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Celecoxib induces anoikis in human colon carcinoma cells associated with the

deregulation of focal adhesions and nuclear translocation of p130Cas
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Celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, is effec-
tive as chemopreventive against colon cancer and it is the only
nonsteoroidal antiinflammatory drug approved by the FDA for
adjuvant therapy in patients with familial adenomatous polyposis.
It is also being evaluated, within Phase II and III clinical trials, in
combination with standard chemotherapy to treat sporadic colo-
rectal cancer. Nevertheless, its antitumor mechanism of action is
still not fully understood. In this study, we have evaluated the
in vitro growth inhibitory effect of celecoxib in colon carcinoma
cells and analyzed its mechanism of action. We report that the
deregulation of the focal adhesion assembly protein Crk-associ-
ated substrate 130 kDa (p130Cas) by celecoxib plays a relevant
role in the cytotoxic effect of this drug. Thus, celecoxib induces the
proteolysis of p130Cas and the nuclear translocation of the 31 kDa
generated fragment leading to apoptosis. Furthermore, overex-
pression of wild-type p130Cas reverts, in part, the growth inhibi-
tory effect of celecoxib. In contrast, FAK and AKT do not appear
to be involved in this activity. Our data suggest, for the first time,
that the antitumor mechanism of action of celecoxib includes the
induction of anoikis, an effect that is not related to COX-2 inhibi-
tion. Besides providing new insights into the antitumor effect of
celecoxib, this novel mechanism of action holds potential relevance
in drug development. Indeed, our results open the possibility to
develop new celecoxib derivatives that induce anoikis without
COX-2 inhibition so as to avoid the cardiovascular toxicity
recently described for the COX-2 inhibitors.
' 2005 Wiley-Liss, Inc.
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Treatment of patients, with or without a genetic predisposition
to colon cancer, with nonsteroidal antiinflammatory drugs
(NSAIDs)1–3 or cyclooxygenase-2 (COX-2) specific inhibitors4

reduces the risk of tumor development. Moreover, when used in
chemopreventive protocols, COX-2 inhibitors delay the develop-
ment of colon adenomas and their transition to carcinomas,3,5 and
are active in treating established tumors as single agents.6,7 Cele-
coxib is a selective COX-2 inhibitor that has demonstrated chemo-
preventive activity in familial adenomatous polyposis4 and has
been approved by the Food and Drug Administration (FDA) for its
clinical use in cancer. In addition, combinations of celecoxib and
standard chemotherapy for sporadic colorectal cancer are being
evaluated in randomized trials.8 Nevertheless, the mechanism of
the antitumor effect of this drug is still unclear and there is an
open controversy on its dependency on COX-2 inhibition. Further
knowledge on the mechanism of action of celecoxib will increase
the probability of having a significant impact on the clinical course
of colorectal cancer and on the development of more potent drugs.

The antitumor effect of celecoxib has been described in many
different carcinoma cell types. Although many authors suggest
that its effect is caused by the induction of apoptosis in colon,9,10

prostate,11 cholangiocarcinoma12 or hepatocellular13 carcinoma
cells, the precise pathways involved in this induction are starting
now to be elucidated. Thus, different pathways have been related
to celecoxib apoptotic effect, such as the alteration of PDK/Akt

and Bad,14 the activation of NFjB15 or the release of mitochon-
drial cytochrome C.16

In this study, we have further explored the mechanism of action
of celecoxib, in colon carcinoma cells. On the basis of the pre-
vious reports on NSAIDs modulation of integrin mediated signal-
ing pathways,17,18 we evaluated whether celecoxib could alter cell
signaling from different proteins that regulate focal adhesions.

Focal adhesion complexes are structures that link the actin fila-
ments of the cytoskeleton and the extracellular matrix (ECM). The
signaling pathways mediated by these complexes play an impor-
tant role in the regulation of cell survival and apoptosis.19 For this
reason, deregulation of focal adhesion complexes and loss of cell
attachment to the ECM induce cell death through a specific apop-
totic process termed anoikis.20 Resistance to anoikis confers a
selective advantage upon precancerous epithelial cells and con-
tributes prominently to malignancy in colon cancer.21 Thus, agents
that induce anoikis could theoretically halt this malignant process.
To our knowledge, no previous reports have related celecoxib
antitumor effect with deregulation of focal adhesion proteins.

