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Epithelial cells undergo a form of apoptosis termed anoikis when
they lose extracellular attachments. We evaluated the role of tran-
scription factor NF-�B in the regulation of anoikis susceptibility of
intestinal epithelial cells. Culture of rat intestinal epithelial cells in
suspension inducedNF-�B activation, which blocked the anoikis of
those cells, as assessed by internucleosomal DNA fragmentation
and caspase-3 cleavage. Activation of NF-�B after the loss of extra-
cellular attachments required focal adhesion kinase tyrosine 397
phosphorylation. This triggered a signaling cascade through phos-
phatidylinositol 3-kinase and AKT, to induce DNA binding of the
RelA/p65 NF-�B polypeptide. NF-�B activated in this manner
induced the up-regulated expression of a distinct program of genes
that included osteoprotegerin, BCL-2, and IAP-1 (inhibitor of apo-
ptosis protein-1). Chromatin immunoprecipitation experiments
revealed that NF-�B directly regulated the promoters of these 3
genes. Knock-down of the expression of osteoprotegerin, BCL-2, or
inhibitor of apoptosis protein-1 by RNA interference showed that
these factors inhibit anoikis, and genetic reconstitution of their
expression alone or in combination restored normal levels of
anoikis toNF-�B-inactive intestinal epithelial cells. Together, these
findings have identified the molecular components of a previously
unrecognized antianoikis pathway in intestinal epithelial cells.

Contact with extracellular matrix provides survival signals to epithe-
lial cells. When epithelial cells lose such contacts, a form of apoptosis
results, which has been termed anoikis (1). Physiologically, anoikis is
important in the regulation of cell number in the intestinal tract, where
epithelial cells are shed from villus tips in the small intestine and from
the intercrypt epithelium of the colon and die by anoikis (2, 3). Patho-
physiologically, resistance to anoikis has been associated with meta-
static spread of carcinoma cells (4, 5), which reflects the ability of malig-
nantly transformed epithelial cells to evade apoptosis when deprived of
extracellular matrix attachment during dissemination in lymph or
blood. The molecular mechanisms that govern susceptibility to anoikis
have not been fully characterized and could provide important insights
into epithelial homeostasis and carcinogenesis.
It was previously established that the survival of cells cultured with-

out extracellular attachments is promoted by PI 3-K2 and AKT because

inhibition of these kinases increased anoikis (6, 7). Moreover, the
anchorage-independent survival of cancer cells that is induced by trans-
forming oncogenes such as Ras and Src depends in part on PI 3-K and
AKT (8–10). However, the molecular mechanisms by which cells acti-
vate PI 3-K andAKT after loss of extracellular attachments and through
which this pathway blocks anoikis have not been completely character-
ized; nor have the molecular factors that ultimately control the suscep-
tibility of cells to undergo anoikis been identified.
NF-�B constitutes a family of transcription factors defined by the

presence of a Rel homology domain. When exposed to certain stresses,
such as inflammation, infection, oxidative stress, or DNA double strand
breaks, NF-�B dissociates from inhibitory I�B molecules, translocates
from cytoplasm to nucleus, and binds to �B sequences in the promoter
regions of specific target genes, up-regulating their expression (11).
Prominent among the more than 150 genes known to be regulated by
NF-�Bproteins are a subsetwhose products inhibit apoptosis, including
BCL-XL, BCL-2, IAP-1 and -2, c-FLICE inhibitory protein, growth
arrest and DNA damage associated protein 45�, and tumor necrosis
factor (TNF) receptor-associated proteins 1 and 2 (12). NF-�B activa-
tion is strongly associated with resistance to apoptosis induced by
TNF-� (13), ionizing radiation (14), and cancer chemotherapeutic
drugs (15). An important role for NF-�B in carcinogenesis has been
proposed, based on the oncogenicity of v-rel (16), the effect of NF-�B in
promoting chemotherapy and radiotherapy resistance of cancer cells
(17), and the functional requirement for NF-�B in tumorigenesis in the
colon, breast, and liver (18–20). Because of the importance of NF-�B in
apoptosis resistance and carcinogenesis, we suspected that this factor
might regulate anoikis.
To address this possibility, we evaluated a functional role for NF-�B

in the regulation of anoikis susceptibility, using a suspension culture
model of intestinal epithelial cells. We found that following the loss of
extracellular attachments in intestinal epithelial cells, FAK triggers a
prosurvival signaling pathway through PI 3-K and AKT that activates
NF-�B. Moreover, our results have identified a distinct program of
genes up-regulated by NF-�B that inhibit anoikis, revealing this tran-
scription factor to be a central regulator of intestinal epithelial cell sur-
vival following the loss of extracellular attachments.

EXPERIMENTAL PROCEDURES

Reagents—Unless otherwise stated, reagents were obtained from
Sigma. Wortmannin, LY294002, bisindolylmaleimide I, and MG132
were obtained from Calbiochem. In all experiments utilizing chemical
inhibitors, control conditions contained an equal volume of vehicle
(dimethyl sulfoxide or saline).

Cell Lines—Rat intestinal epithelial (RIE-1) cells (21) were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen), containing
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2mML-glutamine and 5% fetal bovine serumat 37 °C in 95% air, 5%CO2.
REV cells were prepared by transfecting RIE-1 cells with the empty
vector (pRC�-actin), and RSR cells were prepared by transfecting RIE
cells with an expression vector for the NF-�B superrepressor (pRC�-
actin I�B�AA), as previously described (22). RSR and REV cells were
maintained in the same medium as RIE-1 cells supplemented with 0.4
mg/ml G418 (Invitrogen). For cell proliferation experiments, cells were
seeded into 12-well plates in triplicate, and after varying durations of
culture, cells were trypsinized and counted using a hemocytometer.

Suspension Culture—Cells were grown to confluence in 100-mm or
6-well tissue culture dishes. For culture in suspension, cells were
detached from tissue culture plates using 0.25% trypsin, 0.38 g/liter
EDTA, or 10 mM EDTA in calcium and magnesium-free Hanks’ bal-
anced salt solution (Invitrogen). Preliminary experiments revealed
comparable results with these two detachment techniques but faster
detachment using the trypsin/EDTA combination, so all subsequent
experiments utilized this combination. Once detached, cells were cul-
tured in complete medium in 30-mm Petri dishes that had been coated
with polyhydroxyethylmethacrylate (poly-HEMA). Poly-HEMA-
coated dishes were prepared by two applications of a 10mg/ml solution
of poly-HEMA in 95% ethanol onto Petri dishes. After drying, the dishes
were washed three times with Dulbecco’s phosphate-buffered saline
before use. Cells were incubated in standardmediumas described above
during suspension culture. After various durations of suspension cul-
ture on poly-HEMA-coated dishes, cells were collected and reseeded
onto tissue culture plates or immediately processed for analysis as
described below.

