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Wnt signaling promotes oncogenic transformation by
inhibiting c-Myc–induced apoptosis
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berrant activation of the Wnt/-catenin signaling
pathway is associated with numerous human cancers
and often correlates with the overexpression or
amplification of the c-myc oncogene. Paradoxical to the
cellular transformation potential of c-Myc is its ability to also
induce apoptosis. Using an inducible c-MycER expression
system, we found that Wnt/-catenin signaling suppressed
apoptosis by inhibiting c-Myc–induced release of cytochrome
c and caspase activation. Both cyclooxygenase 2 and
WISP-1 were identified as effectors of the Wnt-mediated
antiapoptotic signal. Soft agar assays showed that neither
c-Myc nor Wnt-1 alone was sufficient to induce cellu-

A

lar transformation, but that Wnt and c-Myc coordinated
in inducing transformation. Furthermore, coexpression of
Wnt-1 and c-Myc induced high-frequency and rapid tumor
growth in nude mice. Extensive apoptotic bodies were
characteristic of c-Myc–induced tumors, but not tumors
induced by coactivation of c-Myc and Wnt-1, indicating
that the antiapoptotic function of Wnt-1 plays a critical role
in the synergetic action between c-Myc and Wnt-1. These
results elucidate the molecular mechanisms by which Wnt/
-catenin inhibits apoptosis and provide new insight into
Wnt signaling-mediated oncogenesis.

Introduction
The Wnt family genes encode a group of secretory glycoproteins that play important roles in embryogenesis, cell proliferation, and specification of cell fate (Nusse and Varmus,
1992; Cadigan and Nusse, 1997; Miller et al., 1999; Peifer
and Polakis, 2000; Hartmann and Tabin, 2001; Huelsken et
al., 2001; Kawakami et al., 2001). Wnt signaling is transAddress correspondence to Cun-Yu Wang, Laboratory of Molecular Signaling and Apoptosis, Department of Biologic and Materials Sciences,
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duced through -catenin which is regulated by the adenomatous polyposis coli (APC)*/Axin/glycogen synthase kinase
(GSK)3 complex (Behrens et al., 1998; Bienz and Clevers,
2000; Polakis, 2000; Woodgett, 2001). In the absence of
Wnt stimulation, GSK-3 constitutively phosphorylates
-catenin at both serine and threonine residues of the NH2terminal region (known as GSK-3 consensus sites), which
is well conserved within the catenin family of proteins (Yost
et al., 1996, 1998; Ikeda et al., 1998; Polakis, 2000). The
phosphorylated -catenin is ubiquitinated and degraded
through the proteasome pathway (Aberle et al., 1997; Kitagawa
et al., 1999; Matsuzawa and Reed, 2001; Sadot et al., 2001).
In the presence of Wnt stimulation, the Frizzled receptors
and low-density lipoprotein receptor-related proteins 5 and
6 synergistically stabilize -catenin by multiple mechanisms,
resulting in the accumulation of free cytosolic -catenin (He
et al., 1997; Pinson et al., 2000; Tamai, et al., 2000; Wehrli
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et al., 2000; Bafico et al., 2001; Mao et al., 2001a,b; Sun et
al., 2001). The elevated -catenin can translocate to the nucleus where it forms a complex with Tcf (T cell factor) to
stimulate the expression of Wnt-responsive genes (Behrens
et al., 1996; Korinek et al., 1997; Morin et al., 1997; Riese
et al., 1997; Hecht et al., 2000; Takemaru and Moon,
2000).
Growing evidence has demonstrated that the Wnt signaling pathway is associated with tumor development and/or
progression (Gat et al., 1998; Bienz and Clevers, 2000; Peifer and Polakis, 2000; Polakis, 2000). Aberrant activation of
the Wnt signaling pathway is associated with a variety of human cancers, correlating with the overexpression or amplification of c-Myc (de la Coste et al., 1998; He et al., 1998;
Miller et al., 1999; Bienz and Clevers, 2000; Polakis, 2000;
Brown, 2001). Interestingly, c-Myc was identified as a transcriptional target of the APC/-catenin/Tcf pathway in colorectal cancer cells (He et al., 1998), suggesting that one
way Wnt signaling functions in oncogenesis is through the
growth promoting activity of c-Myc (de la Coste et al.,
1998; Miller et al., 1999). However, because c-Myc is also
an established inducer of apoptosis, oncogenic transformation mediated by c-Myc must therefore require a survival
signal to overcome its proapoptotic activity (Amati and
Land, 1994; Hueber et al., 1997; Schreiber-Agus and DePinho, 1998; Zindy et al., 1998; Cole and McMahon, 1999;
Dang, 1999; Obaya et al., 1999; Prendergast, 1999; Grandori
et al., 2000). Interestingly, it has been observed that c-Myc–

induced hepatocellular carcinoma is associated with a “second hit” mutation in the -catenin gene, suggesting that
compensating mutations in -catenin may serve to protect
cells from apoptosis and thereby facilitate transformation (de
la Coste et al., 1998).
Apoptosis is characterized by caspase activation, condensation of the nucleus, cleavage of specific protein, and DNA
fragmentation (Wang et al., 1996, 1999a; Cryns and Yuan,
1998; Green and Reed, 1998; Wang, 2001). We and others
have shown that Wnt/-catenin signaling promotes cell survival in various cell types (Morin et al., 1995; Orford et al.,
1999; Cox et al., 2000; Reya et al., 2000; Satoh et al., 2000;
Shih et al., 2000; Chen et al., 2001; Ioannidis et al., 2001;
Mukhopadhyay et al., 2001). Using an inducible expression
system, Morin et al. (1995) found that overexpression of
APC in human colorectal cancer cells suppressed cell growth
by induction of apoptosis. Orford et al. (1999) reported that
overexpression of -catenin inhibited anoikis. We found
that Wnt signaling inhibited chemotherapeutic drug-mediated apoptosis by suppressing the cytochrome c release and
caspase-9 activation. Inhibition of -catenin/Tcf transcription blocked Wnt-mediated cell survival (Chen et al., 2001).
The present study was undertaken to explore whether Wnt
signaling inhibited c-Myc–mediated apoptosis, and if so, to
define the molecular mechanism underlying this activity.
Using an inducible c-MycER expression system, we found
that the Wnt signaling potently inhibited c-Myc–mediated
apoptosis by suppressing c-Myc–induced release of cyto-
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Figure 1. Wnt-1 inhibits c-Myc–induced
apoptosis in Rat-1 cells. (A) Establishment
of Rat-1/c-MycER/Wnt-1 cells stably
expressing Wnt-1 and control cells
(Rat-1/c-MycER/C). Rat-1/c-MycER cells
were transduced with retroviruses
encoding the Wnt-1 expression vector or
a control vector. Cells were selected
with neomycin (600 g/ml) for 1 wk and
the resistant clones were pooled. The
expression of c-MycER in both Rat-1/
c-MycER/Wnt-1 and Rat-1/c-MycER/C
cells was confirmed with monoclonal
antibodies against c-Myc by the Western
blot analysis (top). HA-Wnt-1 was
detected with monoclonal antibodies
against HA (second panel, lane 2). The
cell fractionations were performed as
described previously (Shimizu et al.,
1997) and cytosolic extracts were
probed with monoclonal antibodies
against -catenin (third panel). For internal controls, the blots were stripped and
reprobed with monoclonal antibodies
against -tubulin. (B) The activation of
-catenin/Tcf-mediated transcription by
Wnt-1. Both Rat-1/c-MycER/C cell and
Rat-1/c-MycER/Wnt-1 cells were transfected with either pTopflash or pFopflash luciferase reporter plasmid. The pRL-TK Renilla luciferase reporter was cotransfected to normalize
transfection efficiency. The fold activation was determined by comparing pTopflash luciferase activity with pFopflash luciferase activity. The
activation values represent triplicate samples that were counted and averaged. (C) Wnt-1 inhibited c-Myc–induced cell death. Cells were
treated with OHT (100 nM) to activate c-Myc or the vehicle control for 48 h in a low-serum condition (1%). Cell viability was determined
with the trypan blue exclusion assay. The assays were performed in triplicate, and the results represent the mean value from the three
independent experiments. (D) Suppression of c-Myc–induced DNA fragmentation by Wnt-1 in Rat-1 cells. The attached and detached cells
were collected at the indicated time points following OHT treatment. DNA was isolated and separated on a 1.2% agarose gel.
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chrome c and caspase activation. Both Cox-2 and WISP-1
were identified as effectors of the Wnt-mediated survival signal. Moreover, we found that Wnt-1 potentiated c-Myc–
mediated oncogenic transformation in vitro and in vivo by
antiapoptotic mechanisms. These results provide new insight into Wnt-mediated oncogenesis.

