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ABSTRACT
Smad proteins transduce signals carried by the transforming growth
factor ␤ (TGF-␤) cytokine superfamily from receptor serine/threonine
kinases at the cell surface to the nucleus, thereby affecting cell proliferation, differentiation, as well as pattern formation during early vertebrate
development. Smad4/DPC4, located at chromosome 18q21, was identified
as a candidate tumor suppressor gene that is inactivated in nearly half of
all pancreatic carcinomas. For functional characterization of Smad4, a
recombinant adenovirus encoding Smad4 (Ad-Smad4) was generated.
When Smad4 was expressed in Smad4-null breast carcinoma cell line
MDA-MB-468 using the recombinant adenovirus, TGF-␤ signaling was
restored as determined by TGF-␤-dependent activity of plasminogen
activator inhibitor 1 promoter and p21 expression. Infection with AdSmad4 in the presence of TGF-␤1 also resulted in an altered cell morphology that coincided with enhanced ␤1 integrin expression and reduced
efficiency of colony formation in soft agar. In agreement with increased
p21 expression, Smad4-expressing cells showed modest reduction in S
phase. However, Smad4 expression did not lead to induction of apoptosis
under normal culture conditions. Interestingly, when Smad4-expressing
cells were detached and incubated in suspension, they underwent rapid
apoptosis in a TGF-␤-dependent manner. Induction of apoptosis caused
by loss of anchorage is known as anoikis. Anoikis is believed to prevent
colonization elsewhere of detached cells. Additional characterization revealed an increase in the level of focal adhesion kinase 2 (or Pyk2) and
activation of caspases 2, 3, 6, and 8 during anoikis because of Smad4
expression and restoration of TGF-␤ signaling. Because resistance to
anoikis in tumor cells is thought to contribute to metastasis, our data
suggest a functional basis for the strong correlation between defects in
Smad4 and development of malignancy.

INTRODUCTION
The Smad4/DPC4 (deleted in pancreatic carcinoma, locus 4) gene
is a candidate tumor suppressor gene (1, 2) that is frequently inactivated in pancreatic (1–3), biliary (4, 5), and colorectal tumors (6, 7).
Smad4 is homozygously deleted in ⬃30% of pancreatic carcinomas
and inactivated by intragenic mutation in another 20% of the tumors.
Smad4 belongs to the evolutionarily conserved family of Smad proteins (8 –11) that are essential intracellular effectors of signals from
the TGF2-␤ superfamily of cytokines that regulates a number of
cellular processes, including ECM formation, cell proliferation, differentiation, and apoptosis (12–14).
During TGF-␤ and related protein signaling pathways, binding of
TGF-␤ to the type II receptor results in recruitment and phosphorylation of the type I receptor (12–14). The activation of the type I
receptor then propagates the signal by phosphorylating receptoractivated Smads. Among the receptor-activated Smads, Smad2 and
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Smad3 can be phosphorylated by binding of TGF-␤ and activin,
whereas bone morphogenetic proteins phosphorylate Smad1, Smad5,
and Smad8. After phosphorylation, receptor-activated Smads dissociate from the receptor complexes and form a heteromeric complex with
a common partner Smad such as Smad4. The Smad complex is then
translocated to the nucleus, where it either can directly bind to DNA
