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v-Catenin is regulated by the APC tumor
suppressor and its oncogenic activity is
distinct from that ot B-catenin
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48109 USA

B-Catenin and y-catenin (plakoglobin), vertebrate homologs of Drosophila armadillo, function in cell adhesion
and the Wnt signaling pathway. In colon and other cancers, mutations in the APC tumor suppressor protein
or B-catenin’s amino terminus stabilize B-catenin, enhancing its ability to activate transcription of Tcf/Lef
target genes. Though B- and y-catenin have analogous structures and functions and like binding to APC,
evidence that y-catenin has an important role in cancer has been lacking. We report here that APC regulates
both B- and vy-catenin and y-catenin functions as an oncogene. In contrast to -catenin, for which only
amino-terminal mutated forms transform RK3E epithelial cells, wild-type and several amino-terminal mutated
forms of y-catenin had similar transforming activity. y-Catenin’s transforming activity, like B-catenin’s, was
dependent on Tcf/Lef function. However, in contrast to B-catenin, y-catenin strongly activated c-Myc
expression and c-Myc function was crucial for y-catenin transformation. Our findings suggest APC mutations

alter regulation of both B- and y-catenin, perhaps explaining why the frequency of APC mutations in colon
cancer far exceeds that of B-catenin mutations. Elevated c-Myc expression in cancers with APC defects may
be due to altered regulation of both B- and y-catenin. Furthermore, the data imply B- and y-catenin may have
distinct roles in Wnt signaling and cancer via differential effects on downstream target genes.
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B-Catenin and vy-catenin (also known as plakoglobin) are
vertebrate homologs of Drosophila armadillo, a protein
initially identified because of its role in cell fate deter-
mination and segment polarity (Peifer and Wieschaus
1990; Peifer et al. 1991). Like armadillo, 8- and vy-catenin
function in cell adhesion and the wingless/Wnt signal-
ing pathway (Cadigan and Nusse 1997; Barth et al. 1997;
Willert and Nusse 1998; Behrens 1999). Whereas both B-
and y-catenin are present in adherens junctions, where
they link E-cadherin via a-catenin to the actin cytoskel-
eton, y-catenin is also present in desmosomes, where it
interacts with desmoglein and desmocollin (Ben-Ze'ev
and Geiger 1998). The highly conserved central regions
of B- and ~v-catenin consist of 12 armadillo repeats, and
these repeats facilitate binding to various proteins, in-
cluding E-cadherin, a-catenin, the adenomatous polypo-
sis coli (APC) tumor suppressor, T-cell factor/lymphoid
enhancer factor (Tcf/Lef) transcription factors, and axin/
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conductin proteins (Ben-Ze’ev and Geiger 1998; Willert
and Nusse 1998; Behrens 1999). The amino-terminal do-
mains of B- and +y-catenin share modest similarity, in-
cluding presumptive regulatory sequences that are phos-
phorylated by glycogen synthase kinase 3B (GSK3B)
(Moon and Miller 1997; Ben-Ze’ev and Geiger 1998; Wil-
lert and Nusse 1998; Bienz 1999). Though the carboxy-
terminal sequences of B- and vy-catenin are not closely
related, both carboxy-terminal domains appear to func-
tion in transcriptional activation (Simcha et al. 1998).
B-Catenin’s amino-terminal domain may also function
in transcriptional activation (Hsu et al. 1998; Simcha et
al. 1998; Kolligs et al. 1999), but no such function has yet
been ascribed to the corresponding region of y-catenin.
Regulation of the free (nonmembrane bound) pools of
B-catenin by the Wnt pathway has been extensively
studied (for review, see Ben-Ze’ev and Geiger 1998; Wil-
lert and Nusse 1998; Bienz 1999; Peifer and Polakis 2000;
Salic et al. 2000). In brief, Wnts are secreted proteins that
activate transmembrane Frizzled receptors, ultimately
leading to inhibition of GSK3 activity. GSK3B, when
active and complexed with APC and axin/conductin pro-
teins, phosphorylates specific serine and/or threonine
residues near the B-catenin amino terminus. The phos-
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phorylated forms of B-catenin bind to the F-box protein
B-TrCP (Hart et al. 1999; Kitagawa et al. 1999; Winston
et al. 1999), a subunit of the SCF-type E3 ubiquitin ligase
complex (Maniatis 1999), and this complex facilitates
ubiquitination and subsequent proteasome degradation
of B-catenin. Though vy-catenin regulation has been less
extensively studied than that of B-catenin, y-catenin can
bind to APC (Hulsken et al. 1994; Shibata et al. 1994,
Rubinfeld et al. 1995), and axin and GSK3p modulate
y-catenin levels in certain settings (Kodama et al. 1999).
Thus, y-catenin may be regulated much like B-catenin.
Following Wnt pathway activation, both B- and
y-catenin accumulate in the cytoplasm and nucleus,
where they bind to members of the Tcf/Lef transcription
factor family (Ben-Ze’ev and Geiger 1998; Willert and
Nusse 1998). In the nucleus, Tcf/Lef factors mediate se-
quence-specific DNA binding, and 8- and y-catenin serve
as transcriptional activators. Presumptive B-catenin-
Tcf/Lef-regulated genes include c-MYC (He et al. 1998),
cyclin D1 (Shtutman et al. 1999; Tetsu and McCormick
1999), matrilysin/MMP-7 (Crawford et al. 1999), Tcf-1
(Roose et al. 1999), and PPARS (He et al. 1999).