Results
Wnt signaling inhibits c-Myc–induced apoptosis
To determine whether Wnt signaling inhibited c-Myc–
induced apoptosis, we utilized an established Rat-1 fibroblast cell line expressing the inducible c-Myc protein (Rat-1/
c-MycER) (Hueber et al., 1997). In this system, c-Myc
polypeptide is fused with a portion of the human estrogen
receptor (c-MycER), which is activated only in the presence
of the synthetic steroid 4-hydroxytamoxifen (OHT). OHT
treatment alone is not cytotoxic to cells, and activation of
c-Myc by OHT addition leads to severe apoptotic cell death
in Rat-1/c-MycER cells in low-serum condition (Hueber et
al., 1997). A Wnt-1 expression vector or control vector was
transduced into Rat-1/c-MycER cells with retroviruses, allowing the whole cell population to be assessed. Both Rat-1/
c-MycER cells expressing Wnt-1 (Rat-1/c-MycER/Wnt-1)
and control cells (Rat-1/c-MycER/C) were generated and
ectopic protein expression was demonstrated by Western
blot analysis (Fig. 1 A, second panel). As predicted, expres-

sion of Wnt-1 led to an elevated cytosolic level of -catenin
(Fig. 1 A, third panel, lane 2) and activated -catenin/Tcfdependent transcription (Fig. 1 B). To assess Wnt-1 antiapoptotic activity, c-Myc was induced in both control and
Wnt-1–expressing cells. In contrast to control cells, Wnt-1
expression was observed to significantly reduce c-Myc–
induced cell death (Fig. 1 C). Apoptosis is a programmed
cell death with a hallmark of DNA fragmentation (Salvesen
and Dixit, 1997; Nagata, 1999). As shown in Fig. 1 D, DNA
fragmentation analysis showed that c-Myc–induced apoptosis occurred in a time-dependent fashion in Rat-1/cMycER/C cells, but not in Rat-1/c-MycER/Wnt-1 cells,
demonstrating that Wnt-1 mediated cell survival by suppressing c-Myc–induced apoptosis.
c-Myc is frequently amplified or overexpressed in epithelial-derived cancers (Amati and Land, 1994; He et al., 1998;
Schreiber-Agus and DePinho, 1998). Next, we utilized rat
intestinal epithelial cells (RIE), which are widely used for the
study of oncogenic transformation, as a model to test the activity of Wnt-1 in c-Myc–mediated apoptosis. Analogous to
Rat-1 cells, a c-Myc–inducible system was generated in RIE
cells (Fig. 2 A). Activation of c-Myc by OHT induced apoptosis in RIE/c-MycER cells, but not in control cells (RIE/C),
after growth factor depletion (Fig. 2 B). RIE/c-MycER cells
were infected with retroviruses encoding the Wnt-1 expression vector and a control vector, and both RIE/c-MycER/
Wnt-1 and RIE-c-MycER/C cell lines were generated after
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Figure 2. Wnt-1 inhibits c-Myc–
mediated apoptosis in RIE cells. (A)
Establishment of RIE/c-MycER cells and
RIE/c-MycER cells expressing Wnt-1. RIE
cells were first transduced with retroviruses encoding the c-MycER expression
vector or a control vector and selected
with puromycin (1.5 g/ml) for 1 wk.
The expression of c-MycER in RIE cells
was detected with the Western blot
analysis (top, lane 2). Lane 1 represented
RIE cells expressing empty control
vector. Subsequently, RIE/c-MycER cells
were infected with retroviruses encoding
the Wnt-1 expression vector or a control
vector, and selected with hygromycin
(600 g/ml). RIE/c-MycER/Wnt-1 cells
expressing Wnt-1 were confirmed with
the Western blot analysis (second panel,
lane 2). Both cell fractionations and the
detection of -catenin were performed
as described in Fig. 1 A. For loading
control, membrane was stripped and
reprobed with monoclonal antibodies
against -tubulin (fourth panel). Both
RIE/c-MycER/C and RIE/c-MycER/Wnt-1
cells expressing c-MycER proteins were
confirmed with monoclonal antibodies
against c-Myc (bottom). (B) Wnt-1
inhibited c-Myc-induced cell death.
Cells were treated with OHT (100 nM)
or the vehicle control for 72 h in a lowserum condition (1%). The assays were performed in triplicate, and the results represent the mean value from three independent experiments.
(C) Wnt-1 inhibited c-Myc–induced DNA fragmentation in RIE cells. DNA fragmentation analyses were performed as described in Fig. 1 D.
(D) Wnt-1 inhibited c-Myc–induced apoptosis in the coculture assay. RIE/c-MycER cells were cocultured with Rat-2/Wnt-1 or control cells.
Cell treatment was performed as described in (B). Twenty l of cell supernatants were incubated with anti-histone and -DNA antibodies for
2 h. The reaction was measured with a microplate reader at 405 nm.

432 The Journal of Cell Biology | Volume 157, Number 3, 2002

hygromycin selection, respectively (Fig. 2 A, second panel).
Like in Rat-1 cells, Wnt-1 expression increased the cytosolic
level of -catenin in RIE cells (Fig. 2 A, third panel, lane 2).
72 h after OHT treatment, 90% of RIE/c-MycER/C cells
were dead, whereas strikingly, 70% of RIE/c-MycER/
Wnt-1 cells remained viable (Fig. 2 B). DNA fragmentation
analysis confirmed that Wnt-1 inhibited c-Myc–induced
apoptosis in RIE cells (Fig. 2 C). The inhibition of c-Myc–
mediated apoptosis by Wnt-1 was also confirmed by a longterm clonogenicity assay (unpublished data). One of critical
barriers for studying Wnt signaling is that there are no biologically active forms of Wnt proteins available. To confirm
our results from Wnt-expressing RIE cells, we also applied a
paracrine coculture assay to demonstrate that Wnt antiapoptotic activity can be conferred in a paracrine fashion (Jue et
al., 1992; Mao et al., 2001a,b). RIE/c-MycER cells were cocultured with Rat-2 fibroblasts secreting Wnt-1 proteins or
control cells, and c-Myc–induced apoptosis was determined
with a cell death ELISA (enzyme-linked immunosorbent assay). Of note, at the late stage of apoptosis, the fragmented
DNA and histones are released to the cell culture medium

and can be detected by the cell death ELISA (Chen et al.,
2001). As shown in Fig. 2 D, after OHT addition, DNA
fragmentations were significantly induced in RIE/c-MycER
cells cocultured with Rat-2 control cells, but not with Rat-2/
Wnt-1 cells, indicating that Wnt-1 could suppress c-Myc–
mediated apoptosis by a paracrine manner.
Activation of c-Myc has been found to trigger the release
of cytochrome c from mitochondria to the cytosol during
the early stage of apoptosis (Juin et al., 1999). The cytosolic
cytochrome c binds to apoptotic protease-activating factor-1
to activate caspase-9 to induce apoptosis (Wang, 2001).
Studies from caspase-9/ embryonic fibroblasts found
that caspase-9, an initial caspase, plays an essential role in
c-Myc–mediated apoptosis (Soengas et al., 1999). Thus, we
determined whether Wnt-1 inhibited c-Myc–induced release of cytochrome c by immunofluorescence staining as
described previously (You et al., 2001). RIE cells were utilized because they had relatively flat morphology. As shown
in Fig. 3 A, untreated cells exhibited a punctate cytoplasmic
staining of cytochrome c, indicating mitochondrial localization. After OHT induction, RIE/c-MycER/C cells had very
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Figure 3. Wnt-1 inhibits the release of cytochrome
c induced by c-Myc. (A) The cytosolic release
of cytochrome c was inhibited by Wnt-1. RIE/
c-MycER/C and RIE/c-MycER/Wnt-1 cells were
treated with OHT (100 nM) for 24 h and fixed with
4% paraformaldehyde. Cells were incubated with
primary monoclonal antibodies against cytochrome
c and with isothiocyanate-conjugated secondary
antibody. The results were examined and photographed under a fluorescence microscope. (B)
Inhibition of the release of cytochrome c by the
expression of Cox-2 and WISP-1. Cell staining was
performed as described in A. (C) Wnt-1 suppressed
c-Myc–induced caspase-9 activities. Cells were
treated with OHT for 36 h The attached and
detached cells were harvested and the whole cell
proteins were extracted. 200 g aliquots of protein
extracts were incubated with caspase-9 substrate
LEHD-pNA (100 M) for 3 h at 37C. The reaction
was recorded with a plate reader at 405 nm. The
results represent the average value from the three
independent experiments.
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Figure 4. Wnt-mediated anti-apoptosis is
associated with an elevated level of -catenin. (A)
Ectopic expression of Wnt-2, -3, -4, and -5a in
Rat-1/c-Myc-ER and RIE/c-MycER cells. Rat-1 cells
or RIE cells were transduced with retroviruses
encoding Wnt-2, -3, -4, or -5a or a control vector.
The expression of Wnt was detected as described
in Fig. 1 A. (B) Stabilization of -catenin by Wnts.
Cell fractionation and Western blot analyses were
performed as described in Fig. 1 A. For the internal
controls, the blots were stripped and reprobed with
monoclonal antibodies against -tubulin. (C)
Inhibition of c-Myc–induced apoptosis by Wnts in
Rat-1 cells. The experiments were performed as
described in Fig. 1 C. (D) Inhibition of c-Myc–
induced apoptosis by Wnts in RIE cells. The experiments were performed as described in Fig. 2 B.