Different proteins that compose focal adhesion complexes have
been involved in the regulation of anoikis; among them, focal
adhesion kinase (FAK) and Crk-associated substrate 130 kDa
(p130Cas) are particularly important. FAK is a cytoplasmic nonre-
ceptor tyrosine kinase, which is activated by autophosphorylation
upon integrin-dependent adhesion,22 or after growth factor or hor-
mone stimulation.23 Tyrosine phosphorylation of FAK plays a
central role in signaling from integrins, creating multiple binding
sites for different signaling and adapter proteins, such as Src,24

PI3K,25 Grb2,26 PTEN27 and p130Cas.28 p130Cas is a docking
protein that integrates signals that control cell transformation, cell
adhesion, actin organization, and cell migration.29,30 It is also
involved in the regulation of cell death; its overexpression protects
from apoptosis whereas dominant-negative forms of p130Cas
induce cell death.31,32 Proteolysis of p130Cas has been associated
with the induction of apoptosis by different agents33,34 and gener-
ates a fragment of 31 kDa that is translocated to the nucleus where
it acts as a transcriptional repressor.35

We show here, for the first time, that celecoxib induces anoikis
in human colon carcinoma cells. Anoikis induction is associated
with proteolysis and translocation of p130Cas to the nucleus in all
tested cell lines; however, this effect does not correlate with FAK
or AKT dephosphorylation. We also report that, in contrast to the
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expression of activated FAK, the overexpression of wild-type
p130Cas diminishes the antitumor effect of celecoxib.

Material and methods

Cell lines and culture conditions

TD20 and NC59 cell lines were previously established in our
laboratory from 2 colon carcinoma patients who did not have any
previous history of chemo or radiotherapy treatment. These cell
lines were characterized for the most common mutations in colo-
rectal cancer.36 Both carry the K-ras wild-type gene; TD20 has a
mutation in the p53 tumor suppressor gene and NC59 carries a
wild-type p53. HCA7 cells were kindly provided by Dr. Susan
Kirkland and HT29 cells were obtained from the ATCC. All cell
lines were cultured in DMEM (25 mM Hepes), except for HCA7,
which was cultured in DMOD medium. In all cases, medium was
supplemented with 10% fetal bovine serum, 1% glutamine, 100
units/ml penicillin/streptomycin (Life Technologies, Inc.), and
cells were incubated at 37�C in a humidified atmosphere contain-
ing 5% CO2.

Celecoxib was synthesized by Laboratories Esteve S.A. and the
stock solution reconstituted in DMSO and diluted in culture media
before use.

Antitumor activity

We compared the antitumor effect of celecoxib against the
TD20, HCA7, HT29 and NC59 cell lines. Antitumor activity was
evaluated measuring cell metabolic capacity (viability), using the
Cell Proliferation Kit II (XTT) and following the recommenda-
tions of the manufacturer (Roche Diagnostics). The assays were
carried out in triplicates, with controls containing unexposed cells,
cells with vehicle, or media plus compound. Cells were seeded
into 96-well plates (5 3 103 cells/well) in 100 ll of media and
incubated for 24 hr. Afterwards, celecoxib at 1, 20, 40, 60 and
80 lM concentrations or vehicle were added, and incubated for
60 hr. At the end of the incubation period, we added 50 ll of a
mixture containing XTT and electron coupling reagent to each
well. After 4 hr of incubation at 37�C, we read the absorbance at
490 nm. The growth inhibitory activity was obtained by subtract-
ing the absorbance of the blanks and expressed as percentage of
cell growth inhibition, as compared with untreated controls.

Apoptotic induction

To evaluate the apoptotic capacity of celecoxib, we performed
nuclear staining with the Hoescht 3342 dye (Sigma) in cells
exposed to compound or vehicle (DMSO) for 24 hr. Once the
incubation was finished, the media was collected and centrifuged
to obtain the suspended cells. We rinsed with PBS, at pH 7.4
(Ca21 and Mg21 free), and centrifuged again to collect the cells
that could remain in suspension. The adhered cells were trypsi-
nized and pulled together with those previously obtained. These
cells were fixed (3.7% p-formaldehyde in PBS, pH 7.4) for 10 min
at 220�C and rinsed 3 times with PBS. They were, afterwards,
permeabilized (0.5% Triton X-100 in PBS pH 7.4) for 5 min at RT
and rinsed twice with PBS. Following, cells were stained with
Hoescht dye (50 ng/ml in PBS pH 7.4) for 10–30 min at RT, in the
dark. Then, cells were rinsed with distilled water and resuspended
in 10 ll of PBS. Finally, we mounted the cells on a slide, leaving
the sample to dry and observing the appearance of the nuclei under
a fluorescence microscope, to count the total and the apoptotic cell
number. Cells that showed nuclear condensation and/or fragmen-
tation were identified as apoptotic.

We also tried to assess if the cells that were detached by the
effect of celecoxib remained or not viable, in order to know if
detachment occurred before apoptosis. To that purpose, we stained
floating cells with trypan blue during 5 min and counted the num-
ber of viable (nonstained) and nonviable (blue stained) cells.

