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ABSTRACT The Wnt/B-catenin pathway is constitutively activated in more than 90% of hu-
man colorectal cancer. Activated B-catenin stimulates cell proliferation and survival, however,
its antiapoptotic mechanisms are not fully understood. We show here that activated B-catenin
is required to suppress caspase-8 activation, but only in colon cancer cells that are resistant
to tumor necrosis factor-o. (TNF)-induced apoptosis. We found that lysosomal delivery of in-
ternalized TNF occurred at a faster pace in apoptosis-resistant than in apoptosis-sensitive
colon cancer cells. Retardation of endosomal trafficking through vacuolar ATPase (V-ATPase)
inhibition enhanced caspase-8 activation in apoptosis-resistant but not apoptosis-sensitive
cells. Interestingly, knockdown of B-catenin also prolonged TNF association with the early
endosome and enhanced caspase-8 activation in apoptosis-resistant but not apoptosis-sensi-
tive colon cancer cells. In a mouse model of inflammation-associated colon tumors, we found
nuclear expression of B-catenin, resistance to TNF-induced apoptosis, and reactivation of
apoptosis in vivo after cotreatment of TNF with a V-ATPase inhibitor. Together these results
suggest that activated B-catenin can facilitate endosomal trafficking of internalized TNF to
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suppress caspase-8 activation in colon cancer cells.

INTRODUCTION

Tumor necrosis factor-o (TNF) is an inflammatory cytokine that or-
chestrates systemic physiological responses to infections and inju-
ries. TNF interacts with its ubiquitously expressed type-1 receptor
(TNFR1) to activate a large number of intracelllular signaling path-
ways, including that of nuclear factor kappa-light-chain enhancer of
activated B cells (NF-xB; Karin and Lin, 2002), the mitogen-activated
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protein kinases (Kant et al., 2011), the NADPH oxidase 1 (NOX1)
(Kim et al., 2007), the sphigomyelinases (Adam-Klages et al., 1998),
and caspase-8 (Ashkenazi and Dixit, 1999). Interestingly, the same
set of adaptor proteins, including TRADD, RIPK1, TRAF2, and clAP
are required for the activation of NF-xB and caspase-8 (Muppidi
et al., 2004). Whereas NF-kB activation occurs at the plasma mem-
brane, caspase-8 activation is mediated by a soluble adaptor
complex (Micheau and Tschopp, 2003; Muppidi et al., 2004). Fur-
thermore, the juxtamembrane region of TNFR1 contains a YXXW
motif that is required for receptor endocytosis and the activation of
caspase-8 (Schneider-Brachert et al., 2004).

Caspase-8 is an apical caspase with two death effector domains
(DED) that interact with the DED of Fas-associated protein with
death domain (FADD; Bender et al., 2005; Thorburn, 2004). In the
soluble complex stimulated by TNF/TNFR1, FADD is recruited
through death domain (DD) interaction with RIPK1 and TRADD
(Bender et al, 2005). FADD also binds to the DED of
FLICE inhibitory protein (FLIP; van Raam and Salvesen, 2012).
Dimerization with FLIP or self-dimerization is sufficient to activate
caspase-8 activity; in other words, caspase-8 does not have to be
processed to have catalytic activity. (Boatright et al., 2003; Boatright
and Salvesen, 2003). The activated FLIP-caspase-8 heterodimer
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cleaves RIPKI, RIPK3, and CYLD to inhibit TNF-induced necrosis
(Green et al., 2011). Mutation of the self-cleavage site in caspase-8
does not interfere with its antinecrosis function but abolishes its
proapoptotic function (Kang et al., 2008), suggesting that formation
of caspase-8 homodimer and subsequent processing to the mature
L2S2 soluble caspase-8 is necessary for the activation of extrinsic
apoptosis.

Under chronic inflammation, which is a risk factor for colorectal
cancer (CRC), TNF-dependent activation of NF-kB can contribute to
tumor growth and survival (Karin, 2009). Because caspase-8 inhibits
TNF-induced necrosis (Green et al., 2011), cancer cells can retain the
caspase-8—dependent antinecrosis pathway to enhance survival un-
der chronic inflammation. However, this will necessitate activation of
tumor mechanisms that can selectively disengage the proapoptotic
activation of caspase-8. It is generally accepted that activated NF-kB
can up-regulate the expression of antiapoptotic factors, such as FLIP
and the inhibitors of apoptosis (IAPs) to block TNF-induced apopto-
sis (Karin and Lin, 2002; Ozturk et al., 2012). However, because the
activation of NF-kB and caspase-8 is mediated by the same set of
adaptor proteins (Muppidi et al., 2004), and because the expression
of NF-kB-dependent survival factors requires time for transcription
and translation, cancer cells are likely to activate additional mecha-
nisms to selectively inhibit the apoptotic activation of caspase-8.

