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Resistance of solid tumor cells to anoikis, apoptosis induced
by cell detachment from the extracellular matrix, is thought to
be critical for the ability of these cells to grow anchorage inde-
pendently within thee-dimensional tumor masses and from
metastases. �-Catenin, a major oncoprotein, can inhibit anoikis
of cancer cells via unknownmechanisms. In an effort to identify
these mechanisms we found that �-catenin blocks anoikis of
malignant kidney and intestinal epithelial cells and promotes
their anchorage-independent growth by down-regulating
death-associated protein kinase-2 (DAPk-2), a pro-apoptotic
protein whose cellular functions have so far remained unex-
plored. We found that �-catenin-induced down-regulation of
DAPk-2 requires the presence of the transcription factor Tcf-4,
a knownmediator of�-catenin signaling.We also observed that
DAPk-2 contributes to the execution of anoikis of the non-ma-
lignant epithelial cells. Thus, �-catenin-induced down-regula-
tion of DAPk-2 represents a novel signaling mechanism by
which �-catenin promotes the survival of malignant epithelial
cells following their detachment from the ECM and enables
these cells to grow in an anchorage-independent manner.

Epithelial cells of many organs grow in vivo as monolayers
that are attached to a form of the extracellular matrix (ECM)3
called the basement membrane (BM). Detachment from the
ECM triggers apoptosis of these cells (1, 2), a phenomenon
called anoikis (3). By contrast, carcinomas, cancers of epithelial
origin, represent three-dimensional disorganized multicellular
masses in which cell-BM contacts are significantly altered. It is
known in this regard that during tumor progression cancer cells
often secrete BM-degrading enzymes, and this allows tumors to
invade adjacent tissues (4). Furthermore, at advanced stages of

the disease clumps of cancer cells detach from the tumor and
migrate to other organswhere they give rise tometastases (5, 6).
Despite the fact that carcinoma cells tend to be deprived of
normal contacts with the BM during tumor progression, a sig-
nificant fraction of these cells remains viable (5, 6). Numerous
studies indicate that this viability is a critical prerequisite for
carcinoma progression. First, cancer cells can typically survive
and grow without adhesion to the ECM as colonies in soft agar,
and this ability represents one of the most stringent criteria for
malignant transformation that are presently used (7, 8). Second,
we and others found that activation of major oncoproteins,
such as Ras (9, 10) or �-catenin (11), can block anoikis of vari-
ous types of cancer cells. Third, several studies, including ours,
indicate that treatments reversing anoikis resistance of cancer
cells suppress their ability to form primary tumors (12–14) and
metastases (6, 14). Finally, we found that spontaneous acquisi-
tion of anoikis resistance by the non-malignant epithelial cells is
sufficient for their in vivo tumorigenicity (15). Thus, anoikis
resistance of tumor cells represents a potential therapeutic tar-
get. However, molecular mechanisms that are responsible for
anoikis resistance of these cells are understood poorly.
Signaling regulator �-catenin is a major oncoprotein that is

thought to contribute to the progression of colorectal, ovarian,
kidney, and other cancers (16). It is now known that �-catenin
plays a significant role in tumor initiation (16). Furthermore,
activation of�-catenin in cancer cells was demonstrated to pro-
mote metastasis (17, 18). �-Catenin was found to be able to
inhibit anoikis and trigger anchorage-independent growth of
cancer cells (11, 19), but the mechanisms by which �-catenin
exerts these effects are presently not known.
In normal cells �-catenin typically interacts with proteins

involved in cell-cell contact (16). The excess of �-catenin is
removed from such cells by a complex composed of a tumor
suppressor protein APC and other proteins. After binding to
this complex�-catenin is targeted for proteasomal degradation
due to its phosphorylation by kinases casein kinase-1� and gly-
cogen synthase kinase 3� (16). APC is thought to ensure proper
presentation of �-catenin to glycogen synthase kinase 3� (16).
In carcinomas,�-catenin degradation is often blocked by either
loss-of-function mutations of APC or by �-catenin mutations
that render �-catenin stable (16). Consequently, excessive
�-catenin moves to the nucleus of cancer cells where it is
thought to contribute to tumor initiation (16) and metastasis
(17, 18) by binding and activating transcription factors of the
Lef/Tcf family (16). The indicated factors are known to exert
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their effects on cells by altering the expression of genes that
control diverse cellular properties. Some of these changes, such
as the elevation of the cellular levels of the cell cycle regulator
cyclin D1 (20), or a transcription factor c-Myc (21), are associ-
ated with the ability of the Lef/Tcf proteins to promote gene
expression. Other changes, such as the down-regulation of the
cell-to-cell adhesionmediator E-cadherin (22) or that of the cell
cycle inhibitor p16Ink4A (23) are attributed to the ability the
Lef/Tcf transcription factor to block gene expression.
The mechanisms by which �-catenin inhibits anoikis of can-

cer cells are presently not known. This is in contrast to other
major oncoproteins, such as for example Ras, that similar to
�-catenin, is thought to play an important role in the progres-
sion of colorectal cancer (24) and whose anti-anoikis effects
were studied by us in some detail (9, 10, 12, 13, 15). We found
that ras oncogene blocks anoikis of colon cancer cells by alter-
ing the expression of well studied components of the cell death
machinery. The ras-dependent anti-anoikis mechanisms that
we have identified include ras-induced activation of phosphoi-
nositide 3-OH kinase, an event that results in the down-regu-
lation of the pro-apoptotic member of the Bcl-2 family of pro-
teins Bak (13). This, in turn, leads to the inhibition of a well
established pro-apoptotic phenomenon that is normally trig-
gered by detachment of the non-malignant cells from the ECM,
such as the release of a death-promoting protein Omi/HtrA2
from the mitochondria into the cytoplasm of detached colon
cancer cells (10). Other anti-anoikis mechanisms induced by
ras identified by us include the up-regulation of the anti-apo-
ptotic member of the Bcl-2 family Bcl-XL (12) as well as that of
apoptosis inhibitors cIAP2 and XIAP (9). According to our
studies, the effect of ras on cIAP2 requires ras-dependent auto-
crine production of transforming growth factor-� by themalig-
nant cells (9).
We found in this study that �-catenin suppresses anoikis of