Signal transduction analysis by Western blot

We analyzed the alteration of the signal transduction pathways
associated with the regulation of apoptosis and the focal adhesion
proteins in protein extracts of TD20, NC59, HT29 and HCA7
cells exposed to 60 lM celecoxib for different periods of time.
After exposure to the compound, whole cell lysates were prepared
and Western blot performed as previously described.37 Dilutions
in TBS-T, containing 0.1% BSA or 1% nonfat dried milk, for
primary antibodies were as follows: rabbit anti-COX-2 (Cay-
man Chemical, 1:8,000), rabbit anti-COX-1 (Cayman Chemi-
cal, 1:1,000), mouse anti-p130Cas (BD, Pharmingen, 1:4,000),
rabbit anti-p130Cas Tyr410 (Cell Signalling, 1:1,000), mouse
anti-FAK (BD, Pharmingen, 1:4,000), mouse anti-FAK Tyr397
(BD, Pharmingen, 1:4,000), mouse anti-AKT (BD, Pharmingen,
1:2,000), rabbit anti-AKT Thr308 (Cell Signalling, 1:1,000), rab-
bit anti-Caspase 9 (Cell Signalling, 1:5,000), rabbit anti-Caspase-
8 (BD Pharmingen, 1:5,000), mouse anti-cytochrome c (BD Phar-
mingen, 1:1,000), goat anti-actin (Santa Cruz Biotechnologies,
1:20,000) or mouse anti-c-Myc (BD Pharmingen, 1:1,000).

Protein extraction of the cytosolic fraction

To determine the release of cytochrome C from mitochondria,
we measured its level in the cytosol in control cells and after treat-
ment with 60 lM Celecoxib for 15 hr. We seeded TD20 or HCA7
cells in 100 mm plates and treated them with the compound or
vehicle. Then, we collected the supernatant and trypsinized the
adhered cells pulling them together. Following, we centrifuged the
cells for 10 min at 400g, washed the pellet with extraction buffer
(20 mM Hepes pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 250 mM Sucrose, 1 mM DTT, 0.1 mM
PMSF, 5 lg/ml pepstatin A, 10 lg/ml leupeptin, 2 lg/ml aproti-
nin) and centrifuged again. Afterwards, cells were resuspended
with extraction buffer and incubated on ice for 30 min. Finally,
cells were homogenized with a glass piston (pestle B) for 15 times
and centrifuged twice at 20,000g for 30 min. Supernatants were
kept at 280�C until immunoblotting of cytochrome C was per-
formed, with the corresponding antibody, as described above.

Immunofluorescence analysis of p130Cas

Cells were seeded into 8-well chamber slides and treated with
60 lM Celecoxib or vehicle for 15 hr. Immunofluorescence analy-
sis of p130Cas was performed in adhered cells and in supernatants
after collecting by centrifugation with a citospin. Cells were rinsed
3 times in PBS and fixed with cold methanol for 1 min at 220�C.
Then, cells were washed again 3 times with PBS and blocked for
1 hr in 1% BSA on PBS at RT. Afterwards, cells were washed
with PBS and incubated with p130Cas antibody (BD Pharmingen,
1:100) for 1 hr. Then, cells were washed with PBS and incubated
with the secondary antibody (anti-mouse TRITC, 1:100) and
Hoescht dye (50 ng/ml). Finally, cells were washed with PBS and
cover slips were mounted using Fluoprep (Biom�erieux).

Plasmid constructs and transfection

Plasmid constructs containing full-length CAS (CAS-FL, amino
acids 1–874) or active FAK (Myr-FAK) were used to transiently
transfect TD20 cells. CAS-FL plasmid was a generous gift from
Dr. Amy H. Bouton and is described in Burnham et al.38 Myr-
FAK plasmid was gently provided by Dr. Silvio Gutkind and is
described in Igishi et al.39 The day before transfection, we seeded
4 3 106 TD20 cells in 100 mm plates with complete growth
medium. The following day, we mixed 20 ll of Plus Reagent
(Invitrogen) and 15 ll of plasmid DNA (pcDNA3, CAS-FL or
Myr-FAK) into 750 ll medium without serum and incubated for
15 min at RT. Meanwhile, we diluted 30 ll Lipofectamine (Invi-
trogen) into 50 ll medium without serum. Then, we combined
diluted DNA and diluted Lipofectamine reagent mixing gently
and incubating them for 15 min at RT. After that, we replaced the
medium of the cells with 5 ml of medium without serum and anti-
biotics. Finally, we overlaid the diluted complex solution onto the
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cells and incubated them for 3 hr at 37�C, adding afterwards 5 ml
of medium containing FBS. The following day, we seeded the
transfected cells to perform the protein extracts and the analysis of
cell viability by XTT after 4 hr exposure to celecoxib.

Statistical analysis

The inhibitory concentration 50 (IC50) was determined from the
dose–response curves of compound concentration versus percent-
age of cell viability with the Hill sigmoidal equation (3 parame-
ters), using Sigmaplot 5.0 software. Values of IC50 were compared
by the U-Mann Whitney test and statistically significant differen-
ces were considered at p < 0.05.