Cell Lysates—Cells were collected, washed with ice-cold PBS, and
incubated in ice-cold whole cell lysis buffer (20 mMHEPES, pH 7.6, 150
mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1% Triton X-100, and 10%
glycerol), including phosphatase inhibitors (40 mM �-glycerophos-
phate, 1 mM sodium orthovanadate, and 0.9 mM sodium fluoride) and
protease inhibitors (protease inhibitor mixture III, 5 �l/ml; Calbio-
chem) for 15min at 4 °C. Sampleswere then centrifuged at 10,000 r.p.m.
for 15 min at 4 °C, and supernatant was saved for use in Western blot-
ting, electrophoretic mobility shift assays, and enzyme-linked immu-
nosorbent assays. Protein concentration in the lysates were determined
using the Bradford assay (Bio-Rad).

Bromodeoxyuridine (BrdUrd) Incorporation—BrdUrd (10 �M) was
added to culture medium for 2 h. Cells were then fixed in methanol,
treatedwith 2 NHCl for 15min followed by 0.1 M borax for 10min. Cells
were permeabilized with 0.1% Nonidet P-40 and incubated in 1:60
diluted biotin-conjugated mouse anti-BrdUrd (Caltag/Invitrogen), fol-
lowed by CY3-conjugated streptavidin (Jackson Immunoresearch,
West Grove, PA). Cells were counterstained with Hoechst 33342 and
visualized using a Zeiss epifluorescence microscope fitted with appro-
priate filters. Digital photographs of random fields were taken using
filters for both Hoechst and CY3, and BrdUrd incorporation was
expressed as the percentage of total cells staining CY3-positive.

Electrophoretic Mobility Shift Assay—This was carried out as previ-
ously described (23). Supershift antibodies used were sc-372X (RelA/
p65), sc-114X (p50), sc-70X (c-Rel), and sc-226 (RelB), all from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA), and 05-361 (p50) from
Upstate Biotechnology, Inc. (Lake Placid, NY).

Trans-Am Assay for NF-�B Activation—This method utilizes a
96-well plate format to quantify active NF-�B RelA/p65 in cell extracts
and was performed according to the manufacturer’s instructions
(ActiveMotif, Carlsbad, CA). Briefly, 5 �g of cellular extract was placed
into wells of the 96-well plate, in which there is plate-bound oligonu-
cleotide containing the NF-�B consensus site to which only activated

(I�B-free) NF-�B can bind. NF-�B RelA/p65 bound to the immobilized
oligonucleotide is detected using an anti-RelA/p65 antibody with a
horseradish peroxidase-conjugated secondary and colorimetric detec-
tion at 450 nm (Molecular Devices, Menlo Park, CA).

Survival Experiments—Cells were trypsinized and counted using a
hemocytometer, and 5� 105 viable (exclusion of trypan blue) cells were
resuspended in culture medium and transferred to poly-HEMA-coated
dishes. After various durations of culture in suspension, cells were
replated onto 6-well tissue culture plates and incubated overnight. The
next day, cells were trypsinized and counted again to evaluate survival.
The percentage of survival after each duration of suspension culturewas
determined by dividing the cell number surviving at that time point by
the number surviving with immediate replating.

Cell Death Detection ELISA—This assay detects internucleosomal
fragmented DNA, a feature of apoptotic cells, and is based on a quanti-
tative sandwich enzyme immunoassay principle using mouse mono-
clonal antibodies directed against DNA and histones (24). For each
condition, 105 cellswere used, and the assaywas performed according to
the manufacturer’s instructions (Roche Applied Science). Briefly, cells
were grown in 6-well plates. After treatment or various time points of
culture in suspension, cells were collected and lysed, and samples were
incubated at room temperature for 30min. Samples were transferred to
anti-histone biotin-coated 96-well plates and incubated for 90 min.
After threewashes, anti-DNAperoxidase antibodieswere added to each
well and incubated for 90 min. After three washes, the peroxidase sub-
strate was added to each well, and absorbance at 405 nmwas read using
a 96-well plate reader. Results were expressed as DNA fragmentation
relative to attached or untreated cells.

Immunoblotting—Samples containing 30 �g of total protein were
separated on 10% SDS-polyacrylamide gels (Bio-Rad) and then were
transferred to polyvinylidene difluoride membranes (Millipore Corp.,
Bedford, MA), after which membranes were blocked with a 5% (w/v)
solution of nonfat milk powder in Tris-buffered saline/0.1% Tween 20
for 1 h at room temperature. Membranes were probed with antibodies
specific for phosphoserine 32 I�B�, I�B�, AKT, phosphoserine 473
AKT, active caspase-3, IAP-1 (Cell Signaling Technology, Beverly, MA)
FAK, phosphotyrosine 397 FAK (Upstate Biotechnology), BCL-2 (eBio-
science, San Diego, CA), OPG (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), or �-actin (Oncogene Research Products, San Diego, CA).
Detection was performed using horseradish peroxidase-conjugated
donkey anti-rabbit antibody or sheep anti-mouse antibody (Amersham
Biosciences), followed by enhanced chemiluminescence detection
(Amersham Biosciences) and exposure to x-ray film (Biomax; Eastman
Kodak Co.)

Plasmids—The following expression plasmids were used: a kinase-
dead mutant of AKT, pCMV-6 HA-AKT (K179M), provided by Dr. S.
Kaufmann (25); a dominant negative mutant of the p85 subunit of PI
3-K, pEF-BOS�RI-�p85, provided by Dr. G. Gores (26); a kinase-dead
IKK�, pRC�actin IKK� K-A, or a dominant negative IKK�, pRC�actin
IKK� AA, provided by Dr. M. Karin (27); a full-length BCL-2, pSFFV-
BCL-2, provided by Dr. S. Kaufmann (28); a full-length c-IAP1,
pcDNA3-myc-cIAP-1, provided by Dr. J Ashwell (29); or an OPG-Fc
fusion construct (pSFFV-OPG-Fc) encoding the first 201 amino acids of
humanOPG fused to Fc. Transfections were performed by square wave
electroporation, using a single pulse, 325 V, 10 ms (BTX, Holliston,
MA). A total of 30 �g of plasmid DNA and 107 cells for each condition
were used, as previously described (23). pcDNA3 (Invitrogen) lacking an
insert was mixed with experimental plasmids to keep the total amount
of transfected DNA constant. Preliminary experiments using a green
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fluorescence protein expression plasmid indicated that �60–90% of
cells were transfected under these conditions.