(15) or associate with other transcription factors (16, 17) to induce
TGF-␤-responsive gene activation. Because Smad4 serves as a common partner of other Smad proteins, it is pivotal in signaling pathways
originating from TGF-␤ and related proteins.
TGF-␤ exhibits potent tumor suppressor properties at early stages
of carcinogenesis but promotes tumor progression at late stages (18).
Inhibition of epithelial cell growth by TGF-␤ is believed to contribute
to a large extent to the tumor suppressor functions of TGF-␤. However, tumors secrete large amounts of activated TGF-␤s late during
tumor progression, which is thought to facilitate invasion and metastasis, induce angiogenesis, and suppress antitumor immune response
through effects on cells of both tumor and stromal origin (18). Studies
have also suggested that TGF-␤-overexpressing tumors are a particularly aggressive subset, wherein patients whose cancers express
TGF-␤ have a prognosis worse than those that do not express TGF-␤
(18). To overcome the growth suppression effects of TGF-␤ during
tumorigenesis, tumor cells often acquire mutations in either type II
receptors or in the signal transducers Smad4 and Smad2 (18). The
extent of TGF-␤ resistance correlates with metastatic progression, and
targeted deletion of an essential component of the TGF-␤-signaling
cascade, Smad3, promotes metastasis (19).
Results from several studies have suggested that defects in Smad4
play a significant role in the malignant progression of tumors. Pancreatic cancer, which often exhibits defects in Smad4, is highly
aggressive, with most of the patients having metastatic disease at the
time of diagnosis. In the development of pancreatic adenocarcinoma,
inactivation of Smad4 gene occurs late at the stage of in situ or even
invasive carcinoma (20). Inactivation of Smad4 in the APC-knockout
mouse, a model for human familial adenomatous polyposis, results in
more rapid development of malignant tumors than in APC heterozygotes (21). On the basis of these results, mutations in Smad4 were
suggested to play an important role in malignant progression of
colorectal tumors (21). Expression of Smad4 in Smad4-defective
tumor cell lines has been shown to restore TGF-␤ signaling and
induce cell cycle arrest or apoptosis (22). In addition to the antiproliferative activity, Smad4 expression in tumor cell lines has been
shown to inhibit the expression of vascular endothelial growth factor
and enhance the levels of angiogenesis inhibitor thrombospondin-1,
causing cells to switch from potently angiogenic to antiangiogenic in
vitro and in vivo (23).
To additionally characterize the functional consequences of restoring TGF-␤ signaling in Smad4-defective cells, we constructed a
recombinant Ad encoding human Smad4. Infection of Smad4-defective breast carcinoma cell line MDA-MB-468 with this recombinant
Ad vector restored TGF-␤ signaling and growth inhibition, altered cell
morphology, and sensitized them to anoikis. Additional characterization of cells expressing Smad4 revealed increased surface expression
of ␤1 integrin and increased levels of FAK2, but not FAK1, and
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activation of caspases, including caspase 8. These findings suggest
that the loss of TGF-␤ signaling mediated by Smad4 plays an important role in matrix-independent survival of tumor cells, which in turn
may contribute to the invasiveness of tumor cells.
MATERIALS AND METHODS