Results

Celecoxib inhibits the viability of colon carcinoma cell lines
expressing different levels of COX-2

Because of the previous reports associating inhibition of COX-2
expression with the antitumor activity of celecoxib,40,41 we ana-
lyzed the effect of this drug on cell viability, using 4 human colon
carcinoma cell lines, with different levels of COX-2 expression. As
shown in Figure 1a, celecoxib inhibited the viability (reduction of
metabolically active cells, as measured by the XTT test) of all 4 cell
lines, in a concentration-dependent manner, after 60 hr exposure.
To evaluate the differences in the sensitivity of the cell lines to cele-
coxib, we determined and compared the IC50 values of the 4 cell
lines. The IC50 of celecoxib in TD20 cells was 23.73 lM 6
2.23 lM, in HCA7 was 33.78 lM 6 2.42 lM, in HT29 was
21.66 lM 6 1.59 lM and in NC59 cells was 27.15 lM 6

1.96 lM. Interestingly, celecoxib had a similar effect in all cell lines
despite their levels of COX-2 expression were significantly differ-
ent. Thus, despite HCA7 cells showed the highest level of COX-2
expression and NC59 had no detectable expression of the enzyme
(Fig. 1b) their IC50 values were not statistically different (U-Mann
Whitney test, p > 0.05). Therefore, we observed a lack of correla-
tion between cell growth inhibition (IC50 values) and COX-2 levels
in the 4 tested cell lines. All 4 cell lines had undetectable levels of
COX-1 (data not shown).

Celecoxib induces apoptosis through the activation
of the mitochondrial pathway

To explain the growth inhibitory effect of celecoxib on the colo-
rectal carcinoma cell lines, we explored its capacity to induce
apoptosis and its associated morphological and molecular
changes. We first tested the induction of apoptosis by Hoescht
nuclear staining. After 24 hr of 60 lM celecoxib treatment, we
observed an increase of apoptotic cells in all tested cell lines, as
identified by the presence of nuclear condensation and fragmenta-
tion (Fig. 2, panels b, d, f and h). As expected, the percentage of
apoptosis in vehicle-treated cells was negligible (<1%) (Fig. 2,
panels a, c, e and g). In agreement with the results obtained in the
cell viability assays, there was no correlation between the level of
COX-2 and apoptotic induction. Thus, HCA7 and NC59 cells
show a similar percentage of apoptotic cells while their COX-2
expression differs substantially (Fig. 1b).

FIGURE 1 – Celecoxib inhibits the cell viability of all tested human
colorectal carcinoma cell lines independently of their level of COX-2
expression. Viability was evaluated by the XTT metabolic assay after
60 hr of drug exposure. (a) Viability/concentration curves for cele-
coxib on the colorectal carcinoma cell lines TD20, HCA7, HT29 and
NC59. All cell lines were similarly sensitive to the growth inhibitory
effect of celecoxib in vitro. (b) Expression of COX-2 of the 4 cell
lines, as measured by Western blot. Equal protein loading was ensured
by immunoblotting against b-actin.

FIGURE 2 – Celecoxib induces apoptosis in colorectal carcinoma
cells after 24 hr exposure. TD20, HCA7, NC59 and HT29 cells were
exposed to vehicle (a, c, e and g) or 60 lM celecoxib (b, d, f and h)
for 24 hr, and apoptotic cells were identified after Hoescht staining.
Cells exposed to vehicle (a, c, e and g) showed less than 1% of apop-
tosis, whereas exposure to celecoxib induced a high number of apop-
totic cells, depicting chromatin condensation and nuclear fragmenta-
tion (white arrows) (b, d, f and h). Images were obtained by fluores-
cence microscopy (3400).
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To further explore the mechanism of celecoxib-induced apopto-
sis, we examined the activation of caspases, key executioners of
this process. We analyzed the activation of the initiator caspases 9
and 8 (Fig. 3a). After exposure of TD20, HCA7, NC59 and HT29
cells to 60 lM celecoxib at 4, 8, 15 or 24 hr, we detected the acti-
vation of procaspase-9, ranging from 4 to 24 hr. In contrast, pro-
caspase 8 was not activated at any of these time points (Fig. 3a).

The activation of the initiator caspase 9 by the mitochondrial
pathway is caused by the depolarization of the mitochondrial
membrane and the release of cytochrome C to the cytosol.42 On
this basis, we wanted to evaluate if the induction of apoptosis by
celecoxib was caused by activation of the mitochondrial pathway.
For that purpose, we determined the release of cytochrome C, after
15 and 24 hr of exposure to celecoxib, in TD20 or HCA7 cells. In
both cell lines, we observed an increase of cytochrome C in the
cytosol at 15 hr of exposure to celecoxib (Fig. 3b).

Consequently, and confirming previous reports,16,43,44 in our
system, the induction of apoptosis by celecoxib is caused by the
activation of the mitochondrial pathway, including cytochrome C
release to the cytosol and activation of the initiator caspase-9,
leading to apoptotic cell death.