The canonical Wnt signaling cascade plays a crucial role in intes-
tinal crypt proliferation and homeostasis (Clevers, 2006; Medema
and Vermeulen, 2011). The central role of canonical Wnt signaling is
to stabilize the cytoplasmic B-catenin protein and to stimulate its
transcription regulatory function (Clevers, 2006). The recent data
from the Cancer Genome Atlas Network (2012) show that B-catenin
is constitutively activated in more than 90% of CRC by genetic and
epigenetic alterations in a number of genes involved in the Wnt
pathway. On the other hand, a recent histological survey on CRC
cases showed that, among 724 tumors, only 323 (47%) expressed
nuclear B-catenin (Morikawa et al., 2011). Although activated -
catenin must enter the nucleus to regulate gene expression, its con-
stitutive nuclear localization requires additional factors that have not
been fully elucidated (Bowman and Nusse, 2011). A previous study
has shown that activated B-catenin can suppress TNF-induced
apoptosis in head and neck cancer cells without affecting the ex-
pression levels of FLIP or other known components of the TNF
apoptotic signaling pathways (Yang et al., 2006). Because chronic
inflammation is a major risk factor in human CRC, and because B-
catenin is constitutively activated in virtually all human CRC, we in-
vestigated whether and how B-catenin may suppress TNF-induced
apoptosis in colon cancer cells.

RESULTS

V-ATPase inhibitors enhanced TNF-induced apoptosis in
colon cancer cells expressing nuclear -catenin

We identified two human colon cancer cell lines, HCT116 and
LIM1899, that contain similar B-catenin codon-45 mutations (Sekine
et al, 2002; Zhang et al., 2009) but exhibit different sensitivity to
TNF-induced DNA fragmentation (Figure 1). The codon-45-mutant
B-catenin is localized to the cytoplasm and the nucleus of LIM1899
cells (Figure 1A). However, stable nuclear localization was not ob-
served with the codon-45-mutant B-catenin in HCT116 cells (Figure
1A). When treated with recombinant human TNF and cycloheximide
(CHX) to inhibit NF-kB, HCT116 cells underwent DNA fragmentation
at a faster rate and to a greater extent than did LIM1899 cells (Figure
1B). The induction of DNA fragmentation in LIM1899 and HCT116
cells was completely abolished by the pan-caspase inhibitor, ZVAD-
fmk, but was unaffected by the antioxidant butylated-hydroxyanisole
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(BHA), suggesting TNF/CHX activates caspase-dependent apoptosis
rather than reactive oxygen species (ROS)-dependent necrosis in
these colon cancer cells. Consistently TNF/CHX-induced cleavage of
caspase-8, caspase-3, and poly(ADP-ribose) polymerase-1 (PARP1)
occurred at a faster rate and was more efficient in HCT116 than in
LIM1899 cells (Figure 1C, compare lanes 2 and 6).

We previously found (Huang et al., 2007) that TNF-induced cas-
pase-8 activation can be enhanced by pharmacological inhibition or
genetic ablation of the vacuolar ATPase (V-ATPase) (Inoue et al.,
2005; Toei et al., 2010) in cells resistant to apoptosis due to the
preservation of RB. We therefore tested the effect of bafilomycin A1
(BAF), a V-ATPase inhibitor (Gagliardi et al., 1999), on TNF/CHX-in-
duced apoptosis in HCT116 and LIM1899 cells. With the apoptosis-
sensitive HCT116 cells, cotreatment with BAF had no effect on TNF/
CHX-induced DNA fragmentation or protein cleavage (Figure 1, B
and C). However, with LIM1899 cells, BAF enhanced TNF/CHX-in-
duced DNA fragmentation and caspase-8 activation (Figure 1, B
and C). By inhibiting the V-ATPase, which acidifies the endosomes
and lysosomes, BAF can inhibit endosomal trafficking and the lyso-
somal degradative function (Hurtado-Lorenzo et al., 2006). We
therefore compared the apoptosis-enhancing effect of BAF with the
lysosomal protease inhibitors E64D/pepstatin (EP) and found that
BAF or concanamycin (CON), another V-ATPase inhibitor (Drose and
Altendorf, 1997), enhanced TNF/CHX-induced DNA fragmentation
to a similar extent, while EP did not enhance the apoptotic response
(Figure 1D). As would be expected, BAF and CON, but not EP, elim-
inated LysoTracker staining of LIM1899 cells, and this effect was not
altered by treatment with TNF/CHX (Figure 1E). To further demon-
strate that BAF and CON enhanced caspase-8 activation, we ad-
opted the method of Tu et al. (2006) to covalently tag the activated
caspase-8 in vivo with a suicide substrate (biotin-VADfmk). None of
the inhibitors, BAF, CON, EP, or MG132 alone, activated the in vivo
biotinylation of caspase-8 (Supplemental Figure S1). Treatment of
LIM1899 cells with TNF/CHX generated a low level of biotinylated
caspase-8 (Figure 1F, lane 2), which was significantly increased by
cotreatment with BAF or CON (Figure 1F, lanes 3 and 4). By con-
trast, the lysosomal protease inhibitors (EP) or the proteosomal in-
hibitor (MG132) did not increase the levels of biotinylated caspase-8
(Figure 1F, lanes 5 and 6). These results suggest that BAF and CON
are likely to enhance TNF-induced caspase activation by inhibiting
endosomal trafficking rather than lysosomal degradation.