in the presence or absence of TGF-␤1 at 2.5 ng/ml was assessed in soft agar
colony formation assays as described previously (27).
Annexin V-FITC Staining. Apotosis was monitored by microscopic observation of blebbed nuclei and by labeling cells with Annexin V-FITC
(Boehringer Mannheim, Indianapolis, IN; Ref. 28) followed by flow cytometric analysis according to the instructions from the manufacturer.
Caspase Assays. Caspase assays were performed as described previously
(29). Cells (1 ⫻ 106) were lysed in 50 l of cell lysis buffer (Clontech
Laboratories, Palo Alto, CA). To the cell lysates, 20 mM appropriate caspase
substrate were added and incubated at 37°C for 1 h. Caspase substrates used
were Ac-YVAD-AFC for caspase 1, Ac-VDVAD-AFC for caspase 2, AcDEVD-AFC for caspase 3, Ac-VEID-AFC for caspase 6, and Ac-IETD-AFC
for caspase 8 (all from Enzyme Systems). Fluorescence was then measured on
a Cytofluor fluorescence multiwell plate reader (Perspective Biosystems) with
400 nm-excitation and 505-nm emission filters. Activities were expressed in
arbitrary fluorescence units.

Cell Lines and Viruses. All cell lines were obtained from American Type
Culture Collection (Manassas, VA) and were propagated as monolayer cultures
at 37°C in medium supplemented with antibiotic-antimycotic (Life Technologies, Inc. Grand Island, NY). The breast carcinoma cell line MDA-MB-468
was grown in Kaighn’s DME/F12 (1:1) mixture supplemented with 10% FCS
and insulin at 10 g/ml (Clonetics, San Diego, CA). Colon carcinoma cell
lines, WiDr, Caco-2, and SW480, pancreatic cell line MiaPaCa-2, and hepatocellular carcinoma cell line Hep3B were propagated in DMEM containing
10% fetal bovine serum. HEK-293, which is transformed with Ad type 5 E1
region, was obtained from Microbix (Toronto, Ontario, Canada) and maintained in Eagle’s minimal essential medium with Earle’s salts fortified with
RESULTS
10% fetal bovine serum.
Generation of Recombinant Ad Encoding Smad4. Recombinant Ad vecFunctional Expression of Smad4 Using a Recombinant Ad. To
tors with deletion in early region 1 rendering them replication deficient were
transiently
express Smad4 for its functional analysis, we constructed
constructed using the standard methods. The coding sequence for Smad4 was
cloned downstream of the cytomegalovirus immediate-early promoter/en- a replication-defective Ad encoding Smad4 (Ad-Smad4). To verify
hancer and the adenoviral tripartite leader into an Ad transfer plasmid, pAN Smad4 expression, Smad4-null MDA-MB-468 cells (22) infected
(24). Recombinant Ads were generated by cotransfection of Ad early region with recombinant Ads were fractionated into cytoplasmic and nuclear
1-complementing HEK-293 cells with linearized transfer plasmid and ClaI- fractions and subjected to immunoblot analysis. As shown in Fig. 1A,
digested large fragment of viral DNA as described previously (24). The large Smad4 was detected in cells infected with Ad-Smad4 but not with the
fragment of viral DNA is a derivative of Ad serotype 5 with deletion in the control virus Ad-␤-gal. Smad4 was detected predominantly in the
early region 1, polypeptide IX, early region 3, and part of early region 4. Viral
nuclear fractions, indicating the proper localization of the recombinant
plaques were isolated, amplified, and purified by column chromatography as
protein.
described previously (25). The viral preparations were characterized by reSmad4 Expression Restores TGF-␤ Signaling. Because the acstriction enzyme digestion and DNA sequencing across the transgene and the
tivity of the PAI-1 promoter is dependent upon TGF-␤ signaling (26,
promoter sequence.
Immunoblot Analysis. Proteins were separated on SDS-10% polyacryl- 30), reporter assays using PAI-1 promoter are widely used to deteramide gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose. The mine TGF-␤ signaling (31). We performed reporter assays using a
nitrocellulose blots were blocked in 20% nonfat dry milk in PBS containing plasmid construct encoding luciferase under the control of PAI-1
0.05% Tween 20 (PBST) for 30 – 60 min. The blots were then incubated with promoter. MDA-MB-468 cells were transfected with the PAI-1 lucifthe primary antibodies diluted in PBST containing 5% nonfat dry milk and erase construct and then infected with Ad-Smad4 or Ad-␤-gal. At 48 h
incubated for 2 h at room temperature. Monoclonal anti-Smad4 (Upstate after transfection, cells were harvested and assayed for luciferase
Biotechnology, Lake Placid, NY), anti-p21 (Calbiochem, San Diego, CA), activity. Consistent with previous studies that showed restoration of
anti-FAK antibody (Transduction Laboratories, Lexington, KY), anti-PYK2/
TGF-␤ pathway upon Smad4 expression (22, 32), Ad-Smad4 infecFAK2 (Transduction Laboratories), and anti-␤ actin antibody (Sigma, St.