colon cancer cells as well as that of malignant kidney epithelial
cells via a novel mechanism that involves �-catenin-dependent
down-regulation of Death-Associated Protein Kinase-2
(DAPk-2), a poorly studied pro-apoptotic protein that has
never been implicated as a mediator of anoikis or a target of
�-catenin and whose cellular functions have so far remained
unexplored.

EXPERIMENTAL PROCEDURES

Cell Culture—RK3E cells and their �-catenin-transformed
variants were provided by Dr. E. Fearon. RK3E and DLD-1 cells
were cultured as described elsewhere (12, 25). For suspension
cultures cells were plated above a layer of 1% sea plaque agarose
polymerized in Dulbecco’s modified Eagle’s medium.
Western Blot—This assay was performed as previously

described (1). The following antibodieswere used: anti-DAPk-2
(Chemicon), anti-�-catenin (Santa Cruz Biotechnology, Santa
Cruz, CA), anti-TCF-1 (Cell Signaling), anti-TCF-4 (Cell Sig-
naling), anti-HA (Upstate), anti-CDK-4 (Santa Cruz Biotech-
nology), anti-caspase-3 (Cell Signaling), anti-cyclin D1 (Santa
Cruz Biotechnology), anti-�-actin (Sigma), and anti-�-tubulin
(Upstate).
Gene Expression Array—The expression of mRNAs coding

for regulators of apoptosis was assayed by the rat-specific array

carrying respective cDNAs (SuperArray) according to manu-
facturer’s instructions.
Vectors—Expression vector pcDNA-3 carrying human HA-

tagged DAPk-2 was provided by Dr. A. Kimchi (26). pcDNA-3
served as a control vector in the transient transfection assays.
The T-REX system (Invitrogen) was used to generate cells
expressing tetracycline-inducible DAPk-2. DAPk-2 cDNA was
placed into XbaI and BamHI sites of the pcDNA4-TO vector (a
component of the T-REX system).
RNA Interference—RNA interference (RNAi) was performed

as we described (10). In the case of �-catenin-directed RNAi
experiments (Fig. 3), 5� 105 DLD-1 cells were transfected with
100 nM of each RNA. In the case of the RNAi experiments
aimed at simultaneous ablation of �-catenin and DAPk-2 (Fig.
6), 5� 105 DLD-1 cells were transfected. In this case total RNA
concentration in each transfection reaction was 50 nM. In the
case of DAPk-2-directed RNAi experiments (Fig. 7), 105 RK3E
cells were transfected with 100 nM of each RNA. In the case of
TCF-4-directed RNAi experiments (Fig. 8), 3.5 � 105 DLD-1
cells were transfected with 100 nM of each RNA. siCONTROL
non-targeting siRNA #1 (Dharmacon) was used as a control
RNA. The sequences of the sense strands of the RNAs used in
this study were as follows: control RNA (siCONTROL non-
targeting siRNA #1 (Dharmacon)), UGUUGUUUGAGGGGA-
ACGGTT; human-specific �-catenin siRNA-1, GAUAAAGG-
CUACUGUUGGAUU; human-specific �-catenin siRNA-2,
CCACUAAUGUCCAGCGUUUUU; human-specific �-cate-
nin siRNA-3, GCUGAAACAUGCAGUUGUAUU; human-
specific DAPk-2 siRNA-1, GGAAUUUGUUGCUCCAGA-
AUU; human-specific DAPk-2 siRNA-2, GAGAUGGGCCCA-
AGGAAUUUU; rat-specific DAPk-2 siRNA-1, UGGAGAAC-
UUUAAGAAGCAUU; rat-specific DAPk-2 siRNA-2, UGGC-
UUGGCUCACGAAAUAUU; human-specific TCF4 siRNA-1,
AAAGUGCGUUCGCUACAUAUU; human-specific TCF4
siRNA-2, UCACGCCUCUUAUCACGUAUU; human-spe-
cificTCF1 siRNA-1, GAUGCUAGGUUCUGGUGUAUU; and
human-specific TCF1 siRNA-2, CCAAGAAGCCAACCAUC-
AAUU.
Terminal Transferase dUTP Nick End Labeling (TUNEL)

Assay—We performed this assay by using the TUNEL Apopto-
sis Detection kit from Millipore. Cells were processed and
assayed for apoptosis by fluorescencemicroscopy following the
manufacturer’s instructions.
The following assays were performed as previously

described: Northern blot analysis, detection of apoptosis by
monitoring changes in nuclear morphology, soft agar, the Cell
Death enzyme-linked immunosorbent assay (1), membrane
blebbing (27), and clonogenicity (10) assays.
Western and Northern Blot Images—When lanes were

removed fromWestern andNorthern blot images, and separate
parts of an image were joined together, a short vertical black
line was used to indicate where the image was cut.
Chromatin Immunoprecipitation—Cells were exposed to

formaldehyde for cross-linking of proteins to chromosomal
DNAas described by others (28) and submitted toGenpathway,
Inc. (San Diego, CA) for further analysis, which was performed
as per standard Genpathway protocol. In brief, cells were son-
icated to fragment the DNA into 300- to 500-bp pieces,
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