Knockdown of -catenin enhanced caspase-8 activation

in apoptosis-resistant but not apoptosis-sensitive colon
cancer cells

To determine whether activated B-catenin is required to suppress
TNF-induced caspase-8 activation, we knocked down its expression
with lentiviral-mediated expression of an short hairpin RNA (shRNA)
in LIM1899 and HCT116 cells (Figure 2A). We could stably maintain
B-catenin—knockdown HCT116 cells in culture, consistent with the
previous conclusion that this colon cancer cell line is not dependent
on B-catenin for proliferation or survival (Sekine et al., 2002). How-
ever, B-catenin-knockdown LIM1899 cells could only be maintained
for three to five passages, suggesting LIM1899 cells are dependent
on B-catenin for proliferation and survival. Using the in vivo biotinyla-
tion assay, we showed that B-catenin knockdown significantly en-
hanced TNF/CHX-induced caspase-8 activation in LIM1899 cells
(Figure 2A, left panels, compare lanes 2 and 7). By contrast, B-catenin
knockdown did not affect TNF-induced caspase-8 activation in
HCT116 cells either in the absence or the presence of BAF or CON
(Figure 2A, right panels, compare lanes 2—4 with lanes 7-9). We also
examined the cleavage of caspase-3 in LIM1899 and HCT116 cells
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Selective sensitization to TNF-induced apoptosis by V-ATPase inhibitors in colon cancer cells expressing
nuclear B-catenin. (A) Subcellular localization of B-catenin in HCT116 and LIM1899 cells: B-catenin (red), F-actin (green),
and DNA (blue). Scale bars: 10 um. (B) Sub-G1 fractions of cell populations treated with vehicle, human TNF-o.

(10 ng/ml) plus CHX (2.5 pg/ml), and/or BAF (200 nM), as indicated. (C) Effect of BAF on TNF/CHX-induced protein
cleavage determined by immunoblotting of whole lysates from the indicated cells with the indicated treatments: PARP1;
C8, caspase-8; C3, caspase-3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase. (D) Sub-G1 fractions of LIM1899
cells treated with TNF/CHX, BAF (200 nM), CON (100 nM), EP (10 pg/ml each), as indicated. (E) LysoTracker (200 nM)
staining (15 min) of LIM1899 cells following treatment (1 h) with the indicated drugs. Scale bar: 10 pm. (F) In vivo
biotinylation of activated caspase-8 in LIM1899 cells after the indicated treatments. The naturally biotinylated acetyl-
CoA carboxylase was probed as a pull-down control.

transfected with nontarget (nt) or B-catenin—targeted small interfering transfected LIM1899 cells (Figure 2B, left panel, compare lanes 2 and
RNA (siRNA; Figure 2B). Cotreatment with TNF/CHX and BAF en- 4 with lanes 6 and 8). Caspase-3 cleavage was stimulated by
hanced cleavage of caspase-3 in the parental and the nt-siRNA-  the knockdown of B-catenin and not further enhanced by BAF
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Knockdown of B-catenin-enhanced caspase-8 activation in LIM1899 but not HCT116 cells. (A) In vivo
biotinylation of activated caspase-8 in cells stably transduced with pLKO (vector) or B-catenin shRNA lentivirus and

treated as indicated and described in Materials and Methods. (

B) B-catenin (B-cat) and cleaved caspase-3 (C3) were

detected by immunoblotting of total lysates from cells transfected with the indicated siRNA (nt; -cat, B-catenin) at 8 h
after the indicated treatment. (C) Levels of caspase-8, TNFRI, TRADD, TRAF2, RIPK1, FADD, FLIP, XIAP, and clAP in total
lysates of LIM1899 cells transfected with the indicated siRNA (nt, B-cat) at 8 h after the indicated treatment.