tion resulted in a dose-dependent increase in the luciferase activity in
Louis, MO) were used as recommended by the suppliers. The blots were
washed with PBST and further incubated with secondary antibody [horseradish a TGF-␤-dependent manner, indicating that expression of Smad4
peroxidase-conjugated antimouse (1:4000) or antirabbit IgG (1:10,000; Jack- restores TGF-␤ signaling (Fig. 1B). Interestingly, when cells were
son Immunoresearch Laboratories, West Grove, PA)] in PBST containing 5% infected with Ad-Smad4, there was an increase in luciferase activity
nonfat dry milk. Immunoreactive bands were visualized by enhanced chemi- even in the absence of exogenous TGF-␤, raising the possibility that
luminescence (Amersham Pharmacia, Arlington Heights, IL).
overexpression of Smad4 may confer ligand-independent activation of
Luciferase Assays. The luciferase construct with PAI-1 promoter was a PAI-1 promoter. On the other hand, Ad-Smad4 infection of
kind gift of Dr. David Luskutoff (Scripps Research Institute, La Jolla, CA; Ref. MiaPaCa-2 cells, which are defective for TGF-␤ receptor II (33),
26). Cells (6.2 ⫻ 104) were seeded in each well of a 24-well tissue culture plate showed no increase in luciferase activity, suggesting that overexpresand grown overnight. Transfection was performed using Superfect (Qiagen,
sion of Smad4 does not lead to TGF-␤-independent PAI-1 promoter
Valencia, CA) and 0.375 g of PAI-1 luciferase plasmid for each well
activity (data not shown). Another possibility is that the increase in
followed by infection with either Ad-Smad4 or Ad-␤-gal at indicated concentrations for 1 h and incubated for 48 h with or without the addition of TGF-␤1 luciferase activity in the absence of exogenous TGF-␤ could be
(Life Technologies, Inc., Grand Rapids, NY) at 2.5 ng/ml. Cell lysates were because of an autocrine response. Consistent with this notion, when
prepared and luciferase activities determined using a commercially available neutralizing anti-TGF-␤ antibodies were added to the culture, a reduction in luciferase activity was observed (data not shown).
kit and TopCount (Packard, Meriden, CT).
Analysis of Integrin ␤1 Expression. Cells were suspended by treatment
As expected, restoration of TGF-␤ signaling was not limited to
with Nozyme (JRH Biosciences, Lenexa, KS) and washed twice with PBS. MDA-MB-468 cells. Transient transfection assays showed that in
Cells were then resuspended at a concentration of 1 ⫻ 106 cells/ml in growth other Smad4-altered cell lines such as WiDr, SW480 (23), and Caco-2
medium containing anti-␤1 integrin rabbit polyclonal antibody (Chemicon, (34), expression of Smad4 using the recombinant Ad resulted in
Temecula, CA; catalogue no. 21C8) and incubated at 4°C for 1 h. After
TGF-␤-dependent activity of the PAI-1 promoter (Table 1). In both
washing cells with PBS to remove excess primary antibody, cells were incuMiaPaCa-2 (33) and Hep3B, cell lines with wild-type Smad4, there
bated with fluorescein isothiocyanate-conjugated rabbit antimouse secondary
antibody (Zymed Laboratories, South San Francisco, CA) at 4°C for 1 h. Cells was no increase in PAI promoter activity with Smad4 expression,
suggesting that restoration of TGF-␤ signaling because of Smad4
were then washed with PBS and immediately analyzed by flow cytometry.
Soft Agar Colony Formation Assays. Matrix-independent growth of expression is specific to cell lines with defective Smad4.
Cyclin-dependent kinase inhibitor, p21, has been shown to be
MDA-MB-468 cells infected with either Ad-Smad4 or Ad-␤-gal and incubated
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Fig. 1. Smad4 expression using a recombinant Ad restores TGF-␤ signaling. A, MDA-MB-468 cells infected with recombinant Ads encoding either Smad4 (Ad-Smad4) or
␤-galactosidase (Ad-␤-gal) at 1 ⫻ 108 particles/ml for 1 h and incubated in the presence of TGF-␤1 at 2.5 ng/ml were harvested 48 h after infection. Cells were fractionated into
cytoplasmic (C) and nuclear (N) fractions and subjected to immunoblot analysis for Smad4. B, PAI-1 luciferase assays. MDA-MB-468 cells were transiently transfected with a plasmid
containing the luciferase gene fused to PAI-1 promoter followed by infection with Ad-Smad4 or Ad-␤-gal at indicated concentrations in particles/ml for 1 h. Cells were then incubated
for 48 h with or without TGF-␤1 addition at 2.5 ng/ml. After measuring the luciferase activity in cell lysates, relative activity was expressed as the fold-increase over the activity obtained
with Ad-␤-gal infection. The mean was from triplicate transfections. C, MDA-MB-468 cells infected with Ad-Smad4 or Ad-␤-gal at 1 ⫻ 108 particles/ml for 1 h and incubated in the
presence of TGF-␤1 were harvested 48 h after infection. Cell lysates were subjected to immunoblot analysis for p21.