Expression Profiling Array—Total cellular RNA was isolated from
monolayered REV and RSR cells and after 4 h of detachment using
Qiagen RNEasy kit (Qiagen Inc., Valencia, CA). The apoptosis
GEArray Q series array was obtained from SuperArray Bioscience
Corp. (Frederick, MD). Briefly, total RNA from the experimental
samples was used as a template to generate cDNA probes using the
GEAprimer mix as a reverse transcriptase primer. The cDNA
probes, which represent abundance of mRNA population, were then
denatured, and hybridization was conducted in GEHybridization
solution to two nylon membranes spotted with gene-specific cDNA
fragments. Membranes were then washed in 2� SSC, 1% SDS twice
for 20 min each followed by 0.1� SSC, 0.5% SDS twice for 20 min
each. Detection was performed using by CDP-star chemilumines-
cent solution and exposure to x-ray film.

RT-PCRAnalysis—RNAwas prepared fromREV and RSR cells using
Qiagen RNEasy kit (Qiagen Inc.). cDNA was prepared from the RNA
using Superscript II (Invitrogen). PCR was carried out using the follow-
ing conditions: 25 cycles of denaturation at 95 °C for 60 s, annealing at
56 °C for 60 s, and extension at 72 °C for 2 min (primer sequences
available on request). One-tenth of the PCR product was analyzed by
separation on a 2% agarose gel and stained with ethidium bromide.

Chromatin Immunoprecipitation (ChIP)—Cells were cross-linked
with formaldehyde for 20 min at 25 °C, harvested in SDS-lysis buffer
(Upstate Biotechnology), and sheared to fragment DNA to �500 bp.
Samples were then immunoprecipitated using RelA/p65 antibody
(sc-372; Santa Cruz Biotechnology) or agarose beads alone at 4 °C
overnight. Following immunoprecipitation, samples were washed
and eluted using the Chromatin Immunoprecipitation system
(Upstate Biotechnology) according to the manufacturer’s instruc-
tions. Cross-links were removed at 65 °C for 4 h and immunoprecipi-
tated DNAwas purified using phenol/chloroform extraction (500�l)
and ethanol precipitation. PCRwas utilized to detect RelA/p65 inter-
action with OPG, BCL-2, and IAP-1 promoters (primer sequences
available on request).

RNA Interference—The 19-nucleotide small interfering RNA
(siRNA) for BCL-2, OPG, and IAP-1 were designed by using Genebee
software to predict probable RNA secondary structures, assesses target
accessibility, and define RNA-targeting nucleic acids. Multiple sets of
sequences were tested for their ability to selectively target BCL-2, OPG,
or IAP-1, and the following sets were chosen: BCL-2, GAACTGGGG-
GAGGATTGTGTT and CACAATCCTCCCCCAGTTCTT; OPG,
GCTTATAGTTAGGAATGTT and CATTCCTAACTATAAGC-
ATT; IAP-1, CGGCCTGGATGACATGAGATT and TCTCATGTC-
ATCCAGGCCGTT.Control siRNAwas a scrambled sequencewithout
any specific target that did not affect base-line or inducible levels of
expression of BCL-2, OPG, IAP-1, or �-actin: CCGTCCTGCTCCAG-
CTAGATT and TCTAGCTGGAGCAGGACGGTT. Oligonucleot-
ides were annealed with the complementary strand with dTdT overha-
ngs. For the transfection, siRNAor control siRNA solutionwas added to
Dulbecco’s modified Eagle’s medium containing Oligofectamine (Invi-
trogen) and allowed to incubate for 20 min at room temperature to
create the transfection mixture. Transfection was done as per the man-
ufacturer’s guidelines for 4 h. After 4 h,mediumwas supplementedwith
RPMI 1640 and fetal bovine serum (to a final concentration of 10%).
RNA was harvested after 72 h.

Statistical Analysis—Statistical analyses were performed using Stu-
dent’s t test or analysis of variance with post hoc Tukey tests, as appro-
priate. p values of �0.05 were accepted as statistically significant.

RESULTS

NF-�B Activation Promotes the Survival of RIE-1 Cells Cultured in
Suspension—Initially, we evaluated the role of NF-�B in regulating
anoikis, using amodel system inwhich rat intestinal epithelial cells were
detached from plastic tissue culture surfaces and cultured in suspen-
sion. Experiments were preformed with parental RIE-1 cells or with
RIE-1-derived clones that we previously engineered to stably express
the NF-�B superrepressor, a mutant nondegradable form of I�B� in
which serines 32 and 36 are replaced with alanines (RSR cells) or a
control empty vector (REV cells) (30). RSR cells cannot activate NF-�B
in response to typical stimuli, such as interleukin-1 or TNF-�. We cul-
tured two clones of RSR and two clones of REV cells in suspension on
poly-HEMA-coated dishes for 1–6 h before reseeding on standard tis-
sue culture plates. The next day, surviving cells that adhered to the
tissue culture plates were counted and compared with the number of
starting cells to determine percentage of survival. Across all of the time
points of this experiment, control REV clones survived in greater num-
bers than didNF-�B-inactive RSR clones (Fig. 1A), differences that were
statistically significant after 2 h. After 6 h of suspension culture,�60%of
control REV cells survived, compared with 30% RSR cells. To exclude
the possibility that the differences in cell numbers between REV and
RSR clones might be due to differences in rates of proliferation between
the control and NF-�B-inactive cells, we assessed rates of growth and
DNA synthesis. Parental RIE-1 cells, control REV-3 cells, and NF-�B-
inactive RSR-6 cells grew at comparable rates (Fig. 1B). REV-3 and
RSR-6 cells also had very similar BrdUrd uptake rates (Fig. 1C).
Together these findings excluded the possibility that the greater num-
bers of surviving suspension-cultured REV cells compared with RSR
cells was due to a proliferation advantage. Rather, the approximate
2-fold reduction in survival conferred by an inability to activate NF-�B
suggested that NF-�B prevented apoptotic death of these cells. To test
this idea, we quantified internucleosomalDNA fragmentation, amarker
of apoptosis, in REV and RSR cells cultured both attached to tissue
culture plates and in suspension. We observed a progressive induction
of DNA fragmentation in both REV and RSR cells by suspension culture
of 2 or 4 h (Fig. 1D). Notably, the amount of DNA fragmentation
induced by suspension culture was�3 times greater in RSR than in REV
cells after 4 h. To support the results of DNA fragmentation analysis, we
evaluated the activation of the death effector caspase-3 using Western
blotting for cleaved caspase-3, a marker of its activation. Both REV and
RSR cells cleaved caspase-3when cultured in suspension but to a greater
degree in the NF-�B-defective RSR cells (Fig. 1E). These findings indi-
cate that NF-�B provides an antiapoptotic signal to intestinal epithelial
cells that supports the survival of those cells when cultured without
extracellular attachments.
The prosurvival role of NF-�B in suspension-cultured intestinal epi-

