1998.
Identification of p130Cas as a mediator of focal adhesion
kinase-promoted cell migration. J Cell Biol 140:211–221.

Chan PC, Lai JF, Cheng CH, Tang MJ, Chiu CC, Chen HC.
1999. Suppression of ultraviolet irradiation-induced
apoptosis by overexpression of focal adhesion kinase in
Madin–Darby canine kidney cells. J Biol Chem 274:
26901–26906.

Cho SY, Klemke RL. 2000. Extracellular-regulated kinase
activation and CAS/Crk coupling regulate cell migration
and suppress apoptosis during invasion of the extra-
cellular matrix. J Cell Biol 149:223–236.

Cooray P, Yuan Y, Schoenwaelder SM, Mitchell CA,
Salem HH, Jackson SP. 1996. Focal adhesion kinase
(pp125FAK) cleavage and regulation by calpain. Biochem
J 318:41–47.

Fisher DE. 1994. Apoptosis in cancer therapy: Crossing the
threshold. Cell 78:539–542.

Frisch SM, Francis H. 1994. Disruption of epithelial cell–
matrix interactions induces apoptosis. J Cell Biol 124:
619–626.

Gao G, Dou QP. 2000. N-terminal cleavage of bax by calpain
generates a potent proapoptotic 18-kDa fragment that
promotes bcl-2-independent cytochrome C release and
apoptotic cell death. J Cell Biochem 80:53–72.

Gervais FG, Thornberry NA, Ruffolo SC, Nicholson DW,
Roy S. 1998. Caspases cleave focal adhesion kinase
during apoptosis to generate an FRNK-like polypeptide.
J Biol Chem 273:17102–17108.

Harrington EO, Smeglin A, Newton J, Ballard G,
Rounds S. 2001. Protein tyrosine phosphatase-dependent

proteolysis of focal adhesion complexes in endothelial cell
apoptosis. Am J Physiol Lung Cell Mol Physiol 280:
L342–L353.

Honda H, Oda H, Nakamoto T, Honda Z, Sakai R, Suzuki T,
Saito T, Nakamura K, Nakao K, Ishikawa T, Katsuki M,
Yazaki Y, Hirai H. 1998. Cardiovascular anomaly,
impaired actin bundling and resistance to Src-induced
transformation in mice lacking p130Cas [see comments].
Nat Genet 19:361–365.

Klemke RL, Leng J, Molander R, Brooks PC, Vuori K,
Cheresh DA. 1998. CAS/Crk coupling serves as a
‘‘molecular switch’’ for induction of cell migration. J Cell
Biol 140:961–972.

Kook S, Shim SR, Choi SJ, Ahnn J, Kim JI, Eom SH, Jung
YK, Paik SG, Song WK. 2000. Caspase-mediated clea-
vage of p130cas in etoposide-induced apoptotic Rat-1
cells. Mol Biol Cell 11:929–939.

Law SF, O’Neill GM, Fashena SJ, Einarson MB, Golemis
EA. 2000. The docking protein HEF1 is an apoptotic
mediator at focal adhesion sites. Mol Cell Biol 20:5184–
5195.

Lesay A, Hickman JA, Gibson RM. 2001. Disruption of
focal adhesions mediates detachment during neuronal
apoptosis. NeuroReport 12:2111–2115.

Luciano F, Ricci JE, Auberger P. 2001. Cleavage of Fyn and
Lyn in their N-terminal unique regions during induction
of apoptosis: A new mechanism for Src kinase regulation.
Oncogene 20:4935–4941.

Mandic A, Viktorsson K, Strandberg L, Heiden T, Hansson
J, Linder S, Shoshan MC. 2002. Calpain-mediated Bid
cleavage and calpain-independent Bak modulation: two
separate pathways in cisplatin-induced apoptosis. Mol
Cell Biol 22:3003–3013.

Nakamoto T, Sakai R, Honda H, Ogawa S, Ueno H, Suzuki
T, Aizawa S, Yazaki Y, Hirai H. 1997. Requirements for
localization of p130cas to focal adhesions. Mol Cell Biol
17:3884–3897.