Table 1 Ability of Ad-Smad4 to confer TGF-␤ responsiveness as determined in
PAI-luciferase assays
Cell linea

Smad4 status

Fold stimulationb

MDA-MB-468
WiDr
Caco-2
SW480
MiaPaCa-2
Hep3B

Defective
Defective
Defective
Defective
Functional
Functional

105.6 ⫾ 33.4
22.4 ⫾ 5.6
4.1 ⫾ 0.1
4.3 ⫾ 0.4
1.3 ⫾ 0.3
0.4 ⫾ 0.1

Among these cell lines, MiaPaCa-2 is known to be defective for TGF-␤ receptor II.
Cells were transiently transfected with a plasmid containing the luciferase gene fused
to PAI-1 promoter followed by infection with Ad-Smad4 or Ad-␤-gal at 1 ⫻ 109
particles/ml for 1 h. Cells were then incubated with or without TGF-␤1 at 2.5 ng/ml for
48 h. After measuring the luciferase activity in cell lysates, fold stimulation was calculated
by comparing the activity obtained with TGF-␤1-treated Ad-Smad4-infected cells with
that in Ad-␤-gal-infected cells. In cells infected with Ad-␤-gal, induction of luciferase
activity upon TGF-␤1 addition was 5.8-fold in Hep3B and ⬍1.6-fold in all other cell lines.
a
b

transcriptionally regulated after restoration of TGF-␤ signaling by
expression of Smad4 (33, 35). Consistent with these findings, immunoblot analysis of Ad-Smad4-infected cells also showed p21 induction, additionally supporting restoration of TGF-␤ signaling (Fig. 1C).

Smad4 Expression Alters Cell Morphology and Enhances ␤1
Integrin Expression. Interestingly, expression of Smad4 in MDAMB-468 cells resulted in subtle but reproducible morphological changes.
Smad4-expressing cells showed a flattened and stretched morphology,
suggesting alteration in cell-matrix interactions (Fig. 2A). Among various
receptors for ECM proteins, ␤1 integrins are known to be transcriptionally regulated by TGF-␤ (36 –38). ECM interactions through ␤1 integrins
play crucial roles in cell cycle progression and cell survival (39). Flow
cytometric analysis of Ad-Smad4-infected cells cultured in the presence
TGF-␤1 indicated dose-dependent increase in ␤1 integrin levels
(Fig. 2B).
Smad4 Expression Inhibits Soft Agar Colony Formation.
Changes in cell morphology have been shown to be the common
feature of malignant transformation in many tumor cells. A hallmark
of transformation is that transformed cells can grow in the absence of
cell anchorage, as reflected by their ability to grow in soft agar.
Restoration of TGF-␤ signaling by overexpression of TGF-␤ type II
receptor has been shown to result in marked reduction in colonyforming ability in soft agar (40). To determine whether the morpho-

Fig. 2. Smad4 expression leads to a spreading phenotype and increased ␤1 integrin expression on the cell surface. A, MDA-MB-468 cells infected with Ad-Smad4 or Ad-␤-gal at
1 ⫻ 109 particles/ml for 1 h and incubated in the presence of TGF-␤1 at 2.5 ng/ml. Cells were observed under the microscope at 48 h after infection. B, MDA-MB-468 cells infected
with either Ad-Smad4 or Ad-␤-gal at either 1 ⫻ 107 (filled histogram), 1 ⫻ 108 (gray, unfilled histogram), or 1 ⫻ 109 (black, unfilled histogram) particles/ml for 1 h and incubated
in the presence of TGF-␤1 at 2.5 ng/ml were harvested at 48 h after infection. After staining with FITC-conjugated anti-␤1-integrin antibody, samples were assessed by flow cytometric
analysis.
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considerable homology with FAK were examined. Cells were infected
at various doses with Ad-Smad4 and the control virus Ad-␤-gal. Cell
lysates were prepared and subjected to immunoblot analysis using
antibodies that specifically recognize either FAK or FAK2. Results
indicated that the level of FAK did not increase with Ad-Smad4
infection and detachment from the matrix (Fig. 5), whereas the level
of FAK2 was dramatically higher in cells infected with Smad-Smad4
and detached 48 h after infection (Fig. 5). These results suggest the
possibility that increased levels of FAK2 might contribute to induction of anoikis by Smad4.
Activation of Caspases. Activation of caspases was determined
using specific substrates that become fluorescent upon cleavage by
Fig. 3. Smad4 expression leads to inhibition of soft agar colony formation. MDA-MB468 cells were infected with either Ad-Smad4 or Ad-␤-gal at indicated concentrations, and
matrix-independent growth in the absence or presence of TGF-␤1 at 2.5 ng/ml was
assessed in soft agar colony formation assays. Colonies were counted 4 weeks after
infection and expressed as the percentage of colony formed in the absence of TGF-␤1
after infection with Ad-␤-gal at 1 ⫻ 107 particles/ml for 1 h. Data from a representative
experiment are shown.