Celecoxib induces deregulation of focal adhesion proteins

Because of our observation that cells exposed to celecoxib
become rounded and detached, shortly after exposure to the drug,

we tried to assess if the loss of cell attachment occurred before
apoptosis. This is because there is a form of apoptosis, termed
anoikis, which is induced by loss of cell anchorage and activates
the mitochondrial pathway. To that purpose, we stained floating
cells with trypan blue to test if they remained viable. We observed
a significant number of viable cells, coexisting with nonviable
cells (data not shown), but we were unable to accurately quantify
their relative percentages.

Therefore, to further evaluate whether or not celecoxib induced
anoikis, we assessed the regulation of 3 proteins implicated in
focal adhesion signaling (Fig. 4). We determined p130Cas expres-
sion and its cleavage to a 31 kDa fragment, after 4, 8, 15 and 24 hr
of exposure to celecoxib (Fig. 4), since it is a component of the
focal adhesion complexes and participates in executing anoikis
after detachment from the ECM.45 In addition, we determined the
expression of FAK and its phosphorylation in Tyr397 as an indica-
tor of FAK activity, and the expression and phosphorylation on
Thr308 of AKT, at the same exposure times. In TD20 cells, after
4 hr of exposure to 60 lM Celecoxib, p130Cas was downregulated
and cleaved, generating the 31 kDa fragment. Although there was
not a significant reduction in FAK expression, its activation, as
measured by tyrosine phosphorylation, significantly diminished
after 8-hr treatment (Fig. 4). We obtained similar results in HCA7
cells; however, proteolysis of p130Cas happened at longer times,
and dephosphorylation of FAK was not observed despite its levels
of expression diminished at longer times (Fig. 4). Both, HT29 and
NC59 cells showed a similar increase in the 31 kDa fragment at
4 hr of celecoxib treatment. In HT29 cells, there was also downre-

FIGURE 3 – Signal transduction associated with apoptotic induction
after celecoxib treatment of colon carcinoma cells. (a) Expression and
activation of procaspases 9 and 8 in TD20, HCA7, NC59 and HT29
cells treated with vehicle (V) or 60 lM celecoxib at different time
periods (4, 8, 15 and 24 hr). In all cell lines, celecoxib activated pro-
caspase 9 but did not induce the cleavage of procaspase-8. Equal load-
ing was checked by immunoblotting against b-actin. (b) Levels of
cytosolic cytochrome C, in TD20 and HCA7 cells, treated with
vehicle (V) or 60 lM celecoxib for 15 or 24 hr. In both cell lines, cele-
coxib induced the release of cytochrome C from the mitochondria, as
measured by its increase in the cytosol.

FIGURE 4 – Regulation of proteins of the focal adhesion contacts, in
TD20, HCA7, NC59 and HT29 colorectal carcinoma cells, treated
with vehicle (V) or 60 lM celecoxib for 4, 8, 15 or 24 hr. In all cell
lines, celecoxib induced the proteolysis of p130Cas, generating a
31 kDa fragment. The effect of celecoxib on FAK expression and acti-
vation depends on the tested cell line. AKT expression and phosphory-
lation remained unchanged in all the analyzed cell lines. Equal loading
was ensured by immunoblotting against b-actin.
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gulation of p130Cas expression and dephosphorylation of FAK at
15 hr of exposure. In NC59 cells, FAK activity did not decrease
until 24 hr of celecoxib treatment. Finally, none of the tested cell
lines showed alteration of the levels of expression or activation (by
Thr308 phosphorylation) of AKT after celecoxib exposure. Thus,
we have observed lack of AKT dephosphorylation, and an inconsis-
tent pattern of FAK dephosphorylation, among the tested cell lines,
whereas p130Cas proteolysis was a universal finding (Fig. 4).

Celecoxib induces the nuclear translocation of p130Cas

Based on previous reports describing that the 31 kDa fragment,
product of p130Cas cleavage, could be translocated to the
nucleus,35 we determined if celecoxib could also alter the subcel-
lular distribution of p130Cas or of its 31 kDa proteolytic fragment.
For that purpose, TD20 and HCA7 cells were exposed to 60 lM
celecoxib for 15 hr and then stained with an anti-p130Cas mAb,
which recognizes both the full length and the 31 kDa fragment of
p130Cas. At the same time, we stained the nuclei with Hoescht
dye to facilitate the observation of the subcellular localization of
p130Cas. In control cells, p130Cas was mainly located in the cyto-
sol and plasma membrane (Fig. 5a). The combination of both, the
anti-p130Cas and the nuclear stain, clearly showed that p130Cas
did not localize to the nucleus, as nuclei remained green colored
(Fig. 5c). When cells were treated with celecoxib, we observed
nuclear staining of p130Cas even though some cytosolic p130Cas
was still present (Fig. 5a). This instance, colocalization of
p130Cas (red) and Hoescht (green) stain could be distinguished
because the nuclei turned yellow when the stains were merged
(Fig. 5c). Consequently, celecoxib induces the translocation of
p130Cas to the nucleus in both cell lines. Since the antibody we
used cannot differentiate between full length and fragmented
p130Cas, we cannot conclude that it is the 31 kDa fragment, the
one translocating to the nucleus. Nevertheless, this is likely to be
the case since the cleaved form is the one that has been described
to translocate to the nucleus.35