(Wong et al., 1994; Bradley and Brown, 1995; Shimizu et
al., 1997), Wnt-2 and -3, but not Wnt-4 and -5a, caused
morphological transformation (unpublished data). By cell
fractionation analysis Wnt-2 and -3 significantly increased
levels of free cytoplasmic -catenin, whereas Wnt-4 and -5a
had a minimal effect (Fig. 4 B). Histone H1 or E-cadherin
was undetectable in the cytosolic fraction, indicating that
the cytosolic fraction was not contaminated by the nuclear
or membrane fraction (unpublished data). As shown in Fig.
4, C and D, Wnt-2 and -3 potently inhibited c-Myc–induced
apoptosis in both Rat-1/c-MycER and RIE/c-MycER cells,
respectively. Although Wnt-4 and -5a slightly increased the
level of free cytosolic -catenin, the level of induction might
not be sufficient to provide protection against c-Myc–induced
apoptosis. The results suggested that only the transforming
Wnts possessed antiapoptotic activities that correlated with
stabilized levels of -catenin. Components of the Wnt signaling pathways have been found to be mutated in various
human cancers (Miller et al., 1999; Bienz and Clevers, 2000;
Peifer and Polakis, 2000; Polakis, 2000; Brown, 2001).
Common to these mutations is the accumulation of free cytoplasmic  -catenin and the constitutive activation of
 -catenin/Tcf-mediated transcription (Behrens et al., 1996;
Korinek et al., 1997; Morin et al., 1997; Rubinfeld et al.,
1997; de la Coste et al., 1998; Hetman et al., 2000). To
mimic the oncogenic effects of elevated -catenin, we also
determined whether the ectopic expression of -catenin
could inhibit c-Myc–induced apoptosis. RIE/c-MycER cells
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diffuse staining patterns in the entire cells, indicative of the
release of cytochrome c from mitochondria to the cytosol. In
contrast, RIE/c-MycER/Wnt-1 cells retained a punctate
staining pattern, suggesting that Wnt-1 blocked the release
of cytochrome c. Consistent with this observation is the
finding that c-Myc–induced caspase-9 activities were suppressed by Wnt-1 (Fig. 3 C).
Wnt family members are unable to transform cells in vitro
as measured by the soft agar assay. However, some Wnt
members can induce so-called “partial transformation” of
cultured cells, characterized by morphologic changes such as
high-density growth and an elongated refractile cell shape
(Brown et al., 1986; Wong et al., 1994; Bradley and Brown,
1995; Shimizu et al., 1997). Interestingly, the morphologic
transformation by Wnt family proteins is associated with
their ability to stabilize -catenin and tumorigenesis (Wong
et al., 1994; Bradley and Brown, 1995; Shimizu et al., 1997;
Michaelson and Leder, 2001). Additionally, some members
of Wnt family proteins such as Wnt-2 are highly expressed
in colorectal cancer and breast carcinoma (Vider et al., 1996;
Peifer and Polakis, 2000; Polakis, 2000). Thus, experiments
were performed to determine whether the morphological
transforming potential of Wnt family members was correlated with their ability to inhibit c-myc–mediated apoptosis.
Transforming Wnt-2 and -3 as well as nontransforming
Wnt-4 and -5a expression vectors were transduced into Rat1/c-MycER cells or RIE/c-MycER cells by retroviral delivery, respectively (Fig. 4 A). Consistent with previous studies
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Figure 5. -catenin inhibits c-Myc–
mediated apoptosis. (A) Establishment of
RIE/c-MycER cells expressing -catenin
(S37A). RIE/c-mycER cells were transduced with retroviruses encoding the
HA--catenin (S37A) expression vector
or a control vector and selected with
neomycin (600 g/ml) for 1 wk. The
expression of -catenin (S37A) was
detected with monoclonal antibodies
against HA (top, lane 1). For the internal
controls, the blots were stripped and
reprobed with monoclonal antibodies
against -tubulin (bottom). (B) -Catenin
suppressed c-myc-induced apoptosis.
The experiments were performed as
described in Fig. 2 B.

Wnt-inducible genes Cox-2 and WISP-1 suppress
c-Myc–induced apoptosis
To identify the potential antiapoptotic genes induced by
Wnt/-catenin signaling, Western blot analysis was performed to analyze known antiapoptotic genes such as the
bcl-2 family proteins and the inhibitors of apoptosis (Duckett et al., 1996; Wang et al., 1998, 1999b; Vaux and Korsmeyer, 1999). Our analysis indicated that such genes were

Figure 6. Wnt-1–inducible gene Cox-2
suppresses c-Myc–induced apoptosis.
(A) Induction of Cox-2 by Wnt-1. The
whole-cell extracts were prepared and
50 g of aliquots of proteins were
probed with polyclonal antibodies
against Cox-2 (top). For the internal
controls, the blots were stripped and
reprobed with monoclonal antibodies
against -tubulin. (B) Establishment of
RIE/c-MycER cells expressing Cox-2.
Cells were transduced with retroviruses
encoding the human Cox-2 expression
vector and a control vector. The ectopic
expression of Cox-2 was detected by
Western blot analysis. (C) Cox-2 partially
suppressed c-Myc–induced cell death.
Cell viability was performed as
described in Fig. 2 B. (D) NS-398, a
specific Cox-2 inhibitor, partially
aborted Wnt-1–mediated antiapoptosis.
Cells were treated with OHT and the
indicated concentrations of NS-398. Cell
viability was performed as described in
Fig. 2 B. The assay was performed in
triplicate and the results represent three
independent experiments.

not regulated by Wnt signaling. Given that Cox-2 is a known
target gene of the Wnt signaling pathway (Howe et al.,
1999; Haertel-Wiesmann et al., 2000) and has been shown
to play a functional role in colorectal cancers (Tsujii et al.,
1998), the level of Cox-2 expression was examined. Western
blot analysis and semiquantitative reverse transcription-PCR
(RT-PCR) found that the expression of Cox-2 was induced
by Wnt-1 in our model system (Fig. 6 A; unpublished data).
Overexpression of Cox-2 suppressed c-Myc–induced apoptosis in RIE/c-Myc cells (Fig. 6, B and C). To determine
whether Cox-2 was an antiapoptotic gene responsible for
Wnt-mediated antiapoptotic function, cells were treated
with the specific Cox-2 inhibitor NS-398 at physiologic
concentrations (Tsujii et al., 1998). As shown in Fig. 6
D, inhibition of Cox-2 activity partially aborted the Wnt1–mediated prosurvival function in RIE/c-MycER/Wnt-1
cells, indicating that other gene products, in addition to
Cox-2, function to suppress c-Myc–mediated apoptosis.
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were transduced with retroviruses encoding a mutant
 -catenin (S37A) expression vector or a control vector (Fig.
5 A). -Catenin (S37A) has a serine to alanine point mutation
at residue 37 which cannot be phosphorylated by GSK-3
and subsequently cannot be degraded by the ubiquitin-proteasome pathway (Chen et al., 2001). As shown, overexpression of -catenin (S37A) potently suppressed c-Myc–mediated apoptosis, suggesting that Wnt-mediated survival was
dependent on -catenin (Fig. 5 B).
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To explore more fully the nature of Wnt gene regulation
in our model, a gene array analysis was performed. Consistent with the Western blot analysis discussed above, the array
analysis demonstrated that antiapoptotic genes such as Bcl-xL
and Bcl-w were not regulated by Wnt-1 (Fig. 7 A). Interestingly, a recently cloned Wnt/-catenin target gene, WISP-1