thelial cells suggested that the loss of extracellular attachment activated
this transcription factor. To test this possibility, we prepared whole cell
protein lysates of attached and suspension-cultured RIE-1 cells and ana-
lyzed NF-�B activity. An electrophoretic mobility shift assay revealed
that RIE-1 cells cultured in suspension activated NF-�B DNA binding
1 h after detachment, whereas theDNAbinding activity of the unrelated
transcription factor NF-Y was not affected (Fig. 2A). Similar results
were obtainedwhenRIE-1 cellswere detached from tissue culture plates
by incubation with trypsin (left) or with EDTA (right), indicating that
NF-�B activation occurs independent of the method used to disrupt
extracellular attachment of cells. Using antibodies against the five
known mammalian NF-�B polypeptides, supershift analysis revealed
that the detachment-induced NF-�B DNA binding complex contained
RelA/p65 and p50 but not RelB, c-Rel, or p100/p52 (results not shown).
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We used a quantitative ELISA-based assay specific for the RelA/p65
NF-�B polypeptide and found a time-dependent induction of RelA/p65
DNA binding activity in detached RIE-1 cells that wasmaximal after 1 h
of suspension culture and declined after 2 and 4 h (Fig. 2B). Together,
these findings indicate that RIE-1 cells activate anNF-�B RelA/p65-p50
heterodimer by suspension culture.

Activation of RelA/p65-p50 heterodimers by prototypic stimuli, such
as TNF-�, is controlled by the “canonical” NF-�B pathway, involving
IKK�-dependent phosphorylation of I�B� (11). Using an antibody
against serine 32-phosphorylated I�B�, by Western blot analysis we
found that suspension culture of RIE-1 cells induced this phosphoryla-
tion, indicating activation of the IKK complex (Fig. 2C, top). When we

FIGURE 1. NF-�B inhibits anoikis of intestinal epithelial cells. A, two clones of control REV cells (closed symbols) and two clones of NF-�B-inactive RSR cells (open symbols) were
trypsinized, counted, and cultured in suspension. After the indicated durations of suspension culture, the cells were reseeded onto tissue culture plates and cultured overnight.
Surviving cells were counted, and results were expressed as mean � S.E. percentage of survival. *, p � 0.05, both REV clones compared with both RSR clones. B, parental RIE-1 cells
(triangles), REV-3 cells (closed circles), and RSR cells (open circles) were cultured for the indicated number of days, and cell counts were obtained on days 3, 5, and 7. C, 1 day after
seeding, REV-3 and RSR-6 cells were pulsed with BrdUrd for 2 h before being fixed and stained for DNA (Hoechst) and BrdUrd incorporation. The numbers represent the average and
S.E. percentage of cells labeled with BrdUrd. p � 0.05, REV-3 cells compared with RSR-6 cells. D, REV-3 cells (closed bars) and RSR-6 cells (open bars) were cultured in suspension. After
the indicated durations of suspension culture, relative DNA fragmentation was determined by comparing internucleosomal DNA fragmentation in suspension-cultured cells with
that in attached cells. Results were expressed as mean � S.E. *, p � 0.05, REV-3 cells compared with RSR-6 cells. E, whole cell protein extracts were prepared from REV-3 and RSR-6 cells
after the indicated durations of suspension culture. Western blotting using equal amounts of protein was performed using antibodies against cleaved caspase-3 and �-actin.
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examined total I�B� levels by Western blot, surprisingly, we did not
observe a robust decline in protein abundance in suspension-cultured
RIE-1 cells, since usually serine 32/36-phosphorylated I�B� is targeted
to proteasomal degradation. To determine if the persistence of I�B�

expression in suspension-cultured cells might be due to rapid resynthe-
sis of I�B�, we compared protein levels of I�B� in suspension-cultured
cells in the absence or presence of protein synthesis inhibitor cyclohex-
imide (Fig. 2C, bottom). This analysis revealed that cycloheximide treat-

FIGURE 2. Suspension culture activates NF-�B RelA/p65 through the canonical IKK�-dependent pathway. A, parental RIE-1 cells were cultured attached to tissue culture
surfaces or in suspension for 1 h. Whole cell extracts were prepared and assessed for NF-�B and control NF-Y DNA binding activity using an electrophoretic mobility shift assay. The
arrow indicates the specific shifted DNA binding. Cells were detached from tissue culture surfaces using trypsin (left) or EDTA (right). B, parental RIE-1 cells were cultured attached to
tissue culture surfaces or in suspension for the indicated durations. Whole cell protein extracts were prepared and assessed for NF-�B RelA/p65 DNA binding using an ELISA-based
assay. Results were expressed as mean � S.E. NF-�B activity relative to attached cells. C, parental RIE-1 cells were cultured attached to tissue culture surfaces or in suspension for the
indicated durations. Whole cell protein extracts were prepared, and equal amounts of protein were subjected to Western blotting using antibodies against phosphorylated serine 32
of I�B� or total I�B� (top). In other experiments, RIE-1 cells were incubated with or without cycloheximide (50 �g/ml) for 30 min before and for the indicated durations after
detachment from tissue culture plates. Whole cell protein extracts were prepared, and equal amounts of protein were subjected to Western blotting using antibodies against total
I�B� or �-actin (bottom). D, REV-3 and RSR-6 cells were cultured attached to tissue culture surfaces or in suspension for 1 h. Whole cell protein extracts were prepared and assessed
for NF-�B RelA/p65 DNA binding using an electrophoretic mobility shift assay (left) and ELISA (right). ELISA results are expressed as mean � S.E. absorbance units. *, p � 0.05, effect
of suspension culture on NF-�B activity. E, parental RIE-1 cells were treated with the indicated concentrations of MG132. After 1 h of suspension culture, whole cell protein extracts
were prepared and assessed for NF-�B RelA/p65 DNA binding using an ELISA-based assay. Results are expressed as mean � S.E. NF-�B activity relative to attached cells. *, p � 0.05,
effect of MG132 on NF-�B activity. F, parental RIE-1 cells were transfected with control plasmid or expression plasmids encoding the dominant negative mutant IKK�AA or IKK�K-A.
Cells were detached, and after 1 h of suspension culture, whole cell protein extracts were prepared and assessed for NF-�B RelA/p65 DNA binding using an ELISA-based assay. Results
are expressed as mean � S.E. NF-�B activity relative to attached cells. *, p � 0.05, NF-�B activity compared with control.
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ment greatly reduced I�B� expression in suspension-cultured RIE-1
cells, which indicates that these cells rapidly resynthesize this protein
after NF-�B activation. To verify the importance of IKK�-triggered
I�B� degradation in the NF-�B activation by this pathway, we com-
pared NF-�B activity in control REV cells and mutant I�B�-expressing
RSR cells. Expression of nondegradable mutant I�B� completely abol-
ished suspension culture-inducedNF-�B activation, as assessed by elec-
trophoretic mobility shift assay (Fig. 2D, left) and by ELISA (Fig. 2D,
right). Moreover, blockade of proteasome function with MG132 also
dose-dependently inhibited NF-�B activity induced by culture in sus-
pension, which supports the importance of proteasome activity in
NF-�B activation (Fig. 2E). The role of IKK� in NF-�B activation was
further evaluated by transiently transfecting dominant negative mutant
forms of this kinase into RIE-1 cells. Both a T loop serine 177/181 to
alaninemutant and a kinase-deadK44Amutant plasmid of IKK� greatly
reduced NF-�B activity induced by culture in suspension (Fig. 2F).
Together, these results support the importance of IKK�-dependent
I�B� phosphorylation and subsequent proteasomal degradation in the
activation of NF-�B by suspension culture in intestinal epithelial cells.