(D) LysoTracker (red) and B-catenin (B-cat; green) staining of LIM1899 cells transfected with the indicated siRNA

(nt, B-cat). Scale bars: 10 pm.

(Figure 2B, left panel, compare lane 10 to lanes 2, 6, and 12).
Again, the knockdown of B-catenin did not enhance TNF/CHX-
induced caspase-3 cleavage in HCT116 cells (Figure 2B, right
panels). In the apoptosis-sensitive HCT116 cells, TNF/CHX treat-
ment induced the cleavage of B-catenin, which has been shown to
be a substrate of caspase, and its cleavage associated with apopto-
sis (Senthivinayagam et al., 2009). Consistent with reduced caspase
activation, TNF/CHX treatment did not induce B-catenin cleavage in
the apoptosis-resistant LIM1899 cells (Figure 2B). While BAF en-
hanced TNF-induced caspase-8 activation (Figure 1, C and F), it did
not stimulate B-catenin cleavage (Figure 2B). These results suggest
that BAF could enhance caspase-8 activation and DNA fragmenta-
tion independent of B-catenin cleavage.

We examined the expression of caspase-8, TNFR1, TRADD,
TRAF2, RIPK1, FADD, FLIP, XIAP, and clAP in LIM1899 cells before
and after the knockdown of B-catenin but did not find any changes
that could readily account for the enhanced activation of caspase-8
(Figure 2C). We observed a two- to threefold reduction in the levels
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of caspase-8, FADD, and FLIP in B-catenin-knockdown relative to
nt-siRNA-transfected LIM1899 cells (Figure 2C), but a five- to sixfold
increase in caspase-8 activity (Figure 2A); thus the coordinated re-
duction in the levels of caspase-8, FADD, and FLIP was not an im-
portant determinant of caspase-8 activation. The knockdown of -
catenin also did not interfere with the acidification of intracellular
organelles (Figure 2D). Nevertheless, when B-catenin was knocked
down, BAF no longer had an enhancing effect on TNF-induced cas-
pase-8 activation (Figure 2A). These results show that activated B-
catenin is required to suppress caspase-8 activation and is likely to
act at a point upstream of BAF in the endosomal pathway.

Subcellular localization of internalized TNF

Previous studies have shown that TNFR1 endocytosis is required for
the activation of caspase-8 (Schneider-Brachert et al., 2004). To de-
termine whether TNF is internalized in the apoptosis-resistant
LIM1899 cells, we developed an image-based assay to track the
subcellular localization of biotin-TNF following a synchronized

Molecular Biology of the Cell



induction of endocytosis by temperature shift (Figure S2). Cells were
preincubated with biotin-TNF and streptavidin at 4°C, warmed to
37°C to induce internalization, and then fixed at different time points
up to 60 min after temperature shift. As controls, we showed that
streptavidin-biotin—soybean trypsin inhibitor or streptavidin alone
were not internalized upon warming (Figure S2). We established
that EEA1, a marker for early endosome, and VOD1, a membrane
component of the VO complex of V-ATPase, do not significantly co-
localize throughout the 60-min warming time course in the presence
or absence of BAF (Figure S2). We therefore examined the colocal-
ization of internalized biotin-TNF with EEA1 and VOD1.