(Pennica et al., 1998; Xu et al., 2000), was identified by this
analysis (Fig. 7 B). Previous characterization of the WISP-1
promoter showed that WISP-1 is transcriptionally induced
by Wnt-1/-catenin, but is independent of Tcf-mediated
transcription (Xu et al., 2000). In addition, examination of
25 human colon adenocarcinomas revealed overexpression of

Downloaded from http://rupress.org/jcb/article-pdf/157/3/429/1304156/jcb1573429.pdf by guest on 20 June 2021

Figure 7. Wnt-1–inducible gene WISP-1 suppresses c-Myc–induced apoptosis. (A) Both Bcl-xL and Bcl-w were not induced by Wnt-1, as
detected by the microarray chips. The total RNA was prepared from cells expressing Wnt-1 or control cells. The profile of gene expression
was systemically analyzed with Affymetrix U94A microarray chips. (B) The gene expression of WISP-1 was induced by Wnt-1. The level of
WISP-1 mRNA is presented as fold induction by comparing cells expressing Wnt-1 with control cells. (C) The detection of WISP-1 expression
by RT-PCR. The total RNA was isolated and 0.5 g of total RNA from each sample was amplified by RT-PCR with specific primers for mouse
WISP-1. The expression of GAPDH mRNA in each sample was measured as an internal control for RT-PCR. D, 1 kb DNA ladder; lane 1,
RIE/c-MycER/C cells; lane 2, RIE/c-MycER/Wnt-1. (D) Establishment of RIE/c-MycER cells expressing WISP-1. Cells were transduced with
retroviruses encoding the human WISP-1 expression vector and a control vector. The ectopic expression of human WISP-1 was detected with
the specific primers for human WISP-1 by RT-PCR. Parallel amplification of GAPDH served as an internal control. D, 1 kb DNA ladder; lane 1,
RIE/c-MycER cells expressing the control vector; lane 2, RIE-c-MycER cells expressing human WISP-1; lane 3, RIE-c-MycER cells expressing
human WISP-1 and Cox-2. (E) WISP-1 potently suppressed c-Myc–induced cell death in RIE cells. Cell viability was performed as described
in Fig. 2 B. (F) WISP-1 potently inhibited DNA fragmentation. Cells were treated with OHT for 48 h, and DNA fragmentation analysis was
performed as described in Fig. 2 C. (G) WISP-1 inhibited c-Myc–induced cell death in Rat-1 cells. Rat-1 cells were transduced with retroviruses
encoding the human WISP-1 expression vector and a control vector. The ectopic expression of human WISP-1 was confirmed as described in
(D). Cell viability was performed as described in Fig. 1 B. (H) WISP-1 suppressed c-Myc-induced caspase-9 activation. Cells were treated with
OHT for 36 h and the attached and detached cells were harvested. The whole cell protein extracts were prepared. The caspase-9 assay was
performed as described in Fig. 2 D. (I) WISP-1 did not activate Akt in Rat-1 and RIE cells. The whole cell extracts were incubated with
polyclonal antibodies against phospho-specific Akt (1:1,000). For internal controls, the blots were stripped and reprobed with polyclonal
antibodies against Akt (1:1,000).
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WISP-1 mRNA (Pennica et al., 1998). Because most human
colon cancers have elevated levels of -catenin either caused
by the loss of function of APC mutations or by stabilizing
-catenin mutations (Miller et al., 1999; Bienz and Clevers,
2000; Peifer and Polakis, 2000; Polakis, 2000), the elevated
WISP-1 mRNA expression in vivo is likely to result from enhanced -catenin–mediated transcription. As shown in Fig.
7 C, RT-PCR analysis confirmed that WISP-1 was induced
by Wnt-1 in RIE cells. Similar results were obtained in Rat-1
cells (unpublished data). Because the ectopic expression of
WISP-1 has been shown to induce tumorigenesis in normal
rat kidney fibroblast cells (Xu et al., 2000), we hypothesized
that WISP-1 had an antiapoptotic function. WISP-1 was stably transduced into RIE/c-MycER cells with retroviruses.
The ectopic expression of WISP-1 was detected by RT-PCR
(Fig. 7 D). As shown in Fig. 7 E, after the addition of OHT,
85% of RIE/c-MycER cells were dead, compared with
only 40% of the cells expressing WISP-1. The results were
also confirmed with DNA fragmentation analysis (Fig. 7 F).
Ectopic expression of WISP-1 also potently inhibited c-Mycinduced apoptosis in Rat-1 cells (Fig. 7 G). To determine
whether Cox-2 and WISP-1 could cooperatively inhibit
c-Myc–induced apoptosis, both Cox-2 and WISP-1 were
stably coexpressed in RIE/c-MycER cells. As shown in Fig. 7,
E and F, coexpression of Cox-2 and WISP-1 more efficiently
inhibited c-Myc–induced apoptosis than either WISP-1 or

Cox-2 alone. Moreover, coexpression of Cox-2 and WISP-1
suppressed the release of cytochrome c (Fig. 3 B) and caspase-9 activation (Fig. 7 H) induced by c-Myc. During the
preparation of this manuscript, Su et al. (2002) reported that
WISP-1 suppressed p53-mediated apoptosis through activation of Akt. Rat-1 or RIE cells express wild-type p53 and
earlier work demonstrated that c-Myc–mediated apoptosis,
partially dependent on p53, was inhibited by Akt (Kauffmann-Zeh et al., 1997). Based on these findings, we examined whether WISP-1 activated Akt in Rat-1 or RIE cells. As
shown in Fig. 7 I, overexpression of WISP-1 did not induce
Akt phosphorylation, suggesting that WISP-1–mediated antiapoptosis was independent of Akt signaling in these cells.
Wnt signaling cooperates with c-Myc in oncogenic
transformation by inhibiting apoptosis
Studies by He et al. (1998) demonstrated that the expression of
c-Myc was dependent on the APC/-catenin/Tcf pathway in
transformed colorectal cancer cells. Because c-Myc expression
is tightly linked to the constitutive activation of -catenin/Tcf
transcription (He et al., 1998), it is difficult to assess the biological role of Wnt-mediated prosurvival in cell transformation. In Rat-1 or RIE cells, we have been unable to detect Wnt1–mediated induction of c-Myc expression. Considering that
several oncogenes including Ras and Bcl-2 have been shown to
functionally cooperate with c-Myc in oncogenic transforma-
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Figure 8. Wnt-1 cooperates with c-Myc in cell transformation. (A) Induction of focus formation by coexpression of Wnt-1 and c-Myc.
RIE/c-MycER cells were transduced with retroviruses encoding the Wnt-1 expression vector or a control vector. Cells were untreated or
treated with OHT for activation of c-Myc and selected with hygromycin (600 g/ml) for three weeks. No foci were formed in cells expressing
Wnt-1 or c-Myc alone. c-Myc, RIE/c-MycER cells treated with OHT; Wnt-1, RIE/c-MycER/Wnt-1 cells treated with the vehicle control;
c-MycWnt-1, RIE/c-MycER/Wnt-1 cells treated with OHT. (B) The photograph of colonies formed in soft agar. Both RIE/c-MycER/C cells
and RIE/c-MycER/Wnt-1 cells (5 103 cells each) were plated in 0.3% agar medium over 0.6% agar medium underlayers in six-well plates.
Three weeks after without or with the OHT induction, the plates were stained with methylthiazol tetrazolium (MTT) and photographed.
(C) Wnt-1 coordinated with c-Myc in cell transformation. The assay was performed in triplicate and the results represent the mean values
from three independent experiments. (D) Wnt-1 cooperated with c-Myc in cell transformation in Rat-1 cells. Both Rat-1/c-MycER/C cells
and Rat-1/c-MycER/Wnt-1 cells (2 103 cells each) were used for the soft agar assay as described in (B).
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tion (Land et al., 1982; Bissonnette et al., 1992; Cory et al.,
1999), an assessment was made whether Wnt-1 coordinated
with c-Myc in oncogenic transformation by inhibiting apoptosis. Coexpression of Wnt-1 and c-Myc together, but not alone,
induced RIE cells to form foci in a monolayer culture (Fig. 8
A). To further delineate this cooperative function, we performed soft agar assays to measure anchorage-independent
growth that typically correlates with a tumorigenic phenotype
(Land et al., 1982; Orford et al., 1999). Consistent with above
focus formation assays, expression of either c-Myc or Wnt-1
alone was not sufficient to induce colony formation. In contrast, substantial colony formation was seen upon coexpression
of both c-Myc and Wnt-1 in RIE cells (Fig. 8, B and C). In the
Rat-1 cells, Wnt-1 expression alone could not induce formation of colonies, and activation of c-Myc had a background
level of colony formation. However, coexpression of c-Myc
and Wnt-1 produced four times more colonies in soft agar
than the induction of c-Myc alone (Fig. 8 D).
To determine whether Wnt-1 cooperated with c-Myc in tumor development or progression, we injected both Rat-1/c-