FAK Tyrosine 397 Phosphorylation in Attached Cells Triggers an
Antianoikis Pathway through PI 3-K, AKT, and NF-�B—We next
sought to identify themechanism of activation of the NF-�B pathway in
RIE-1 cells induced by loss of extracellular attachment. We examined
focal adhesions in an attempt to define early signaling events that occur
after loss of extracellular attachments. Western blotting revealed that
RIE-1 cells cultured on plastic expressed tyrosine 397-phosphorylated
FAK (Fig. 3A). Within minutes of trypsinization, tyrosine 397 of FAK
was dephosphorylated. We transfected RIE-1 cells with an expression
plasmid encoding a tyrosine 397 to phenylalanine mutant (Y397F) that
blocks downstream signaling dependent on this phosphotyrosine of
FAK. This plasmid decreasedNF-�B activation induced by loss of extra-
cellular attachment, indicating that FAK signaling is required for acti-
vation of the NF-�B survival program (Fig. 3B). The fact that FAK tyro-
sine 397 phosphorylation is required for triggering the NF-�B pathway
after loss of extracellular attachment yet decreases in abundance follow-
ing detachment suggests that the pathway is triggered by FAK before
dephosphorylation. To evaluate the functional importance of FAK in
regulating anoikis, we again transfected the Y397F mutant into RIE-1
cells and cultured the cells in suspension. Cells transfected with the
mutant FAK underwent more anoikis than control plasmid transfected
cells or cells transfected with wild-type FAK (Fig. 3C). Together, these
findings indicate that FAK functions as a molecular trigger that regu-
lates the subsequent survival of cells after loss of extracellular attach-
ment, linking adherence-dependent signaling through FAK to the acti-
vation of NF-�B.

Phosphorylation of FAK at tyrosine 397 creates a high affinity Src
homology 2 binding site for several candidate adaptor and signaling
molecules, including PI 3-K (31). To assess if PI 3-K might act down-
streamof FAK tyrosine 397 in limiting anoikis, we analyzed activation of
protein kinase AKT, an effector of PI 3-K, by using Western blotting to
detect phosphorylation of AKT at serine 473, a marker of its activation.
Detachment of RIE-1 cells from tissue culture plates produced a rapid
serine 473 phosphorylation of AKT, which was detectable as early as 5
min after detachment and persisted for at least 1 h (Fig. 4A). This phos-
phorylation could be decreased by tyrosine 3973 alanine mutant FAK
(Fig. 4B). Moreover, wortmannin and LY294002, both chemical inhibi-
tors of PI 3-K, dose-dependently decreased AKT serine 473 phospho-
rylation induced by suspension culture (Fig. 4C). We next evaluated
potential signaling from PI 3-K and AKT to NF-�B. In suspension-
cultured RIE-1 cells, LY294002 treatment reduced NF-�B activity by

about 50%, whereas wortmannin reduced NF-�B activity by �70% (Fig.
4D). In contrast, neither LY294002 nor wortmannin significantly
affected interleukin-1-induced NF-�B activation in RIE-1 cells (results
not shown), indicating selectivity of PI 3-K for suspension-induced
NF-�B activation. Results of NF-�B activity obtained with pharmaco-
logical inhibitors were confirmed by transient expression of a domi-
nant-negative PI 3-K and AKT mutants, which also dose-dependently
inhibited suspension-induced NF-�B activity (Fig. 4E). The protein
kinase C family, especially the atypical members, are downstream effec-
tors of PI 3-K that have also been implicated in NF-�B activation (32).
However, bisindolylmaleimide I, a broad specificity inhibitor of protein
kinase C family members, did not affect NF-�B activation induced by
detachment (results not shown), arguing against a role for this protein
kinase family in antianoikis signaling.
The functional importance of PI 3-K in the FAK-triggered antianoikis

pathway in RIE-1 cells was established by an approximate 2-fold
increase in DNA fragmentation in the presence of wortmannin or
LY294002 (Fig. 4F). Transient expression of dominant negativemutants

FIGURE 3. FAK tyrosine 397 controls NF-�B activity and anoikis. A, parental RIE-1 cells
were cultured attached to tissue culture surfaces or in suspension for the indicated
durations. Whole cell protein extracts were prepared, and equal amounts of protein were
subjected to Western blotting using antibodies against phosphorylated tyrosine 397 of
FAK or total FAK. B, parental RIE-1 cells were transfected with control plasmid or the
indicated amounts of expression plasmid encoding the dominant negative mutant FAK
Y397F. Cells were detached, and after 1 h of suspension culture, whole cell protein
extracts were prepared and assessed for NF-�B RelA/p65 DNA binding using an ELISA-
based assay. Results were expressed as mean � S.E. NF-�B activity relative to attached
cells. *, p � 0.05, NF-�B activity compared with control. C, parental RIE-1 cells were
transfected with control plasmid or with expression plasmids encoding wild type (WT)
FAK or the dominant negative mutant FAK Y397F. After 4 h of suspension culture, relative
DNA fragmentation was determined by comparing internucleosomal DNA fragmenta-
tion in suspension-cultured cells with that in attached cells. Results were expressed as
mean � S.E. *, p � 0.05, compared with control.
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of PI 3-K orAKT also increased anoikis (Fig. 4G), further confirming the
functional importance of these signaling intermediates in the transmis-
sion of survival signals in detached intestinal epithelial cells. Together,
the results of these experiments identify FAK, PI 3-K, and AKT as
molecular components of the signaling pathway to activation of anoikis
inhibitor NF-�B.