logical changes and greater ␤1 integrin on cell surface induced by
Smad4 expression correlate with a reduction in the transformation
properties of these cells, we compared the ability of MDA-MB-468
cells infected with Ad-Smad4 or Ad-␤-gal to grow in soft agar.
Results show that although Ad-␤-gal-infected cells readily grew in
soft agar, there was a dose-dependent reduction in colony-forming
ability of Ad-Smad4-infected cells (Fig. 3). When infected with
Ad-Smad4 at a dose of 1 ⫻ 108 particles/ml, cells completely lost
their ability to grow in soft agar, indicating that Smad4 expression
suppressed the anchorage-independent growth of MDA-MB-468
cells. TGF-␤-dependent inhibition of soft agar colony formation was
also evident when cells were infected at a lower dose of Ad-Smad4
(1 ⫻ 107 particles/ml; Fig. 3).
Smad4 Expression Induces Anoikis. Inhibition of anchorageindependent growth could be because of inhibition of cell cycle
progression or induction of apoptosis. Smad4 expression and TGF-␤
pathway restoration have been shown to result in inhibition of cell
cycle progression, predominantly by inducing cell cycle arrest at the
G1 phase (22). However, microscopic observation of the cells in the
soft agar suggested cell death rather than cell cycle arrest after
expression of Smad4. Consistent with previous results, cell cycle
analysis of Smad4-expressing cells indicated modest inhibition of cell
cycle progression (data not shown). Intriguingly, apoptosis assays
such as annexin V staining and caspase activation assays revealed no
significant apoptosis in Smad4-expressing cells with or without
TGF-␤ addition. However, because Smad4 expression resulted in
increased ␤1 integrin expression and apparent induction of cell death
in soft agar, we sought to evaluate the effect of detachment from the
matrix on cell survival. Interestingly, only upon detachment from the
matrix and incubation in suspension, the Smad4-expressing cell underwent rapid apoptosis (Fig. 4A). Maximum induction of apoptosis
was observed within 3– 4 h after incubation in suspension. Induction
of apoptosis after loss of adhesion, also known as anoikis, was
TGF-␤-dependent as indicated by ⬎2-fold increase in the percentage
of apoptotic cells with the addition of TGF-␤1 to the culture (Fig. 4B).
TGF-␤-dependent anoikis upon Ad-Smad4 infection was also observed, albeit at lower levels, in other Smad4-defective cell lines such
as WiDr and Caco-2 but not in Smad4 functional but TGF-␤ receptor
II-defective MiaPaCa-2 cell line (Fig. 4C).
Increased Levels of FAK2 and Caspase Activity during Anoikis.
To obtain additional insight into the mechanism of anoikis induced by
Smad4, the levels of FAK, a known transducer of signaling from ␤1
integrin, and a related protein FAK2 (also known as Pyk2) that shares

Fig. 4. Restoration of TGF-␤ signaling sensitizes cells to anoikis. A, MDA-MB-468
cells were infected with either Ad-Smad4 or Ad-␤-gal at 1 ⫻ 109 particles/ml for 1 h and
incubated in the presence of TGF-␤ for 48 h. Forty-eight h after infection, cells were either
trypsinized and incubated in suspension in Costar ultra low attachment plates (Corning,
Inc., Corning, NY) for 4 h (detached) or trypsinized and analyzed immediately (attached).
The extent of apoptosis was determined by annexin V staining and flow cytometric
analysis. B, MDA-MB-468 cells were infected with either Ad-Smad4 or Ad-␤-gal at
1 ⫻ 109 particles/ml for 1 h and incubated either in the absence or presence of TGF-␤1
at 2.5 ng/ml for 48 h. At 48 h after infection, cells were trypsinized and incubated in
suspension for 4 h, and the extent of apoptosis was determined by annexin V staining and
flow cytometric analysis. C, MDA-MB-468, WiDr, Caco-2, and MiaPaCa-2 cells were
infected with either Ad-Smad4 or Ad-␤-gal and treated as described in B. After determining the extent of apoptosis following incubation in suspension, the percentage of
apoptosis was plotted after subtracting the percentage of apoptosis observed with Ad-␤gal infection with that observed with Ad-Smad4 infection. Data from a representative
experiment are shown.
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Fig. 5. FAK2/Pyk2 but not FAK levels increased
during anoikis sensitized because of Smad4 expression. MDA-MB-468 cells were infected with either
Ad-Smad4 or Ad-␤-gal at indicated concentrations
for 1 h and incubated in the presence of TGF-␤1 at
2.5 ng/ml for 48 h. Cells were then either trypsinized
and incubated in suspension for 4 h (detached) or
trypsinized and analyzed immediately (attached) by
immunoblot analysis using anti-FAK (top), antiFAK2 (middle), or anti-␤ actin (bottom) antibody.