MycER/C cells and Rat-1/c-MycER/Wnt-1 cells subcutaneously into nude mice. Animals were treated by intraperitoneal
injection of OHT or vehicle control every two days, respectively. In the absence of OHT treatment, Rat-1/c-MycER/C
cells were unable to form tumors, whereas only small tumors
were observed 2 wk after injections of Rat-1/c-MycER/Wnt-1
cells, most likely resulting from leaky expression of the c-Myc
transgene. Inducible expression of c-Myc with OHT treatment
also caused small tumors to develop from Rat-1/c-MycER/C
cells. In sharp contrast, mice injected with Rat-1/c-MycER/
Wnt-1 cells had a rapid tumor growth and progression in
which tumors were visible 4–5 d after OHT stimulation
(Fig. 9 A). Western blot analysis confirmed that tumors expressed c-Myc or both c-Myc and Wnt-1, respectively (unpublished data). To investigate the molecular mechanisms
that underlie the synergetic action between c-Myc and Wnt-1,
tumors were subjected to pathological analyses. Interestingly, hematoxylin-eosin staining revealed that a mass of dead
tissue was frequently present in c-Myc–induced tumors (Fig.
9 B, panel a and b), but not in c-Myc– and Wnt-1–induced
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Figure 9. Wnt-1 cooperates with c-Myc to induce tumor formation and progression by inhibiting apoptosis in vivo. (A) Coexpression of
Wnt-1 and c-Myc stimulated rapid tumor growth in nude mice. Rat-1/c-MycER/C or Rat-1/c-MycER/Wnt-1 cells were injected subcutaneously
into the back of athymic nude mice. Animals were treated with the intraperitoneal injection of OHT or vehicle control every two days for two
weeks. None of the nude mice injected with Rat-1/c-MycER/C developed tumors after administration of vehicle control. The experiments
were performed twice and a total of 40 mice were used. (B) Histological examination of tumors. Tumors were dissected and subjected to HE
staining or TUNEL assay. A mass of dead tissue (arrow) was present in the tumor derived from cells expressing c-Myc (a, low magnification;
b, high magnification). No tissue breakdown was found in the tumor derived from cells expressing c-Myc and Wnt-1 (d, low magnification;
e, high magnification). c, TUNEL-positive cells in the tumor derived from cells expressing c-Myc; f, TUNEL-positive cells in the tumor derived
from cells expressing c-Myc and Wnt-1. (C) Wnt-1 inhibited c-Myc-mediated apoptosis in vivo. The sections were examined under a fluorescence
microscope and the TUNEL-positive cells were counted and averaged from three fields per sample. The results represent average values from
five tumors from each group.
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tumors (Fig. 9, panel d and e). In addition, the deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL )
assays found that c-Myc–induced tumors contained widespread apoptotic cells (Fig. 9, B, panel c, and C). In contrast,
relatively few TUNEL-positive cells were monitored in c-Myc–
and Wnt-1–induced tumors (Fig. 9, B, panel f, and C). In
summary, these results suggest that Wnt-1 is capable of promoting tumor growth and progression by inhibiting c-Myc–
induced apoptosis in vivo.

Discussion

Materials and methods
Cell culture, plasmids, and retroviral infection
Rat-1 and RIE cell lines were maintained in DME supplemented with 10%
FBS. A retrovirus pLNCX vector encoding Wnt-1, Wnt-2, Wnt-3, Wnt-4, or
Wnt-5a, and a retrovirus pBabe-c-MycER vector were utilized in our experiments, as described previously (Hueber et al., 1997; Shimizu et al., 1997). A
retrovirus pBabe vector encoding the full-length human WISP-1 cDNA was
provided by Dr. Arnold Levine (Rockefeller University, New York, NY) (Xu
et al., 2000). The human full-length Cox-2 cDNA was provided by Dr. Leslie
Crofford (The University of Michigan, Ann Arbor, MI) and subcloned into a
retrovirus pLNCX vector. To establish cell lines stably expressing Wnt protein, the high-titer retroviruses were utilized, allowing whole populations of
cells to be examined with minimal expansion in culture. Retroviruses were
generated by transfecting the retroviral constructs into 293T cells and retrovirus-containing supernatant was collected and stored at –70C. Cells were
infected with retroviruses in the presence of 6 g/ml polybrene. 48 h after
infection, cells were selected with puromycin (1.5 g/ml), hygromycin (600
g/ml), or neomycin (600 g/ml) for 1 wk, respectively. The resistant clones
were pooled and confirmed by the Western blot analysis.

Cell fractionation and Western blot analysis
The cell fractionations were performed as described previously (Shimizu et
al., 1997). The proteins were separated in a 10% SDS-PAGE and transferred to PVDF membrane with a semidry transferrer apparatus (Bio-Rad
Laboratories). The membranes were probed with monoclonal antibodies
against -catenin (1:2,000; Transduction Laboratory), c-Myc (1:1000;
Santa Cruz), or Cox-2 (1:500; Santa Cruz Biotechnology). For internal controls, the blots were stripped and reprobed with monoclonal antibodies
against -tubulin (1:7,500; Sigma-Aldrich).

Cell viability, caspase activity assay, and DNA fragmentation
Cells were untreated or treated with the synthetic steroid OHT (100 nM)
for 48–72 h. The detached and attached cells were collected and cell viability was determined by trypan blue exclusion or Cell Death ELISA. To determine caspase-9 activity, cells were treated as described above. Cells
were lysed in 200 l of ice cold hypotonic lysis buffer. Approximately
200-g aliquots of cell extracts were incubated with caspase-9 substrate,
LEHD-NA (CLONTECH Laboratories, Inc). The samples were assessed
with a plate reader by measuring the OD at 405 nm. To examine DNA laddering, the attached and detached cells were collected at the indicated
time points after OHT treatment. DNA was isolated and separated on a
1.2% agarose gel as described previously (Wang et al., 1996).

Soft agar assay and tumor growth in vivo
To assess anchorage-independent growth, 103 Rat-1 cells or 5
103 RIE
cells were plated in 0.3% low melting point agarose/growth medium onto
six-well plates with a 0.6% agarose underlay. About 1.5 ml growth medium uncontaining or containing OHT (100 nM) was added on the top of
agarose and the medium was changed every 3–4 d. To determine tumor
growth, 5
106 Rat-1/c-Myc/C cells or Rat-1/c-MycER/Wnt-1 cells were
injected subcutaneously into the back of 8-wk-old male nude mice
(Taconic). Animals were injected intraperitoneally with OHT (2 mg/
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Because c-Myc was identified as a target gene of the APC/catenin/Tcf pathway, it has been hypothesized that Wnt signaling may inhibit c-Myc–mediated apoptosis (Miller et al.,
1999; Peifer and Polakis, 2000; Polakis, 2000). In this report,
we provide the first proof that Wnt signaling inhibits c-Myc–
induced apoptosis and uncover two effectors of the Wnt antiapoptotic signal. The first is the Cox-2 gene, which is somewhat not surprising since Cox-2 was reported to maintain the
ability suppress apoptosis (Tsujii et al., 1998). The second effector is WISP-1, a novel Wnt-1/-catenin–regulated gene.
WISP-1 was very recently reported to protect cells from p53mediated apoptosis, a mechanism involving the activation of
the Akt survival pathway (Su et al., 2002). Although Rat-1 and
RIE cells express wild-type p53, we were unable to detect activated Akt in these cells in response to WISP-1 signaling,
which indicates that WISP-1 functions in multiple antiapoptotic pathways. Previously, WISP-1 was found to promote cell
growth in low serum condition and cells expressing WISP-1
developed prominent tumors in nude mice, but the mechanisms of this regulation are unknown. Consistent with its antiapoptotic function, WISP-1 was found to promote c-Myc–
mediated cell transformation (unpublished data). Considering
that WISP-1 is highly expressed in colorectal carcinoma cells
in vivo (Pennica et al., 1998; Xu et al., 2000), our results support the notion that WISP-1 is an additional gene target that
plays critical roles in tumorigenesis by regulating apoptosis.
Recently, several studies demonstrated that overexpression of -catenin leads to accumulation and activation of
p53 tumor suppressor protein (Damalas et al., 1999,
2001). The accumulation of p53 was due to induction of
expression of an alternative reading frame (ARF) product
of the INK4A tumor suppressor locus (Damalas et al.,
2001). Overexpression of -catenin resulted in a senescence-like phenotype in normal primary mouse embryo fibroblasts, which was dependent on both ARF and p53
function. However, these studies did not report that apoptosis was induced following the induction of both ARF and
p53. The results suggested that -catenin probably activated cell survival pathways to suppress the proapoptotic
effects of both ARF and p53 (Zindy et al., 1998). In future
studies, it will be important to determine whether WISP-1
and/or Cox-2 can inhibit ARF-mediated apoptosis.
We demonstrated here that the Wnt antiapoptotic function
promotes c-Myc–mediated oncogenic transformation in vitro
and in vivo. Considering that c-Myc is a potent activator of
apoptosis, these results may provide an explanation for high
levels of both c-Myc and -catenin found in many human cancer cells, such as colorectal cancers and hepatocellular carci-