BCL-2, OPG, and IAP-1 Contribute to the Antianoikis Activity of
NF-�B—Next, we wished to identify target genes of NF-�B that were
up-regulated by loss of extracellular attachment that might function as
effectors of NF-�B.We used a focused expression profiling approach to
assess the mRNA expression levels of 96 apoptosis-related genes. Com-
pared with attached cells, 4 h of suspension culture induced up-regu-

FIGURE 4. PI 3-K and AKT transmit a FAK-derived survival signal to NF-�B in suspension-cultured cells. A, parental RIE-1 cells were cultured attached to tissue culture surfaces
or in suspension for the indicated durations. Whole cell protein extracts were prepared, and equal amounts of protein were subjected to Western blotting using antibodies against
phosphorylated serine 473 of AKT or total AKT. B, parental RIE-1 cells were transfected with control plasmid (�) or with an expression plasmid encoding the dominant negative
mutant FAK Y397F (�). Cells were detached, and after 30 min of suspension culture, whole cell protein extracts were prepared, and equal amounts of protein were subjected to
Western blotting using antibodies against phosphorylated serine 473 of AKT or total AKT. C, parental RIE-1 cells were treated with the indicated concentrations of LY294002 or
wortmannin. After 30 min of suspension culture, whole cell protein extracts were prepared, and equal amounts of protein were subjected to Western blotting using antibodies
against phosphorylated serine 473 of AKT or total AKT. D, parental RIE-1 cells were treated with the indicated concentrations of LY294002 or wortmannin. After 1 h of suspension
culture, whole cell protein extracts were prepared and assessed for NF-�B RelA/p65 DNA binding using ELISA. Results are expressed as mean � S.E. NF-�B activity relative to attached
cells. *, p � 0.05, effect of LY294002 or wortmannin on NF-�B activity. E, parental RIE-1 cells were transfected with control plasmid or the indicated amounts of expression plasmid
encoding the dominant negative mutants PI 3-K �p85 or AKT K179M. Cells were detached, and after 1 h of suspension culture, whole cell protein extracts were prepared and assessed
for NF-�B RelA/p65 DNA binding using ELISA. Results are expressed as mean � S.E. NF-�B activity relative to attached cells. *, p � 0.05, NF-�B activity compared with control. F,
parental RIE-1 cells were treated with LY294002 (50 �M) or wortmannin (250 nM). After 4 h of suspension culture, relative DNA fragmentation was determined by comparing
internucleosomal DNA fragmentation in suspension-cultured cells with that in attached cells. Results were expressed as mean � S.E. *, p � 0.05 compared with control. G, parental
RIE-1 cells were transfected with control plasmid or the indicated amounts of expression plasmid encoding the dominant negative mutants PI 3-K �p85 or AKT K179M. After 4 h of
suspension culture, relative DNA fragmentation was determined by comparing internucleosomal DNA fragmentation in suspension-cultured cells with that in attached cells. Results
were expressed as mean � S.E. *, p � 0.05 compared with control.
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lated expression of BCL-2, OPG, and IAP-1mRNA in control REV cells
(Fig. 5A). However, none of these genes were up-regulated in RSR cells,
which indicates NF-�B dependence. The results of array-based expres-
sion analysis were validated using RT-PCR on RNA extracted fromREV
and RSR cells from independent experiments. We confirmed up-regu-
lated expression of BCL-2, OPG, and IAP-1 mRNA in REV but not in
RSR cells 4 h after detachment (Fig. 5B). Since PI 3-K regulated anoikis
and NF-�B activation by loss of extracellular attachment, we reasoned
that the expression of this set of NF-�B target genesmight depend on PI
3-K.We tested this notion bymeasuring themRNA expression of these
targets by RT-PCR from attached and suspension-cultured RIE-1 cells
treated with PI 3-K inhibitor wortmannin. Results show that wortman-
nin decreased expression of BCL-2, OPG, and IAP-1 induced by culture
in suspension (Fig. 5C). This confirms the functional linkage of the PI
3-K/AKT system with the downstream mediator NF-�B in the up-reg-
ulated expression of this set of suspension culture-induced genes.

BCL-2 and IAP-1 have been previously identified as NF-�B target
genes based on comparisons of their expression in cells with or without
functional NF-�B, usually under conditions of cytokine stimulation (33,
34). However, OPG has not been extensively characterized with respect
to NF-�B dependence of expression. When we examined the DNA
sequences of the 5	 regulatory regions of these genes, we found candi-
date NF-�B binding sites in them all. In vivo binding of the NF-�B
RelA/p65 polypeptide to these promoters was then evaluated using
ChIP with promoter-specific PCR. Some RelA/p65 binding was
detected on the OPG promoter in attached parental RIE-1 cells (Fig.
5D). After 1 h of culture in suspension, RelA/p65 was recruited to the
promoter regions of all of these genes. Western blotting experiments of
REV and RSR cell extracts revealed that under suspension culture con-
ditions, NF-�B promoted the expression of BCL-2, OPG, and IAP-1 at
the protein level, confirming and extending the previous observations at
the promoter and mRNA levels (Fig. 5D). Taken together, these data
establish the importance of NF-�B in the direct suspension culture-
induced regulation of BCL-2, OPG, and IAP-1.
Next, we wished to assess the functional importance of BCL-2, OPG,

and IAP-1 in regulating anoikis of intestinal epithelial cells.Wedesigned
siRNA oligonucleotides directed against these three targets and used
them to transfect RIE-1 cells. 72 h after transfection, the cells were
placed in suspension culture for 4 h, and we compared the mRNA
expression levels of BCL-2, OPG, and IAP-1. Although control siRNA
did not reduce expression of any of the targets, we did observe a
decrease in the suspension culture-induced up-regulated expression of
BCL-2, OPG, and IAP-1 by their respective siRNAs (Fig. 6A). Having
developed an effective strategy for decreasing expression of these three
putative regulators of anoikis, wemeasured the effect of the small inter-
fering RNAs on anoikis. Compared with the control oligonucleotides,
relative levels of anoikis increased by about 2-fold in the presence of any
of the siRNAs targeting BCL-2, OPG, or IAP-1 (Fig. 6B).
The increase in relative levels of anoikis of intestinal epithelial cells

caused by knockdown of BCL-2, OPG, or IAP-1 strongly suggested that
their induced expression by NF-�Bmightmediate the antianoikis effect
of this transcription factor. To explore this possibility further, we genet-
ically reconstituted the expression of these genes either alone or in
combination to control REV and NF-�B-inactive RSR cells and subse-
quently quantified anoikis in those cells. Compared with control DNA-
transfected cells, transfection of BCL-2, OPG, or IAP-1 plasmids had
little effect on anoikis in REV cells (Fig. 6C). In contrast, transfection of
NF-�B-inactive RSR cells with BCL-2, OPG, or IAP-1 plasmids reduced
anoikis by about 50%, to a level similar to that observed in the control
REV cells. Thus, restoring the expression of these three NF-�B target
genes rescues the anoikis susceptibility induced by a loss of NF-�B
activity.
Together, these findings further highlight the importance of NF-�B

in suppressing anoikis and show that BCL-2, OPG, or IAP-1 function as
NF-�B-regulated molecular effectors that inhibit anoikis in intestinal
epithelial cells.