caspases. Results indicated lack of any significant caspase activation
in cells infected with Ad-␤-gal either under attached or detached
conditions (Fig. 6). However, consistent with the induction of anoikis
after detachment from the matrix, detached cells exhibited dramatically activated (4 – 8-fold) caspases 2, 3, 6, and 8 but not caspase 1
(Fig. 6).
DISCUSSION
Results from this study demonstrate that adenovirus-mediated expression of Smad4 restores TGF-␤ signaling in Smad4-defective cell
lines. Restoration of TGF-␤ signaling was indicated by TGF-␤dependent activation of PAI-1 promoter, and expression of p21 and
integrin ␤1. In addition to the previously reported growth suppression
effects after restoration of TGF-␤ signaling, we observed sensitization
of cells to anoikis. During TGF-␤-dependent anoikis, Smad4-expressing cells exhibited increased levels of FAK2 and activation of multiple caspases, including caspase 8.
Integrin receptor-mediated interaction of ECM proteins is known to
activate signals that regulate proliferation and survival of epithelial
cells. After detachment of cells from ECM, survival signals are
down-regulated, and the cells stop proliferating and undergo anoikis
(41, 42). Anoikis is believed to suppress expansion of oncogenic
transformed cells by preventing proliferation at inappropriate locations. However, many cancer cells are capable of growing at inappropriate locations because of specific defects leading to inhibition of
anoikis. Consistent with these findings, suppression of anoikis has
been shown to enhance metastasis and dissemination of malignant
cells in experimental models (43, 44). Results presented in this study
demonstrate that restoration of TGF-␤ signaling confers sensitivity to
anoikis, thus supporting that defects in TGF-␤ signaling contribute to
suppression of anoikis. These findings are consistent with the reports
that TGF-␤ signaling defects result in metastatic phenotypes.
The following findings indicate that sensitization of cells to anoikis
is not an experimental artifact or attributable to nonspecific toxicity of

Smad4 overexpression. In cells infected with Ad-Smad4, but not with
Ad-␤-gal, and treated with TGF-␤, there was a dose-dependent increase in integrin ␤1 levels (Fig. 2B). Increased level of ␤1 integrins
in Smad4-expressing cells is in agreement with previous findings that
TGF-␤ pathway leads to enhanced transcription of ␤1 integrins (38).
Unligated integrin ␤1 has been previously shown to be associated
with apoptosis and reduced tumor cell growth in vitro and in vivo (39,
45). It has also been shown that expression of unligated ␤ integrins
induces apoptosis by recruiting caspase 8 to the membrane for acti-