noma (Amati and Land, 1994; de la Coste et al., 1998; Miller
et al., 1999; Schreiber-Agus and DePinho, 1998; Harada et al.,
1999; Obaya et al., 1999; Bienz and Clevers, 2000). Cancer
cells with the constitutive activation of Wnt/-catenin signaling may tolerate the apoptotic function of c-Myc. Another significant implication of our study is a rationale for the molecular
basis for loss of APC at the early stage of colon cancer (Morin et
al., 1995; Bienz and Clevers, 2000; Polakis, 2000; Shih et al.,
2000). Activation of the Wnt signaling pathway by loss of APC
function may have dual effects on cell transformation or tumor
progression. One is to promote cell growth and proliferation by
induction of the growth promoting genes such as cyclin D1
and c-Myc (He et al., 1998; Tetsu and McCormick, 1999). A
second is to provide the antiapoptotic function to suppress oncogenic activation-mediated apoptosis. In other words, inhibition of apoptosis by the Wnt/-catenin signal pathway may
render cells more susceptible to the actions of oncogenes.
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mouse) or vehicle control every 2 d for 2 wk, respectively. These procedures were approved by the University of Michigan Committee on Use
and Care of Animals (Ann Arbor, MI).

Histology and TUNEL staining
Animals were killed by asphyxiation in a CO2 chamber. The tumors were
dissected, fixed in 10% formalin, and embedded in paraffin blocks. The
specimens were cut into 4-m thick sections and stained with hematoxylin
and eosin. For TUNEL staining, the sections were dewaxed, rehydrated,
and treated with proteinase K. The labeling was performed according to
the manufacturer’s instruction (Roche).

Immunofluorescence staining.

We thank Drs. Eric Fearon (University of Michigan, Ann Arbor, MI) and Arnold Levine (Rockefeller University, New York, NY) for plasmids.
This work was supported by The National Institutes of Health (DE13788
and DE13848 to C.-Y. Wang; CA47207 to A.M.C. Brown; and CA75353 to
J. Kitajewski.
Submitted: 25 January 2002
Revised: 15 March 2002
Accepted: 19 March 2002

References
Aberle, H., A. Bauer, J. Stappert, A. Kispert, and R. Kemler. 1997. -catenin is a
target for the ubiquitin-proteasome pathway. EMBO J. 16:3797–3804.
Amati, B., and H. Land. 1994. Myc-Max-Mad: a transcription factor network controlling cell cycle progression, differentiation and death. Curr. Opin. Genet.
Dev. 4:102–108.
Bafico, A., G. Liu, A. Yaniv, A. Gazit, and S.A. Aaronson. 2001. Novel mechanism
of Wnt signalling inhibition mediated by Dickkopf-1 interaction with
LRP6/Arrow. Nat. Cell Biol. 3:683–686.
Behrens, J., J.P. von Kries, M. Kuhl, L. Bruhn, D. Wedlich, R. Grosschedl, and W.
Birchmeier. 1996. Functional interaction of -catenin with the transcription
factor LEF-1. Nature. 382:638–642.
Behrens, J., B.A. Jerchow, M. Wurtele, J. Grimm, C. Asbrand, R. Wirtz, M. Kuhl,
D. Wedlich, and W. Birchmeier. 1998. Functional interaction of an axin homolog conductin, with -catenin, APC and GSK3. Science. 280:596–599.
Bienz, M., and H. Clevers. 2000. Linking colorectal cancer to Wnt signaling. Cell.
103:311–320.
Bissonnette, R.P., F. Echeverri, A. Mahboubi, and D.R. Green. 1992. Apoptotic
cell death induced by c-myc is inhibited by bcl-2. Nature. 359:552–554.
Bradley, R.S., and A.M. Brown. 1995. A soluble form of Wnt-1 protein with mitogenic activity on mammary epithelial cells. Mol. Cell. Biol. 15:4616–4622.
Brown, A.M., R.S. Wildin, T.G. Prendergast, and H.E. Varmus. 1986. A retrovirus vector expressing the putative mammary oncogene int-1 causes partial
transformation of a mammary epithelial cell line. Cell. 46:1001–1009.
Brown, A.M.C. 2001. Wnt signaling in breast cancer: have we come full circle?
Breast Can Res. 3:351–355.
Cadigan, K.M., and R. Nusse. 1997. Wnt signaling: a common theme in animal
development. Genes Dev. 11:3286–3305.
Chen, S., D.C. Guttridge, Z. You, Z. Zhang, A. Fribley, M.W. Mayo, J. Kitajewski, and C.-Y. Wang. 2001. Wnt-1 signaling inhibits apoptosis by activating
-catenin/T cell factor–mediated transcription. J. Cell Biol. 152:87–96.
Cole, M.D., and S.B. McMahon. 1999. The Myc oncoprotein: a critical evaluation
of transactivation and target gene regulation. Oncogene. 18:2916–2924.
Cory, S., D.L.Vaux, A. Strasser, A.W. Harris, and J.M. Adams. 1999. Insights
from Bcl-2 and myc. malignancy involves abrogation of apoptosis as well as
sustained proliferation. Cancer Res. 59:1685s–1692s.
Cox, RT., D.G. McEwen, D.L. Myster, R.J. Duronio, J. Loureiro, and M. Peifer.
2000. A screen for mutations that suppress the phenotype of Drosophila armadillo. Genetics. 155:1725–1740.
Cryns, V., and J. Yuan. 1998. Proteases to die for. Genes Dev. 12:1551–1570.

Downloaded from http://rupress.org/jcb/article-pdf/157/3/429/1304156/jcb1573429.pdf by guest on 20 June 2021

RIE cells were seeded in 12-well plates the day before stimulation and then
treated with OHT for 36 h. Cells were fixed with 4% paraformaldehyde
and washed with PBS. After blocking with normal goat serum for 1 h, the
cells were incubated with primary monoclonal antibodies against cytochrome c for 1 h, and immunocomplexes were detected with a fluorescein
isothiocyanate-conjugated secondary antibody against mouse IgG. The results were photographed by a fluorescence microscope using a filter set for
fluorescein isothiocyanate (You et al., 2001).