B-Catenin—dependent endosomal trafficking of internalized
TNF in apoptosis-resistant but not apoptosis-sensitive cells
In the apoptosis-resistant LIM1899 cells, biotin-TNF was colocalized
with TNFR1 and internalized upon warming to 37°C. The internal-
ized TNF/TNFR1 colocalized with EEA1 at 10 min after warming, but
this colocalization was reduced at 60 min (Figure 3A). Treatment
with BAF did not alter the initial colocalization at 10 min but stabi-
lized the biotin-TNF/EEAT association for up to 60 min (Figure 3A).
Internalized biotin-TNF also colocalized with VOD1, albeit with a
slower kinetics than that of EEA1 (Figure 3B). Treatment with BAF
abolished this colocalization (Figure 3B) consistent with the fact that
V-ATPase is required for endosomal trafficking (Hurtado-Lorenzo
et al., 2006). In the apoptosis-sensitive HCT116 cells, biotin-TNF
was also internalized; however, its colocalization with EEA1 was
maintained for 60 min and was not affected by BAF treatment
(Figure 3C). Biotin-TNF did not colocalize with VOD1 in HCT116
cells (Figure S3). We also examined the colocalization of biotin-TNF
with LysoTracker, which reacts with V-ATPase-acidified organelles
(Figure 1E) and found colocalization of biotin-TNF with LysoTracker
in LIM1899 but not HCT116 cells at 60 min after warming (Figure
3D). Together these results suggest that TNF/TNFR1 is internalized
in colon cancer cells; however, the internalized TNF appeared to
move through the endosomal pathway toward the lysosome more
efficiently in the apoptosis-resistant LIM1899 than in the apoptosis-
sensitive HCT116 cells.

We then examined the endocytic trafficking of biotin-TNF in 3-
catenin—knockdown LIM1899 cells and found that the colocalization
of biotin-TNF with EEA1 was prolonged, and the effect of BAF on
biotin-TNF/EEA1 colocalization was no longer observed (Figure 3E).
In B-catenin-knockdown LIM1899 cells, the internalized biotin-TNF
did not colocalize with VOD1 (Figure 3F). As shown in Figure 2D, B-
catenin knockdown did not abolish V-ATPase activity; however, it
exerted an effect similar to that of BAF. These results suggest that
trafficking of internalized TNF/TNFR1 through the endosomes can
be regulated by B-catenin. The faster movement of internalized
TNF/TNFR1 down the endocytic pathway toward the lysosome in
the apoptosis-resistant LIM1899 cells requires nuclear expression of
B-catenin and is associated with reduced activation of caspase-8.

To determine whether nuclear B-catenin can also regulate the
down-regulation of other cell surface receptors, we stimulated
HCT116 and LIM1899 cells with EGF at 4°C and measured the lev-
els of phospho-EGFR (epidermal growth factor receptor) at 10, 30,
and 60 min after the synchronous induction of endocytosis by warm-
ing to 37°C. We found that the decay of phospho-EGFR upon
warming to 37°C followed a similar kinetics in HCT116 and LIM1899
cells (Figure S4). Furthermore, we showed that the decay of phos-
pho-EGFR was inhibited by BAF in both cell lines (Figure S4). This
result suggests that nuclear B-catenin selectively stimulates the en-
dosomal trafficking of TNF/TNFR1 in colon cancer cells to inhibit
apoptotic signaling.
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Transient versus sustained caspase-8 cleavage in apoptosis-
sensitive versus apoptosis-resistant colon cancer cells
Although oligomerization is sufficient to activate caspase-8 without
cleavage, caspase-8 cleavage is required for the induction of apop-
tosis (van Raam and Salvesen, 2012). We therefore examined TNF-
induced caspase-8 cleavage using a commercial antibody specific
for cleaved caspase-8 (AC8), which reacted with cells only following
TNF/CHX treatment (Figure 3G). With unsynchronized (37°C)
LIM1899 cells, very few AC8-positive cells were detected over an
8-h period after TNF/CHX addition (Figure 3H). A transient burst of
AC8-positive cells was observed under conditions of synchronized
endocytosis, with the peak at 30 min (Figure 3H). These results
showed that caspase-8 cleavage can occur in the apoptosis-resistant
LIM1899 cells, however, this apoptotic signaling mechanism is inef-
ficient (not observed at 37°C) and unstable (decayed within 60 min
after synchronized endocytosis). In the apoptosis-sensitive HCT116
cells, TNF/CHX did not induce AC8-positive cells until after 3 h of
incubation. Synchronization of endocytosis did not affect the forma-
tion of AC8 in HCT116 cells (Figure 3l), suggesting that the efficient
and stable cleavage of caspase-8 in apoptosis-sensitive cells does
not occur immediately upon receptor endocytosis but occurs with a
lag time that is likely to involve the remodeling and the dissociation
of the adaptor complex from the internalized receptor (Micheau and
Tschopp, 2003).