Nakamura I, Jimi E, Duong LT, Sasaki T, Takahashi N,
Rodan GA, Suda T. 1998. Tyrosine phosphorylation of
p130Cas is involved in actin organization in osteoclasts.
J Biol Chem 273:11144–11149.

Nicholson DW, Thornberry NA. 1997. Caspases: Killer
proteases. Trends Biochem Sci 22:299–306.

Nojima Y, Mimura T, Morino N, Hamasaki K, Furuya H,
Sakai R, Nakamoto T, Yazaki Y, Hirai H. 1996. Tyrosine
phosphorylation of p130Cas in cell adhesion and trans-
formation. Hum Cell 9:169–174.

Sakai R, Iwamatsu A, Hirano N, Ogawa S, Tanaka T, Mano
H, Yazaki Y, Hirai H. 1994. A novel signaling molecule,
p130, forms stable complexes in vivo with v-Crk and v-
Src in a tyrosine phosphorylation-dependent manner.
EMBO J 13:3748–3756.

Salgia R, Pisick E, Sattler M, Li JL, Uemura N, Wong
WK, Burky SA, Hirai H, Chen LB, Griffin JD. 1996.
p130CAS forms a signaling complex with the adapter
protein CRKL in hematopoietic cells transformed by
the BCR/ABL oncogene. J Biol Chem 271:25198–
25203.

Shim SR, Kook S, Kim JI, Song WK. 2001. Degradation of
focal adhesion proteins paxillin and p130cas by caspases
or calpains in apoptotic rat-1 and L929 cells. Biochem
Biophys Res Commun 286:601–608.

Tanaka S, Ouchi T, Hanafusa H. 1997. Downstream of Crk
adaptor signaling pathway: Activation of Jun kinase by

334 Wei et al.



v-Crk through the guanine nucleotide exchange protein
C3G. Proc Natl Acad Sci USA 94:2356–2361.

Vuori K, Hirai H, Aizawa S, Ruoslahti E. 1996. Introduc-
tion of p130cas signaling complex formation upon
integrin-mediated cell adhesion: A role for Src family
kinases. Mol Cell Biol 16:2606–2613.

Wang KK. 2000. Calpain and caspase: Can you tell the
difference? Trends Neurosci 23:20–26.

Wang YK, Lin HH, Tang MJ. 2001. Collagen gel overlay
induces two phases of apoptosis in MDCK cells. Am J
Physiol Cell Physiol 280:C1440–C1448.

Waterhouse NJ, Finucane DM, Green DR, Elce JS, Kumar
S, Alnemri ES, Litwack G, Khanna K, Lavin MF, Watters
DJ. 1998. Calpain activation is upstream of caspases in
radiation-induced apoptosis. Cell Death Differ 5:1051–
1061.

Watters D. 1999. Molecular mechanisms of ionizing radia-
tion-induced apoptosis. Immunol Cell Biol 77:263–271.

Wei L, Yang Y, Yu Q. 2001. Tyrosine kinase-dependent,
phosphatidylinositol 30-kinase, and mitogen-activated

protein kinase-independent signaling pathways prevent
lung adenocarcinoma cells from anoikis. Cancer Res
61:2439–2444.

Wei L, Yang Y, Zhang X, Yu Q. 2002. Anchorage-
independent phosphorylation of p130(Cas) protects lung
adenocarcinoma cells from anoikis. J Cell Biochem
87:439–449.

Weng LP, Wang X, Yu Q. 1999. Transmembrane tyrosine
phosphatase LAR induces apoptosis by dephosphorylat-
ing and destabilizing p130Cas. Genes Cells 4:185–196.

Weyant MJ, Carothers AM, Bertagnolli ME, Bertagnolli
MM. 2000. Colon cancer chemopreventive drugs mod-
ulate integrin-mediated signaling pathways. Clin Cancer
Res 6:949–956.

Zhu T, Goh EL, LeRoith D, Lobie PE. 1998. Growth
hormone stimulates the formation of a multiprotein
signaling complex involving p130(Cas) and CrkII. Resul-
tant activation of c-Jun N-terminal kinase/stress-acti-
vated protein kinase (JNK/SAPK). J Biol Chem 273:
33864–33875.

p130Cas Cleavage and Anoikis 335