Damalas, A., A. Ben-Ze’ev, I. Simcha, M. Shtutman, J.F. Leal, J. Zhurinsky, B.
Geiger, and M. Oren. 1999. Excess -catenin promotes accumulation of
transcriptionally active p53. EMBO J. 18:3054–3063.
Damalas, A., S. Kahan, M. Shtutman, A. Ben-Ze’ev, and M. Oren. 2001. Deregulated beta-catenin induces a p53-and ARF-dependent growth arrest and cooperates with Ras in transformation. EMBO J. 20:4912–4922.
Dang, C.V. 1999. c-Myc target genes involved in cell growth, apoptosis, and metabolism. Mol. Cell. Biol. 19:1–11.
de la Coste, A., B. Romagnolo, P. Billuart, C. Renard, M. Buendia, O. Soubrane,
M. Fabre, J.C. Beldjord, A. Kahn, and C. Perret et al. 1998. Somatic mutations of the beta-catenin gene are frequent in mouse and human hepatocellular carcinomas. Proc. Natl. Acad. Sci. USA. 95:8847–8851.
Duckett, C.S., V.E. Nava, R.W. Gedrich, R.J. Clem, J.L. Van Dongen, M.C. Gilfillan, H. Shiels, J.M. Hardwick, and C.B. Thompson. 1996. A conserved
family of cellular genes related to the baculovirus iap gene and encoding
apoptosis inhibitors. EMBO J. 15:2685–2694.
Gat, U., R. DasGupta, L. Degenstein, and E. Fuchs. 1998. De novo hair follicle
morphogenesis and hair tumors in mice expressing a truncated -catenin in
skin. Cell. 95:605–614.
Grandori, C., S.M. Cowley, L.P. James, and R.N. Eisenman. 2000. The Myc/
Max/Mad network and the transcriptional control of cell behavior. Annu.
Rev. Cell Dev. Biol. 16:653–699.
Green, D., and J. Reed. 1998. Mitochondria and apoptosis. Science. 281:1309–
1312.
Harada, N.Y. Tamai, T. Ishikawa, B. Sauer, K. Takaku, M. Oshima, and M.M.
Taketo. 1999. Intestinal polyposis in mice with a dominant stable mutation
of the beta-catenin gene. EMBO J. 18:5931–5842.
Haertel-Wiesmann, M., Y. Liang, W.J. Fantl, and L.T. Williams. 2000. Regulation
of cyclooxygenase-2 and periostin by Wnt-3 in mouse mammary epithelial
cells. J. Biol. Chem. 275:32046–32051.
Hartmann, C., and C.J. Tabin. 2001. Wnt-14 plays a pivotal role in inducing synovial joint formation in the developing appendicular skeleton. Cell. 104:
341–351.
He, T.C., A.B. Sparks, C. Rago, H. Hermeking, L. Zawel, L.T. da Costa, P.J.
Morin, B. Vogelstein, and K.W. Kinzler. 1998. Identification of c-myc as a
target of the APC pathway. Science. 281:1509–1512.
He, X., J. Saint-Jeannet, Y. Wang, J. Nathans, I. Dawid, and H. Varmus. 1997. A
member of the frizzled protein family mediating axis induction by Wnt-5A.
Science. 275:1652–1654.
Hecht, A., K. Vleminckx, M.P. Stemmler, F. van Roy, and R. Kemler. 2000. The
p300/CBP acetyltransferase function as transcriptional coactivators of
b-catenin in vertebrates. EMBO J. 19:1839–1850.
Hetman, M., J.E. Cavanaugh, D. Kimelman, and Z. Xia. 2000. Role of glycogen
synthase kinase-3beta in neuronal apoptosis induced by trophic withdrawal.
J. Neurosci. 20:2567–2574.
Huelsken, J., R. Vogel, B. Erdmann, G. Cotsarelis, and W. Birchmeier. 2001.
-catenin controls hair follicle morphogenesis and stem cell differentiation
in the skin. Cell. 105:533–545.
Howe, L.R., K. Subbaramaiah, W.J. Chung, A.J. Dannenberg, and A.M.C.
Brown. 1999. Transcriptional activation of cyclooxygenase-2 in Wnt-1transformed mouse mammary epithelial cells. Can. Res. 59:1572–1577.
Hueber, A., M. Zörnig, D. Lyon, T. Suda, S. Nagata, and G.I. Evan. 1997. Requirement for the CD95 receptor-ligand pathway in c-myc-induced apoptosis. Science. 14:1305–1309.
Ikeda, S., S. Kishida, H. Yamamoto, H. Murai, S. Koyama, and A. Kikuchi. 1998.
Axin, a negative regulator of the Wnt signaling pathway, forms a complex
with GSK-3 and -catenin and promotes GSK-3-dependent phosphorylation of -catenin. EMBO J. 17:1371–1384.
Ioannidis, V., F. Beermann, H. Clevers, and W. Held. 2001. The beta-cateninTCF-1 pathway ensures CD4()CD8() thymocyte survival. Nat. Immunol. 2:691–697.
Jue, S.F., R.S. Bradley, I.A. Rudnick, H.F. Varmus, and A.M.C. Brown. 1992.
The mouse Wnt-1 gene can act via a paracrine mechanism in transformation
of mammary epithelial cells. Mol. Cell. Biol. 12:321–328.
Juin, P., A.O. Hueber, T. Littlewood, and G. Evan. 1999. c-Myc-induced sensitization to apoptosis is mediated through cytochrome c release. Genes Dev. 13:
1367–1381.
Kauffmann-Zeh, A., P. Rodriguez-Viciana, E. Ulrich, C. Gilbert, P. Coffer, J.
Downward, and G. Evan. 1997. Suppression of c-Myc-induced apoptosis by
Ras signaling through PI(3)K and PKB. Nature. 385:544–548.
Kawakami, Y., J. Capdevila, D. Büscher, T. Itoh, C.R. Esteban, and J.C. Belmonte. 2001. WNT signals control FGF-dependent limb initiation and
AER induction in the chick embryo. Cell. 104:891–900.

440 The Journal of Cell Biology | Volume 157, Number 3, 2002
ated transfer of AXIN1. Nat. Genet. 24:245–250.
Schreiber-Agus, N., and R.A. DePinho. 1998. Repression by the Mad(Mxi1)-Sin3
complex. Bioessays. 20:808–818.
Shih, I.M., J. Yu, T. He, B. Vogelstein, and K.W. Kinzler. 2000. The beta-catenin
binding domain of adenomatous polyposis coli is sufficient for tumor suppression. Cancer Res. 60:1671–1676.
Shimizu, H., M.A. Julius, M. Giarre, Z. Zheng, A.M.C. Brown, and J. Kitajewski.
1997. Transformation by Wnt family proteins correlates with regulation of
beta-catenin. Cell Growth Differ. 8:1349–1358.
Soengas, M.S., R.M. Alarcon, H. Yoshida, A.J. Giaccia, R. Hakem, T.W. Mak,
and S.W. Lowe. 1999. Apaf-1 and caspase-9 in p53-dependent apoptosis
and tumor inhibition. Science. 284:156–159.
Su, F., M. Overholtzer, D. Besser, and A.J. Levine. 2002. WISP-1 attenuates p53mediated apoptosis in response to DNA damage through activation of the
Akt kinase. Genes Dev. 16:46–57.
Sun, T.Q., B. Lu, J.J. Feng, C. Reinhard, Y.N. Jan, W.J. Fantl, and L.T. Williams.
2001. PAR-1 is a Dishevelled-associated kinase and a positive regulator of
Wnt signaling. Nat. Cell Biol. 3:628–636.
Takemaru, J.W., and R.T. Moon. 2000. The transcriptional coactivator CBP interacts with -catenin to activate gene expression. J. Cell. Biol. 149:249–
254.
Tamai, K., M. Semenov, Y. Kato, R. Spokony, C. Liu, Y. Katsuyama, F. Hess, J.
Saint-Jea, X. He. 2000. LDL-receptor-related proteins in Wnt signal transduction. Nature. 407:530–535.
Tetsu, O., and F. McCormick. 1999. Beta-catenin regulates expression of cyclin
D1 in colon carcinoma cells. Nature. 398:422–426.
Tsujii, M., S. Kawano, S. Tsuji, H. Sawaoka, M. Hori, and R.N. DuBois. 1998.
Cyclooxygenase regulates angiogenesis induced by colon cancer cells. Cell.
93:705–716.
Vaux, D.L., and S.J. Korsmeyer. 1999. Cell death in development. Cell. 96:245–
254.
Vider, B.Z., A. Zimber, E. Chastre, S. Prevot, C. Gespach, D. Estlein, Y. Wolloch,
S.R. Tronick, A. Gazit, and A. Yaniv. 1996. Evidence for the involvement of
the Wnt-2 gene in human colorectal cancer. Oncogene. 12:153–158.
Wang, C.-Y., M.W. Mayo, and A.S. Baldwin. 1996. TNF- and cancer therapyinduced apoptosis: potentiation by inhibition of NF- B. Science. 274:784–
787.
Wang, C.Y., M.M. Mayo, and A.S. Baldwin. 1998. Mechanism for cell resistance
to TNF: NF- B activates TRAF1 and 2 and c-IAP1 and 2 to suppress caspase-8-initiated apoptosis. Science. 281:1680–1683.
Wang, C.-Y., J. Cusack, R. Liu, and A.S. Baldwin. 1999a. Control of inducible
chemoresistance. Enhanced anti-tumor therapy via increased apoptosis
through inhibition of NF- B. Nat. Med. 5:412–417.
Wang, C.-Y., D.C. Guttidge, M.W. Mayo, and A.S. Baldwin. 1999b. NF- B induces expression of the Bcl-2 homologue A1/Bfl-1 to preferentially suppress
chemotherapy-induced apoptosis. Mol. Cell. Biol. 19:5923–5929.
Wang, X. 2001. The expanding role of mitochondria in apoptosis. Genes Dev. 15:
2922–2933.
Wong, G.T., B.J. Gavin, and A.P. McMahon. 1994. Differential transformation of
mammary epithelial cells by Wnt genes. Mol. Cell. Biol. 14:6278–6286.
Wehrli, M., S.T. Dougan, K. Caldwell, L. O’Keefe, S. Schwartz, D. VaizelOhayon, E. Schejter, A. Tomlinson, and S. Dinardo. 2000. Arrow encodes
an LDL-receptor related protein essential for Wingless signaling. Nature.
407:527–529.
Woodgett, J.R. 2001. Judging a protein by more than its name: GSK-3. Science’s
STKE. 18:RE12.
Xu, L., R.B. Corcoran, J.W. Welsh, D. Pennica, and A.J. Levine. 2000. WISP-1 is
a Wnt-1- and beta-catenin-responsive oncogene. Genes Dev. 14:585–595.
Yost, C., M. Torres, J.R. Miller, E. Huang, D. Kimelman, and R.T. Moon. 1996.
The axis-inducing activity stability, and subcellular distribution of beta-catenin is regulated in Xenopus embryos by glycogen synthase kinase 3. Genes
Dev. 10:1443–1454.
Yost, C., G.H. Farr, S.B. Pierce, D.M. Ferkey, M.M. Chen, and D. Kimelman.
1998. GBP an inhibitor of GSK-3 is implicated in Xenopus development and
oncogenesis. Cell. 93:1031–1041.
You, Z., H. Ouyang, D. Lopatin, P.J. Polver, and C.-Y. Wang. 2001. Nuclear factor- B-inducible death effector domain-containing protein suppresses tumor necrosis factor-mediated apoptosis by inhibiting caspase-8 activity. J.
Biol. Chem. 276:26398–26404.
Zindy, F., C.M. Eischen, D.H. Randle, T. Kamijo, J.L. Cleveland, C.J. Sherr, and
M.F. Roussel. 1998. Myc signaling via the ARF tumor suppressor regulates
p53-dependent apoptosis and immortalization. Genes Dev. 12:2424–2433.