V-ATPase inhibitor enhanced TNF-induced apoptosis

in mouse colon tumors expressing nuclear -catenin

To determine whether V-ATPase inhibition can also reactivate TNF-
induced apoptosis in colon tumor cells in vivo, we induced colon
tumors in mice using the azoxymethane-dextran sulfate sodium
(AOM-DSS) carcinogenesis protocol, in which a single injection of
the carcinogen AOM is followed by 1 wk of feeding with DSS in the
drinking water to induce colorectal inflammation, ulceration, and tis-
sue regeneration (Tanaka et al., 2003). We found that AOM-DSS-
induced colon tumors acquire resistance to TNF-induced apoptosis,
and this phenotype is associated with the nuclear expression of B-
catenin (Figure 4). We injected tumor-bearing mice with TNF or BAF
alone and in combination and quantified terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL)-positive cells
in the tumor and the adjacent colonic tissues. In the normal colonic
tissues, P-catenin is localized to the epithelial cell-cell junction
(Figure 4A, left panel). In AOM-DSS-induced tumors, B-catenin is
localized to the nucleus, due to exon-3 mutations that inactivate
GSK3PB phosphorylation sites (Greten et al., 2004). Treatment with
BAF alone induced a low level of TUNEL-positive cells similar to that
seen in the normal and the tumor tissues (Figure 4, C and D). Treat-
ment with TNF alone induced a high level of TUNEL-positive cells in
the normal but not the tumor tissues (Figure 4, B-D). In the normal
tissues, cotreatment with BAF did not enhance the apoptotic re-
sponse to TNF (Figure 4C). However, in the tumor tissues, cotreat-
ment with TNF and BAF induced a high level of apoptotic response
that was significantly above the additive effect of these two agents
(Figure 4D). These results show that BAF also enhanced TNF-in-
duced apoptosis in vivo in apoptosis-resistant colonic tumor cells
that express nuclear B-catenin.

DISCUSSION

This study shows that activated B-catenin is required to suppress
TNF-induced caspase-8 activation in apoptosis-resistant colon can-
cer cells. Furthermore, this antiapoptotic effect of B-catenin is cell
context-dependent and associates with its nuclear expression. It is
conceivable that the constitutive nuclear localization of B-catenin
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to 37°C (synchronized). Cleaved caspase-8 was detected by immunofluorescence. Values shown are mean = SD from
five fields with at least 1000 cells counted for each sample.
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B-cat

associated with the EEA1 endosome, the
V-ATPase endosome, and the lysosome
within the first hour following synchronized
induction of endocytosis. The knockdown of
B-catenin stabilized the association of TNF/
TNFR1 with the EEA1 endosome and en-
hanced the apoptotic activation of cas-
pase-8. We could also enforce the associa-
tion of internalized TNF with the EEA1
endosome by inhibiting V-ATPase with BAF
to enhance caspase-8 activation. Because
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FIGURE 4: BAF, a V-ATPase inhibitor, reactivates TNF-induced apoptosis in mouse colonic
tumors. (A) Representative B-catenin staining in adjacent normal and colonic tumor tissue
sections. Scale bar: 50 um. (B) Representative TUNEL staining (dark blue dots) of colon tumor
tissue sections from the indicated mouse treated with PBS (Vehicle), BAF, murine TNF-o. (TNF) or
TNF plus BAF (TNF/BAF). Nuclei were counterstained with TACS Fast Red. Scale bar: 50 pm.

(C and D) Quantification of TUNEL-positive cells (mean and SD from 25 fields at 200x
magnification) from at least three mice per treatment. **, p < 0.01 by Student’s t test.

may allow it to interact with low-affinity promoters that regulate
gene products involved in the lysosomal delivery of internalized
TNF. Alternatively, nuclear B-catenin may suppress caspase-8 by a
nontranscriptional mechanism, for example, by the nuclear seques-
tration of a factor that retards endosomal trafficking of TNF/TNFR1
and stimulates caspase-8 activation. Previous studies have identi-
fied the up-regulation of FLIP as a principal mechanism to suppress
TNF-induced apoptosis. In head and neck cancer cells (Yang et al.,
2006) and LIM1899 cells (Figure 2), knockdown of B-catenin did not
alter the relative levels of FLIP and caspase-8, suggesting that 8-
catenin does not suppress caspase-8 activation through FLIP. Previ-
ous studies have shown that impairment of TNFR1 internalization by
an adenoviral protein can suppress apoptosis (Schneider-Brachert
et al., 2006). With the apoptosis-resistant LIM1899 colon cancer
cells, the biotin-TNF/TNFR1 is efficiently internalized and targeted
to the lysosome (Figure 3), suggesting that B-catenin does not act
through the suppression of receptor endocytosis. Instead, this study
suggests that the endosomal trafficking of internalized TNF/TNFR1
is a target of regulation by activated B-catenin in apoptosis-resistant
colon cancer cells.