Overexpression of p130Cas reduces the sensitivity of colon
carcinoma cells to celecoxib, whereas activated FAK does not

To further evaluate the relevance of the focal adhesion proteins
p130Cas and FAK in the apoptosis induced by celecoxib, we
transfected TD20 cells with a plasmid containing full-length
p130Cas (CAS-FL) or constitutively activated FAK (Myr-FAK).
We treated transient transfectants, overexpressing p130Cas or
active FAK, with celecoxib for 4 hr and compared the inhibition
of cell viability with that of cells transfected with an empty vector
(pcDNA3) (Fig. 6a). The IC50 for celecoxib, in CAS-FL transfec-
tants, (55.66 6 5.47 lM) was significantly higher than the IC50 in
cells transfected with the empty vector (33.58 6 5.05 lM) (p <
0.05, U Mann Whitney test). In contrast, Myr-FAK transfectants
had sensitivity to celecoxib similar to control cells (IC50 of 35.85 6
3.10 lM). This result indicates that the overexpression of
p130Cas, but not the activation of FAK, blocks the apoptotic
effect of celecoxib, and supports the argument that the in vitro
antitumor effect of celecoxib is, at least in part caused by the pro-
teolysis of p130Cas. To molecularly analyze the transfectants, we
made protein extracts of CAS-FL, Myr-FAK and control transfec-
tants, and analyzed the expression and tyrosine phosphorylation
of p130Cas and FAK (Fig. 6b). As expected, the CAS-FL trans-
fectants showed high levels of p130Cas expression and activation,
and the Myr-FAK transfectants had higher FAK expression and
activation. The levels of expression and phosphorylation of FAK
were not altered in CAS-FL transfectants, and p130Cas was not
changed in Myr-FAK transfectants. Finally, we confirmed that the
transfection of the CAS-FL plasmid was highly efficient, by
detecting high levels of the c-Myc-tag, since this is a myc-tagged
plasmid.

Discussion

Induction of anoikis as a novel mechanism of antitumor effect

Breakdown of anoikis is a critical step in tumor progression and
metastatic spread because it enables malignant cells to detach

FIGURE 5 – Immunolocalization
of p130Cas in TD20 and HCA7
cells after 15 hr of treatment with
vehicle or 60 lM celecoxib. (a) In
TD20 and HCA7 control cells,
p130Cas was localized in the cyto-
sol and plasma membrane (red).
When cells were treated with cele-
coxib, p130Cas was translocated to
the nucleus, while some staining
was remaining in the cytosol. (b) Nu-
clear staining with colorant Hoescht
(green). (c) Combination of p130Cas
immunofluorescence (red) and nu-
clear staining with Hoescht (green)
to asses the nuclear localization of
p130Cas (yellow). In control cells
nuclei remained green colored, thus
p130Cas was absent. When cells
were treated with celecoxib, nuclear
localization of p130Cas was clearly
observed (yellow). Images were ob-
tained by fluorescence microscopy
(3630).
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from the primary tumor and invade secondary tissues.21,46 There-
fore, new therapies directed to sensitize tumor cells to anoikis are
especially relevant, since they could have both antitumor and anti-
metastatic properties. Here, we describe anoikis as a mechanism
of action for celecoxib, based on the observation of its induction
of apoptosis and deregulation of focal adhesion proteins.

A relevant role for p130Cas in anoikis induction by celecoxib

Our results show that the loss of cell anchorage and anoikis
induced by celecoxib is associated with the proteolysis of
p130Cas. Despite previous reports of FAK involvement in regulat-
ing the sensitivity to anoikis, our results suggest that, in our sys-
tem, FAK does not play a relevant role in this effect. This is
because it shows an inconsistent pattern of dephosphorylartion
and the overexpression of constitutive active FAK does not alter
the sensitivity of the cells to the drug. However, it has been

reported that overexpression of constitutively active FAK sup-
presses anoikis in a variety of cells,47 whereas FAK gene silencing
promotes anoikis and suppresses the metastatic process in human
pancreatic adenocarcinomas.48 Moreover, there is evidence sug-
gesting that some antitumor drugs can modulate signaling through
focal adhesion proteins.49,50 Thus, deregulation of FAK expres-
sion and induction of anoikis has been proposed as a mechanism
of antitumor action for quinazoline derivatives in prostate cancer
cells.51,52 Nevertheless, none of these drugs are chemically related
to celecoxib. Therefore, we believe that a FAK-dependent anoikis
pathway exists that differs from the p130Cas-dependent anoikis
we have observed in our system, in which FAK does not appear to
be involved. Similarly, in our system, and based on the absence of
dephosphorylation of AKT in the tested cell lines, we think that
AKT does not play a significant role in the effect of celecoxib.
This is consistent with a previous report describing that the
cleaved p130Cas fragment induces AKT-independent anoikis in
lung carcinoma cells.45 In contrast, other authors have observed
an AKT-dependent effect for celecoxib in the HT29 cell line.9 The
differences in AKT-dependency between their and our results are
most likely due to the lower dosage of celecoxib used in our
assays.