DISCUSSION

These experiments were initiated to characterize NF-�B as a putative
mediator of the antianoikis effects of PI 3-K and AKT. We found that
NF-�B was activated after loss of extracellular attachments and served
to inhibit anoikis in intestinal epithelial cells. The activation of NF-�B
after loss of extracellular attachments required FAK, which triggered a
signaling cascade through PI 3-K and AKT that induced the canonical
IKK�-dependent pathway of NF-�B activation. NF-�B, activated in this
manner, up-regulated the expression of a subset of target genes, which

FIGURE 5. Suspension culture up-regulates expression of BCL-2, OPG, and IAP-1
through NF-�B. A, REV-3 cells and RSR-6 cells were cultured adherent to tissue culture
plastic (�) or in suspension for 4 h (�). RNA was prepared and pooled from three inde-
pendent experiments and used to assess relative expression of 96 apoptosis-related
genes using a focused array (left). Shown are the array positions corresponding to BCL-2,
OPG, IAP-1, and �-actin. In independent experiments, REV-3 and RSR-6 cells were treated
identically, and the mRNA expression of BCL-2, OPG, IAP-1, and �-actin were determined
by RT-PCR (right). B, parental RIE-1 cells were left untreated or were treated with wort-
mannin 250 nM. Cells were cultured adherent to tissue culture plastic (�) or in suspen-
sion for 4 h (�). RNA was prepared and the mRNA expression of BCL-2, OPG, IAP-1, and
�-actin were determined by RT-PCR. C, parental RIE-1 cells were cultured attached to
tissue culture plastic (�) or in suspension for 1 h (�). Sheared DNA was immunoprecipi-
tated using anti-RelA/65 antibody or no antibody (�). The binding of RelA/p65 to the
promoters of BCL-2, OPG and IAP-1 was assessed using ChIP with promoter-specific PCR.
D, whole cell protein extracts were prepared from REV-3 and RSR-6 cells after 4 h of
suspension culture and were subjected to Western blotting for BCL-2, OPG, IAP-1, and
�-actin.
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included BCL-2, OPG, and IAP-1. Inhibition of the up-regulated
expression of these genes increased anoikis, whereas restoration of their
expression reversed the anoikis susceptibility of NF-�B-inactive cells.
This confirms their functional importance as downstream effectors of
NF-�B-mediated anoikis inhibition. Therefore, these findings have
filled three important knowledge gaps concerning anoikis regulation in
intestinal epithelial cells: FAK is revealed as a molecular trigger for an
antianoikis pathway; NF-�B acts downstream of PI 3-K and AKT to
inhibit anoikis; and OPG, BCL-2, and IAP-1 function as downstream
molecular effectors of this survival pathway.
Attachment-dependent epithelial cell survival requires phosphoryla-

tion of FAK tyrosine 397, which is stimulated by the interaction of
plasmamembrane integrins with their extracellular ligands.When cells
lose extracellular attachments, FAK tyrosine 397 is dephosphorylated
(35), a finding we confirmed in RIE-1 intestinal epithelial cells. The
functional importance of FAK in transmitting a survival signal from
integrins was previously demonstrated by the ability of constitutively
active FAK to prevent anoikis (36, 37), but downstream effectors of FAK
had not been identified. Our results show the importance of FAK in the
induction of an NF-�B-mediated antianoikis pathway through PI 3-K
and AKT, since blockade of FAK signaling both inhibited AKT and
NF-�B activation and increased anoikis. FAK tyrosine 397 phosphoryl-
ation seemed to trigger activation of the antianoikis pathway very rap-
idly following detachment, since the abundance of this phosphotyrosine
decreased withinminutes of suspension culture yet was required for the
activation of the pathway. Therefore, FAK acts as a link that couples
adherence-dependent survival to the induction of a signaling pathway
that controls the survival of cells once adherence has been lost.
We found that PI 3-K is a mediator of the FAK-triggered antianoikis

signal. Previously, it was recognized that PI 3-K could be stimulated by
growth factors acting through receptor tyrosine kinases (38) or by
expression of transforming forms of proto-oncogenes, such as Ras or
Src (8, 10, 39). When so activated in epithelial cells cultured in suspen-
sion, PI 3-K was in part required for the antianoikis functions of those
factors. Consistent with a previous report in colon cancer cells (7), we
have found that, even in the absence of stimulation of RIE-1 cells with
growth factors or oncogenes, the release of these cells from extracellular
attachments alone results in robust activation of PI 3-K, as assessed by
phosphorylation of AKT, a downstream target. A recent paper reported
that Src family kinases are transiently activated after detachment of
intestinal epithelial cells, which activated PI 3-K (6). Our observation
that the activation of PI 3-K and AKT after detachment depended in
part on phosphorylation of FAK tyrosine 397 is consistentwith a role for
Src, since these two kinases functionally co-associate through interac-
tion at this site (40).
The role of the PI 3-K/AKT pathway in NF-�B activation is contro-

versial. Whereas some reports have suggested that these kinases are
required for IKK�-dependent NF-�B activation by inflammatory stim-
uli, such as TNF-� (41), others have found no involvement of AKT in
this pathway (42). Our own results showno effect of PI 3-K inhibitors on
interleukin-1-induced NF-�B activation in RIE-1 cells, which argues
against a role for this kinase in cytokine-induced NF-�B activation in
intestinal epithelial cells. However, we did observe a role for PI 3-K and
AKT in NF-�B activation induced by suspension culture of RIE-1 cells,
judged both by the PI 3-K-dependent serine 473 phosphorylation of
AKT and the inhibition of NF-�B by pharmacologic and genetic block-
ers of PI 3-K andAKT.These results, which reveal theNF-�BRelA/p65-
p50 heterodimer as a downstream target of the PI 3-K/AKT survival
pathway in suspension-cultured epithelial cells, are consistent with a
number of prior reports that identifiedNF-�B as a target of PI 3-K/AKT