Receptor down-regulation via endosomal delivery to the lyso-
some is a common mechanism for extinguishing receptor-mediated
signaling. In the apoptosis-resistant LIM1899 cells, internalized TNF
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B-catenin knockdown had the same effect
as BAF and abolished the apoptosis-
enhancing effect of BAF, these results
strongly suggest that lysosomal targeting of
TNF/TNFR1 is a mechanism for extinguish-
ing apoptotic signaling and that nuclear
B-catenin can stimulate TNFR1 down-regu-
lation to suppress caspase-8 activation.
A recent report suggested that B-catenin is
required for Wnt to stimulate the sequestra-
tion of GSK3p in multivesicular endosomes
(Taelman et al., 2010). Whether the B-
catenin—dependent endosomal trafficking
of TNF/TNFR1 and GSK3 involve similar or
distinct pathways is of interest and requires
further investigation.

Activation of caspase-8 by TNF requires
not only internalization of the activated
TNFR1 but also the dissociation of the
TRADD-RIP1-TRAF2-clAP  signaling com-
plex (Micheau and Tschopp, 2003; Muppidi
et al., 2004). We found in apoptosis-sensi-
tive HCT116 cells that internalized TNF as-
sociated with the EEAT endosome but did
not reach the lysosome for at least 60 min.
Although the prolonged association of TNF/
TNFR1 with EEA1 endosome correlates with
enhanced activation of caspase-8, expan-
sion or contraction of the EEAT endosome, achieved by the ectopic
expression of dominant-active or dominant-negative Rab5, had no
effect on caspase-8 cleavage in HCT116 cells (Figure S5). This find-
ing and the fact that caspase-8 is activated by a soluble TRADD-
RIP1-TRAF2-clAP complex (Micheau and Tschopp, 2003) suggest
that reduced endosomal trafficking of TNF/TNFR1 most likely con-
tributes to caspase-8 activation by allowing time for the remodeling
and dissociation of the TRADD-RIP1-TRAF2-cIPA signaling complex
from the internalized TNF/TNFR1.

MATERIALS AND METHODS

Mice

For the AOM-DSS protocol, 6- to 7-wk-old C57BL/6 male mice
were given one intraperitoneal (i.p.) injection with 12.5 mg/kg
AOM (Sigma-Aldrich, St. Louis, MO). A week later, DSS salt (3%,
36-50 kDa; ICN Biomedicals, Costa Mesa, CA) was given in the
drinking water for 7 d, followed by regular water for 19 wk. For
apoptosis induction, tumor-bearing mice were injected i.p. with
murine recombinant TNF-o. (10* U in phosphate-buffered saline
[PBS] containing 2% fetal bovine serum [FBS]; PeproTech, Rocky
Hill, NJ), BAF (25 pg/kg body weight; Sigma-Aldrich), or PBS with
2% FBS, and killed at 24 h, after which their colons were col-
lected, cleaned, fixed in 4% paraformaldehyde (PFA) overnight,
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and paraffin-embedded. All animal studies were conducted
under protocols approved by the University of California at San
Diego institutional animal care and use committee.

Immunohistochemistry and TUNEL assay

Paraffin-embedded colon tissues in “Swiss rolls” were sectioned
(5 pm) stepwise (200 pm). Sections were deparaffinized, rehydrated,
and boiled in 10 mM sodium citrate buffer (pH 6.0) for 10 min to
retrieve antigen. Tissues were blocked with 5% bovine serum albu-
min (BSA) and 0.25% Triton X-100 in PBS for 30 min and incubated
with primary anti-B-catenin (BD Biosciences, Franklin Lakes, NJ) in
PBS with 1% BSA at 4°C for 16 h. Immunohistochemistry was then
carried out with DAKO LSAB+ System-HRP according to the manu-
facturer's protocol. TUNEL assay (TACS-XL in situ apoptosis detec-
tion kit) was performed according to the manufacturer’s instructions
(R&D Systems, Minneapolis, MN) in 5-pm-thick paraffin-embedded
colonic tissue sections. The percentage of TUNEL-positive nuclei in
the epithelial layer was achieved by counting at least 1000 cells un-
der the microscope at 400x magnification for each animal sample.

Cell culture

The human colon cancer cell line HCT116 (American Type Culture
Collection, Manassas, VA) was maintained in DMEM medium sup-
plemented with 10% FBS (HyClone, Rockford, IL). The LIM1899 cell
line (Zhang et al., 2009) was maintained in RPMI 1640 medium
(Invitrogen, Carlsbad, CA) supplemented with 10% FBS and addi-
tives (10 pM thioglycerol [Sigma-Aldrich], 2.5 pg/ml insulin [Sigma-
Aldrich], and 0.5 mg hydrocortisone [Sigma-Aldrich]).