Fig. 6. Multiple caspases, including caspase 8, are activated during Smad4-sensitized
anoikis. MDA-MB-468 cells were infected with either Ad-Smad4 or Ad-␤-gal at indicated
concentrations for 1 h and incubated in the presence of TGF-␤1 at 2.5 ng/ml for 48 h. At
48 h after infection, cells were either trypsinized and incubated in suspension for 4 h
(detached) or trypsinized and analyzed immediately (attached) for caspase activation
using specific caspase substrates that become fluorescent upon cleavage. Data from a
representative experiment are shown.
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vation (45). Our finding that detachment from the matrix, which
results in unligated integrin ␤1, also leads to activation of caspase 8
is consistent with the results of an earlier study (45). We have also
observed that anoikis was dependent not only upon Smad4 expression
but also upon the addition of TGF-␤, indicating that anoikis is not
attributable to a nonspecific toxicity associated with Smad4 overexpression. Furthermore, MiaPaCa-2 cells that lack TGF-␤ receptor II
failed to undergo anoikis (Fig. 4C) upon Smad4 expression, indicating
that in addition to Smad4 expression and TGF-␤ addition, anoikis
requires functional restoration of TGF-␤ signaling. Additionally, the
extent of anoikis in Smad4-defective cell lines (Fig. 4C) paralleled
with the degree of restoration of TGF-␤ signaling as determined in the
PAI-luciferase assays (Table 1). The differences in the extent of
anoikis and PAI-luciferase activities among cell lines are likely because of a different degree of infectivity of these cell lines. A lack of
a nonspecific toxicity was also supported by the observation that cells
do not undergo apoptosis with Smad4 expression when attached to the
matrix either with or without TGF-␤.
Signals triggered after integrin receptor-mediated interaction of
ECM proteins resulting in regulation of proliferation and survival are
known to be mediated mainly through FAK and phosphatidylinositol
3⬘-kinase/Akt-mediated pathways (46, 47). FAK is a cytoplasmic
tyrosine kinase localized in focal contacts, which has been implicated
to play a role in regulating cellular morphology and migration in
response to cell adhesion to ECM proteins (46, 47). Cell attachment to
fibronectin-coated surfaces or integrin clustering by antibodies induces FAK tyrosine phosphorylation. FAK2 is another related focal
adhesion tyrosine kinase (also known as RAFTK, Pyk2, and CAK␤)
that shows 65% homology with FAK (48, 49). Unlike FAK, FAK2 is
activated by an increase in intracellular calcium levels or treatment
with tumor necrosis factor ␣ and UV light (48, 49). In this study, we
observed no significant changes in FAK levels when Smad4-expressing TGF-␤ pathway restored cells were undergoing anoikis. However,
FAK2 levels were greatly enhanced. Increased FAK2 levels in cells
undergoing apoptosis are consistent with the findings that overexpression of FAK2, but not FAK, in rat and mouse fibroblasts results in
induction of apoptosis (50). FAK2 is also activated under conditions
that lead to apoptosis such as treatment with tumor necrosis factor ␣,
UV irradiation, and changes in osmolarity (48, 49). FAK2 has been
shown to be a cell type-specific, stress-sensitive mediator of the
SAPK/JNK signaling pathway (49). Overexpression of FAK2 has
been shown to result in activation of JNK and a dominant-negative
mutant of FAK2 interfered with UV light- or osmotic shock-induced
activation of JNK (49). Previously, the SAPK/JNK signaling pathway
has been reported to play an important role in anoikis (51, 52).
Overexpression of Smad4 in dog kidney epithelial MDCK cells was
shown to result in apoptosis that was regulated by SAPK/JNK (53). It
remains to be determined if activation of SAPK/JNK occurs in
Smad4-expressing TGF-␤ pathway restored cells after detachment
from the matrix. Studies have shown that in both normal and cancer
cells, TGF-␤ responses are tied to Ras function and SAPK signaling
(12). Inhibition of TGF-␤ responses with the use of dominantnegative Ras mutants and upon inhibition of SAPK pathway in
Smad4-null cells have also indicated that activation of Ras/SAPK
signaling by TGF-␤ is independent of Smad4 function (12, 54).
Among the caspases studied, caspase 8 was activated during induction of anoikis after restoration of TGF-␤ signaling. Previously,
caspase 8 was suggested to play a central role in the process of anoikis
(55). Suspension culture of MDCK cells showed increase in caspase-8
activity, and inhibition of caspase 8 was shown to block anoikis (56).
Importantly, loss of anchorage-mediated caspase 8 activation has been
shown to be independent of activation of the executioner caspase 3,
thereby indicating that caspase 8 activation is an initiating event in

anoikis (57). It is worth noting that unligated integrin or ␤ integrin
tails have also been shown to recruit caspase 8 to the membrane where
it becomes activated in a death receptor-independent manner (45).
Studies have shown a strong association between the loss of
TGF-␤/Smad4 signaling and tumor malignancy (18). Inactivation of
Smad4 gene occurs late in the development of pancreatic adenocarcinoma at the stage of in situ or even invasive carcinoma (20, 58).
Studies with mice with mutations in Smad4 and APC have revealed
that Smad4 defect also plays an important role in malignant progression of colorectal tumors (21). The finding that restoration of
TGF-␤/Smad4 signaling confers sensitivity to anoikis suggests a
functional basis for the strong correlation between defects in TGF-␤/
Smad4 signaling and development of malignancy.
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