FIGURE 6. OPG, IAP-1, and BCL-2 expression mitigate the anoikis susceptibility of RSR-6
cells. A, RIE-1 cells were transfected with siRNA targeting BCL-2, OPG, or IAP-1 or with a control
siRNA. 72 h after transfection, cells were detached and cultured in suspension for 4 h. Total RNA
was extracted and subjected to reverse transcription PCR to assess relative expression of BCL-2,
OPG, IAP-1, and �-actin. B, RIE-1 cells were transfected with control, BCL-2, OPG, or IAP-1 siRNA.
72 h after transfection, cells were detached and cultured in suspension. After 4 h of suspension
culture, relative DNA fragmentation was determined by comparing internucleosomal DNA frag-
mentation in suspension-cultured cells with that in attached cells. Results were expressed as
mean � S.E. *, p � 0.05, compared with control. C, REV-3 and RSR-6 cells were transfected with
control plasmid or with expression plasmids encoding OPG, IAP-1, BCL-2, or all three plasmids
(Triple). After 4 h of suspension culture, relative DNA fragmentation was determined by compar-
ing internucleosomal DNA fragmentation in suspension-cultured cells with that in attached cells.
Results were expressed as mean � S.E. *, p �0.05 compared with control.
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after stimulation by Gram-negative bacteria (43), oncogenic Ras (44),
and growth factor receptor tyrosine kinases (45). A number of mecha-
nisms of anti-apoptosis have been attributed to AKT. These include
phosphorylation and subsequent inactivation of proapoptotic mole-
cules caspase-9 (46) and Bad (47) and up-regulated expression of anti-
apoptotic BCL-2 (48). Our experiments with NF-�B-inactive RSR cells
clearly show the important antianoikis and prosurvival effects of this
transcription factor. Moreover, the important roles for PI 3-K and AKT
in signaling suspension culture-induced NF-�B activation and blocking
anoikis of intestinal epithelial cells point to the activation of NF-�B as a
novel mechanism of anoikis inhibition by AKT.
Two important pathways of NF-�B activation have been described.

The canonical pathway involves IKK�-dependent I�B� phosphoryla-
tion and subsequent proteasomal degradation to control RelA/p65-p50
heterodimer activity, whereas an alternative pathway induces p100
processing through IKK� to control p52-RelB activity (11, 49). When
RIE-1 cells were released fromextracellular attachments and cultured in
suspension, we observed serine 32 phosphorylation of I�B� within 5
min, indicating rapid activation of the IKK complex.Western analysis of
total I�B� abundance in RIE-1 cells after detachment failed to show the
almost complete reduction in levels that typically accompanies IKK�

activation by prototypic NF-�B stimuli. It had previously been noted in
a variety of intestinal epithelial cell lines that some stimuli that lead to
IKK�-dependent NF-�B activation do not induce robust I�B� degrada-
tion (50). This suggests that such cells might rapidly resynthesize I�B�,
itself an NF-�B target gene (51). This notion was supported by our
experimental observation that cycloheximide, a protein synthesis inhib-
itor, caused a marked reduction in I�B� expression in suspension-cul-
tured RIE-1 cells. The potent inhibition of NF-�B activation by expres-
sion of nondegradable superrepressor I�B�, by proteasome inhibitor
MG132, and by dominant negative IKK� mutant plasmids nevertheless
indicate the involvement of the canonical IKK�-dependent pathway to
NF-�B activation in suspension-cultured RIE-1 cells.

Well characterized NF-�B-activating stimuli include proinflamma-
tory cytokines such as TNF-�, microbial cell wall products such as
lipopolysaccharide and flagellin, and DNA double strand breaks
induced by ionizing radiation or DNA-damaging drugs. In intestinal
epithelial cells, the loss of extracellular attachment can now be added to
the list of NF-�B-activating stimuli. Interestingly, a prior study showed
that reattachment of suspension-cultured human colon cancer HT-29
cells to tissue culture surfaces resulted in NF-�B activation, which pro-
moted the survival of those cells (52). In that study, NF-�B activity in
HT29 cells was accompanied by greater metastasis in immunodeficient
mice. A similar prometastasis role for NF-�B has also been made a
syngeneic Balb/cmousemodel of endotoxemia and colon cancermetas-
tasis (53). One other prior study had shown that NF-�B, when stimu-
lated in intestinal epithelial cells by trefoil factors, inhibited anoikis of
those cells (54). However, the mechanism of NF-�B activation by trefoil
factors and the mechanism by which NF-�B mediated the antianoikis
effect of trefoil factors were not elucidated. In our study, we have delin-
eated the trigger for NF-�B activation following loss of extracellular
attachment and have also identified the specific molecular effectors of
NF-�B that result in the blockade of anoikis. The functional importance
of our results relates to the fact that this distinct prosurvival mechanism
may contribute to the promotion of colon cancer metastasis by NF-�B.
The antiapoptosis functions of NF-�B have been ascribed to the up-

regulated expression of several target genes (12). Our results have iden-
tified BCL-2, OPG, and IAP-1 as genes that are up-regulated by NF-�B
in intestinal epithelial cells after detachment. Interestingly, the program
of genes activated in an NF-�B-dependent manner in suspension-cul-

tured cells was distinct from that previously reported to be activated by
different apoptosis inducers. For example, we observed no significant
up-regulation of TNF receptor associated factor-1 or -2, BCL-XL, or
X-IAP, all previously reported to be up-regulated by NF-�B after treat-
ment of cells with death receptor ligands or DNA-damaging agents (12,
17). We identified NF-�B binding sites in the promoters of these three
genes, and ChIP analysis revealed the binding of the p65/RelA subunit
to those sites. In the case of BCL-2 and IAP-1, this confirms the role of
NF-�B as a direct regulator of their expression (33, 34). In the case of
OPG, a prior publication had noted lower expression levels in endothe-
lial cells expressing the NF-�B superrepressor (55). Our results expand
this finding to intestinal epithelial cells, and the ChIP experiments con-
clusively show for the first time direct regulation of the OPG promoter
by NF-�B. Importantly, using an underexpression/overexpression
experimental paradigm, we could demonstrate the functional impor-
tance of BCL-2, OPG, and IAP-1 in the inhibition of anoikis in intestinal
epithelial cells.
Some prior studies have indicated an antiapoptotic function for OPG

whereinOPGacts as a decoy receptor forTNF-related apoptosis-induc-
ing ligand (TRAIL), which in cancer cells induces a death receptor path-
way of apoptosis through the DR5 receptor (56, 57). The functional
antianoikis effect of OPG that was shown by restoration ofOPG expres-
sion in NF-�B-inactive cells suggests that TRAIL might be involved in
the induction of anoikis. Alternatively, OPG might function to block
anoikis in a TRAIL-independent manner, as has also been noted in
growth factor withdrawal-induced apoptosis of endothelial cells (55).
TRAIL is expressed on natural killer and natural killer T cells in the liver,
where it functions to limit colon cancer metastasis (58). The up-regu-
lated expression of OPG by NF-�B after detachment raises the possibil-
ity that colon cancer cells might use OPG expression as a decoy to
mitigate apoptosis by TRAIL during the establishment of liver metasta-
ses. This clinically important possibility will be evaluated in future
experiments.
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