Downloaded from http://rupress.org/jcb/article-pdf/157/3/429/1304156/jcb1573429.pdf by guest on 20 June 2021

Kitagawa, M., M. Kitagawa, S. Hatakeyama, M. Shirane, M. Matsumoto, N.
Ishida, K. Hattori, I. Nakamichi, A. Kikuchi, K. Nakayama, and K. Nakayama. 1999. An F box protein FWD1, mediates ubiquitin-dependent proteolysis of beta-catenin. EMBO J. 18:2401–2410.
Korinek, V., N. Barker, P.J. Morin, D. van Wichen, R. de Weger, K.W. Kinzler, B.
Vogelstein, and H. Clevers. 1997. Constitutive transcriptional activation by
-catenin-Tcf complex in APC/colon carcinoma. Science. 275:1784–1787.
Land, H., L.F. Parada, and R.A. Weinberg. 1982. Tumorigenic conversion of primary embryo fibroblasts requires at least two cooperating oncogenes. Nature. 304:596–602.
Mao, B., W. Wu, Y. Li, D. Hoppe, P. Stannek, A. Glinka, and C. Niehrs. 2001a.
LDL-receptor-related protein 6 is a receptor for Dickkopf protein. Nature.
411:321–325.
Mao, J., J. Wang, B. Liu, W. Pan, G.H. Farr III, C. Flynn, H. Yuan, S. Takada, D.
Kimelman, L. Li, and D. Wu. 2001b. Low-density lipoprotein receptorrelated protein-5 binds to axin and regulates the canonical Wnt signaling
pathway. Mol. Cell. 7:801–809.
Matsuzawa, S.-I., and J. Reed. 2001. Siah-1, SIP, and Ebi collaborate in a novel
pathway for beta-catenin degradation linked to p53 responses. Mol. Cell.
7:915–926.
Michaelson, J.S., and P. Leder. 2001. Beta-catenin is a downstream effector of Wntmediated tumorigenesis in the mammary gland. Oncogene. 20:5093–5099.
Miller, J.R., A.M. Hocking, J.D. Brown, and R.T. Moon. 1999. Mechanism and
function of signal transduction by the Wnt/beta-catenin and Wnt/Ca2
pathways. Oncogene. 18:7860–7872.
Morin, P.J., B. Vogelstein, and K.W. Kinzler. 1995. Apoptosis and APC in colorectal tumorigenesis. Proc. Natl. Acad. Sci. USA. 93:7950–7954.
Morin, P.J., A.B. Sparks, V. Korinek, N. Barker, H. Clevers, B. Vogelstein, and
K.W. Kinzler. 1997. Activation of -catenin-Tcf signaling in colon cancer
by mutations in -catenin or APC. Science. 275:1787–1790.
Mukhopadhyay, M., S. Shtrom, C. Rodriguez-Esteban, L. Chen, T. Tsukui, L. Gomer, D.W. Dorward, A. Glinka, A. Grinberg, S. Huang, C. Niehrs, J.C.I. Belmonte, and H. Westphal. 2001. Dickkopf1 is required for embryonic head induction and limb morphogenesis in the mouse. Dev. Cell. 1:423–434.
Nagata, S. 1999. Fas ligand-induced apoptosis. Annu. Rev. Genet. 33:29–55.
Obaya, A.J., M.K. Mateyak, and J.M. Sedivy. 1999. Mysterious liaisons: the relationship between c-Myc and the cell cycle. Oncogene. 18:2934–2941.
Nusse, R., and H. Varmus. 1992. Wnt genes. Cell. 69:1073–1087.
Orford, K., C. Orford, and S.W. Byers. 1999. Exogenous expression of beta-catenin regulates contact inhibition. anchorage-independent growth, anoikis,
and radiation-induced cell cycle arrest. J. Cell. Biol. 146:855–867.
Peifer, M., and P. Polakis. 2000. Wnt signaling in oncogenesis and embryogenesisa look outside the nucleus. Science. 287:1606–1609.
Pennica, D. T.A. Swanson, J.W. Welsh, M.A. Roy, D.A. Lawrence, J. Lee, J.
Brush, L. Taneyhill, B. Deuel, M. Lew, C. Watanabe, R.L. Cohen, M.F.
Melhem, G.G. Finley, P. Quirke, A.D. Goddard, K.J. Hillan, A.L. Gurney,
D. Botstein, and A.J. Levine. 1998. WISP genes are members of the connective tissue growth factor family that are up-regulated in wnt-1-transformed
cells and aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci.
USA. 95:14717–14722.
Pinson, K.I., J. Brennan, S. Monkley, B.J. Avery, and W.C. Skarnes. 2000. An
LDL-receptor related protein mediates Wnt signalling in mice. Nature. 407:
535–537.
Polakis, P. 2000. Wnt signaling and cancer. Genes Dev. 14:1837–1851.
Prendergast, G.C. 1999. Mechanisms of apoptosis by c-Myc. Oncogene. 18:2967–
2987.
Reya, T.M., M. O’Riordan, R. Okamura, E. Devaney, K. Willert, R. Nusse, and
R. Grosschedl. 2000. Wnt signaling regulates B lymphocyte proliferation
through a LEF-1 dependent mechanism. Immunity. 13:15–24.
Riese, J., X. Yu, A. Munnerlyn, S. Eresh, S.C. Hsu, R. Grosschedl, and M. Bienz.
1997. LEF-1. A nuclear factor coordinating signaling inputs from wingless
and decapentaplegic. Cell. 88:777–787.
Rubinfeld, B., B. Rubinfeld, P. Robbins, M. El-Gamil, I. Albert, E. Porfiri, and P.
Polakis. 1997. Stabilization of beta-catenin by genetic defects in melanoma
cell lines. Science. 275:1790–1792.
Sadot, E., B. Geiger, M. Oren, and A. Ben-Ze’ev. 2001. Down-regulation of
-catenin by activated p53. Mol. Cell. Biol. 21:6768–6781.
Salvesen, G., and V. Dixit. 1997. Caspases: intracellular signaling by proteolysis.
Cell. 91:443–446.
Satoh, S., Y. Daigo, Y. Furukawa, T. Kato, N. Miwa, T. Nishiwaki, T. Kawasoe,
H. Ishiguro, M. Fujita, T. Tokino, Y. Sasaki, S. Imaoka, M. Murata, T. Shimano, Y. Yamaoka, and Y. Nakamura. 2000. AXIN1 mutations in hepatocellular carcinomas, and growth suppression in cancer cells by virus-medi-