Our results point out to a central role for p130Cas in the antitu-
mor effect of celecoxib, in colon carcinoma cells. Thus, in all
tested cell lines, we have observed that celecoxib induces the pro-
teolysis of p130Cas, generating a 31 kDa fragment, which may
contribute to the induction of anoikis in two ways. On the one
hand, we have observed that this fragment is partially localized in
the plasma membrane and cytosol where it can act as a dominant
negative, blocking the interaction of p130Cas with its interacting
proteins.45 On the other hand, the 31 kDa fragment is translocated
to nucleus where it may induce the execution of anoikis.45 Thus,
the p130Cas cleavage product can repress the heterodimerization
of E2A transcription factors altering the expression of some genes
such as p21WAF135. We still did not test this transcriptional repres-
sion effect, nevertheless, our results suggest a prominent role of
p130Cas in the apoptotic effect of celecoxib.

Therefore, our findings of an early p130Cas proteolysis in all
studied cell lines and the significant changes in sensitivity to cele-
coxib of the p130Cas overexpressing cells support the notion that,
in our system, disruption of focal adhesion complexes plays a rele-
vant role in the induction of cell killing by celecoxib. This effect
happens mainly because of p130Cas deregulation, which appears
to be more relevant that the possible, but inconsistent, deregula-
tion of FAK.

The fact that overexpression of wild-type p130Cas only parti-
ally reverts the cytotoxic effect of celecoxib could be due to the
coexistence of anoikis with other forms of apoptosis, which may
also activate the mitochondrial pathway. This partial reversion
may also be due to the fact that wild-type p130Cas only inter-
feres with one of the two different activities of the 31 kDa pro-
teolytic fragment. Thus, overexpression of p130Cas can mini-
mize the 31 kDa fragment inhibitory effect on the antiapoptotic
transduction signals generated in the focal adhesions, but cannot
block the nuclear translocation of the cleaved protein and its
action as inductor of apoptosis. Our results are consistent with
previous reports, suggesting a relevant role for p130Cas in the
regulation of the sensitivity to apoptosis and anoikis. Thus, over-
expression of wild-type p130Cas protects cells from the apopto-
sis induced by the leukocyte common antigen-related tyrosine
phosphatase53 whereas dominant-negative forms of p130Cas
inhibit cell survival mediated by FAK.32 Furthermore, in lung
adenocarcinoma cells, anchorage-independent phosphorylation
of p130Cas protects from anoikis.54 In addition, cleavage of
p130Cas has been reported during anoikis in epithelial cells45 as
well as in apoptotic induction by etoposide,33,34 nocodazole or
staurosporine.55 Moreover, modulation of integrin-mediated sig-
naling by sulindac sulfide, associated with dephosphorylation of
FAK, p130Cas and rearrangement of the actin cytoskeleton, has
also been reported in colon carcinoma cells.17

FIGURE 6 – Effect of p130Cas overexpression or FAK activation on
the cytotoxic effect of celecoxib. (a) Viability/concentration curves
for celecoxib in the transfected cells (control, CAS-FL and Myr-FAK)
after 4 hr of exposure to the drug. The overexpression of wild-type
p130Cas partially reverts the cytotoxic effect of celecoxib in TD20
cells, whereas the expression of activated FAK does not. The IC50 of
celecoxib in cells transfected with CAS-FL was significantly higher
than that in cells transfected with pcDNA3 (control) (U-Mann Whit-
ney test, p 5 0.026). (b) The molecular analysis of the transfectants
showed that CAS-FL transfected cells depicted higher levels of ex-
pression and activation of p130Cas (as assessed by Tyr410 phospho-
rylation) than did control transfectants. Overexpression of p130Cas
did not alter the level of expression or activation (Tyr397) of FAK.
The efficacy of the transfection was also validated by immunoblotting
against c-myc, since CAS-FL is a myc-tagged plasmid. Myr-FAK
transfectants showed an increase in activation and expression of FAK,
without altering the levels of p130Cas. Equal loading was checked by
immunoblotting against b-actin.
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Celecoxib induces anoikis before or concurrently with other
forms of mitochondrial apoptosis