B-Catenin knockdown

siRNA targeting B-catenin (s438) was from Ambion (Austin, TX). For
transient gene silencing, ~70% confluent cells were transfected with
siRNA using Lipofectamine for HCT116 cells (Invitrogen), or Nucleo-
fector electroporation for LIM1899 cells according to the manufac-
turer's instructions (Lonza, Basel, Switzerland). Cells were allowed to
stabilize for 48 h before being used in the experiments. The lentivi-
ral B-catenin shRNA plasmid (nucleotide: NM_001904; shRNA:
TRCN0000003845; CCGGGCTTGGAATGAGACTGCTGATCTCGA-
GATCAGCAGTCTCATTCCAAGCTTTTT; Sigma-Aldrich) and pack-
aging plasmids were transfected into 293FT cells using GeneTran
(Biomiga, San Diego, CA) to produce lentiviral particles. Infection
was with 8 pg/ml polybrene (Sigma-Aldrich), and selection with
puromycin began at 48-h postinfection.

Biotin-TNF labeling and imaging

Cells (3 x 10° per coverslip) were incubated with 10 pl of biotin-TNF
(2.5 ng/ml) and CHX (2.5 pg/ml) at 4°C for 45 min and then with
20 pl of streptavidin (5 ng/pl) for another 45 min at 4°C (Figure S2).
When indicated, BAF (200 nM) was added with biotin-TNF and
throughout the experiment. To induce endocytosis, the coverslips
were transferred into wells of a 24-well plate with 37°C media and
then fixed with 4% PFA at 10, 30, or 60 min. The O-min samples were
collected and fixed at 4°C. After fixation, cells were permeabilized
with 0.3% Triton X-100 for 15 min at room temperature, blocked
with 5% BSA for 30 min, and then stained with primary antibody
for 2 h. at 37°C; this was followed by incubation with secondary
antibody (donkey anti-rabbit Alexa Fluor 594, 1:300; and goat
anti-mouse Alexa Fluor 488, 1:150) for 1 h at 37°C. Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole dihydrochloride.
Fluorescence images were captured on a Zeiss fluorescence micro-
scope (Jena, Germany) with Deconvolution/Image Pro Plus version
7.0 Imaging System (Media Cybernetics, Rockville, MD). Z-stack
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pictures for each color channel were taken using Scope-Pro and de-
convolved using 3D Blind Deconvolution. The deconvolved Z-stacks
were processed using maximum projection to generate one image.

Colocalization analysis

The colocalization of red and green signal in each deconvolved im-
age was analyzed by Colocalizer Pro. The background was corrected
by average contrast and fluorescence, and then the yellow% was
calculated as the yellow pixels over the total pixels of each picture.
At least six deconvolved images were analyzed for each sample.

In vivo labeling of activated caspase-8

Cells (2 x 107) were plated into 6-cm collagen-coated dishes
overnight; 50 uM biotin-VADfmk was added for 2 h, followed by
treatment with BAF (200 nM), CON (100 nM), EP (10 pg/ml), or
MG132 (20 uM) for 3 h. TNF (10 ng/ml) and CHX (2.5 pg/ml) were
then added for an additional 5 h. At the end of treatment, cells
were washed in ice-cold PBS and lysed in 1.0 ml CHAPS lysis buf-
fer (150 mM KClI, 50 mM HEPES, 0.1% CHAPS, pH 7.4). The lysates
were centrifuged twice at 12,000 rpm at 4°C for 10 min. The
lysates (1.0 mg) were incubated overnight at 4°C with 20 pl
streptavidin-conjugated Sepharose beads (Pierce-Thermo Fisher
Scientific, Rockford, IL). The beads were washed four times with
1.0 ml CHAPS buffer, and biotinylated proteins were eluted from
the beads using 2X SDS sample buffer and by boiling for 15 min.
The eluted proteins were probed for caspase-8 or acetyl-CoA de-
carboxylase by immunoblotting.

Antibodies, chemicals, immunoblotting,
and immunofluorescence staining
See the Supplemental Material.

Statistical analysis

Prism (GraphPad, La Jolla, CA) programs were used to analyze
the data and plot curves. Data are represented as mean + SD. A
two-tailed, unpaired Student’s t test was used to determine statis-
tical significance of the differences between data sets. A p value
of < 0.05 was considered as statistically significant.
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