The timing of p130Cas deregulation also supports anoikis
induction, through focal adhesion disassembling, as a relevant part
of celecoxib antitumor effect, in our system. Thus, we have used
p130Cas proteolysis as a marker of anoikis induction because it is
an early event, functionally involved in the initiation of this pro-
cess.45 In all the analyzed cell lines, we have observed that
p130Cas proteolysis always occurs at the same time as, or before,
caspase-9 activation. Moreover, in at least the TD20 cell line, the
proteolysis of p130Cas occurs before the activation of caspase-9.
This is consistent with previous reports of p130Cas proteolysis
before caspase activation, and the only partial block of p130Cas
cleavage by the pan-caspase inhibitor ZVAD in MDCK cells, sug-
gesting the involvement of other proteases, particularly at early
stages of p130Cas cleavage.44

Nevertheless, in our system, celecoxib also induces mitochon-
drial apoptosis, since we observed release of cytochrome C from
the mitochondria and activation of caspase 9. These results repli-
cate previous reports of procaspase-9 activation and cytochrome C
release by celecoxib in cholangiocarcinoma or lymphoma
cells.16,43,44

Therefore, in our system, anoikis appears to coexist with other
forms of mitochondrial apoptosis. This conclusion is based on
these 3 additional findings: (i) Higher increase in cytochrome C
release than in p130Cas proteolysis, observed in HCA7 cells
(which could be due to the additive or synergistic effect of the
concurrent induction of anoikis and other forms of mitochondrial
apoptosis), (ii) p130Cas overexpression produces only a partial
reversion of the sensitivity to the drug, and (iii) Floating viable
cells coexist with nonviable cells early after celecoxib exposure.
Thus, the loss of anchorage observed after celecoxib treatment
may had been both the cause and the consequence of apoptosis.

COX-2 independence of the celecoxib mechanism of action
and its clinical relevance

Our results appear to support a COX-2 independent antitumor
effect for celecoxib. First of all, cells that do not express COX-2
remain sensitive to the drug, and there is no correlation between
the level of COX-2 expression and the sensitivity of cells to the
cytotoxic or the apoptotic effect of celecoxib. In addition, the con-
centration of celecoxib that inhibits cell viability in our colon can-
cer cells is higher than the concentration needed to inhibit COX-2
activity. This observation is in agreement with other authors who
also support a COX-2 independent antitumor effect for celecoxib
both in vitro56 and in vivo.4 In addition, it is important to remark
that the concentration of celecoxib used in our studies is clinically
relevant and achievable. Plasma concentrations of celecoxib have
been reported up to 8 lM in humans.57 Although these concentra-

tions are significantly lower than those used in vitro, they do not
reflect the levels of drug achieved in the intestinal tract (where
colorectal tumors arise) where concentrations of celecoxib are 3–
20 times higher than in plasma.58

Moreover, the last reports on the cardiovascular toxicity associ-
ated with the clinical use of COX-2 inhibitors, enhances the inter-
est on the analysis of the COX-2 independent mechanisms of
action of celecoxib. In fact, this toxicity has prompted the with-
drawal of rofecoxib and valdecoxib from the market.59,60 More-
over, FDA is requesting manufacturers of all other prescription
NSAIDs (including celecoxib) to include boxed warnings high-
lighting the potential for increased risk of cardiovascular events
and gastrointestinal bleeding associated with their use. The cardio-
vascular toxicity of these compounds appears to depend on its
COX-2 inhibitory activity, which blocks prostacyclin synthesis.61

Thus, the identification of COX-2 independent therapeutic targets
for antitumor activity of celecoxib opens the possibility to perform
structure–activity analysis in order to develop new compounds
that maintain their antitumor activity without inhibiting COX-2.
Thus, other authors have chemically dissociated the antitumor and
COX-2 inhibitory activities, synthesizing derivatives with the
same basic structure as celecoxib.62–65

In conclusion, we have demonstrated that celecoxib induces
anoikis by deregulating focal adhesion signaling. This deregula-
tion includes, in all tested colon carcinoma cells, the cleavage of
p130Cas to generate a 31 kDa fragment, which is translocated to
the nucleus, leading to the activation of the mitochondrial apop-
totic pathway. Thus, we believe that disruption of focal adhesion
complexes, through p130Cas deregulation, plays a relevant role in
the induction of cell killing by this drug. In contrast, FAK and
AKT do not appear to be involved in this effect. Nevertheless, in
our system anoikis coexists with other forms of mitochondrial
apoptosis. This is the first time that induction of anoikis is identi-
fied as part of the mechanism of action of celecoxib. Furthermore,
our results suggest that inhibition of signaling from focal adhesion
proteins is a promising target for antitumor drug development.
This antitumor mechanism of action could be effective in inhibit-
ing both, the growth of the primary tumors as well as in the meta-
static process, since anchorage-independent survival in the blood-
stream and attachment in the target tissues is associated with
increased focal adhesion signaling.66
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