Defects in the Wnt pathway play an important role in
cancer. In human tumors, the most frequent defects in
this pathway lead to inactivation of APC or activation of
B-catenin (Behrens 1999; Polakis 1999). In 70%-80% of
all colorectal cancers, APC mutations result in either no
protein production or the synthesis of a truncated APC
protein that can no longer efficiently facilitate B-caten-
in’s phosphorylation by the GSK38/axin complex (Kin-
zler and Vogelstein 1996; Bienz 1999; Peifer and Polakis
2000). In a fraction of colorectal cancers lacking APC
mutations as well as cancers of other types, mutations of
presumptive GSK3B phosphorylation sites near the
amino terminus of B-catenin result in its stabilization
and ability to enhance Tcf/Lef target gene transcription
(Polakis 1999). Intriguingly, despite the similar struc-
tures and functions of B- and y-catenin, including their
binding to APC, no y-catenin mutations have been re-
ported in human cancer, with the exception of an amino-
terminal missense substitution in one gastric cancer cell
line (Caca et al. 1999). In fact, wild-type y-catenin was
reported to exert tumor suppressive effects upon its over-
expression in some cancer cells (Simcha et al. 1996).

Because of the absence of definitive data on the role of
v-catenin in colon and other cancers, we examined its
regulation and oncogenic potential. Our results indicate
APC regulates y-catenin akin to B-catenin in colon can-
cer cells, and wild-type y-catenin can function as an on-
cogene when its expression is deregulated. The onco-
genic activity of wild-type y-catenin distingushes it from
B-catenin, which requires amino-terminal mutations for
oncogenic activation (Kolligs et al. 1999). Furthermore,
in contrast to results for B-catenin (Kolligs et al. 1999),
multiple lines of evidence indicate c-Myec is a critical
factor in «y-catenin transformation. Our findings offer
new insights into the contribution of APC defects in
cancer development and highlight potentially critical
differences between the functions of - and y-catenin in
Wnt signaling and regulation of Tcf/Lef target genes.
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Results

APC regulates B- and vy-catenin in colon cancer

As reviewed above, the APC tumor suppressor protein
has been shown to bind both - and y-catenin. The abil-
ity of APC to regulate B-catenin in the cytosol and
nucleus has been demonstrated (Munemitsu et al. 1995;
Inomata et al. 1996; Hayashi et al. 1997; Kawahara et al.
2000), as have APC’s effects on B-catenin’s ability to ac-
tivate Tcf/Lef transcription (Korinek et al. 1997). These
effects have been shown largely via approaches where a
wild-type version of the APC gene has been transiently
overexpressed in colon cancer cells with defective APC
alleles. We sought to determine if restoration of APC
function in colon cancer cells had similar effects on
v-catenin, and we were interested in a system where
APC expression could be rapidly induced to essentially
physiological levels. Prior work by Morin et al. (1995)
yielded a system well suited for our studies. The HT29
colon cancer line has truncating mutations in both APC
alleles. Morin et al. (1995) generated an HT29 line
(HT29-APC) in which, following zinc exposure, expres-
sion of an exogenous wild-type APC protein is rapidly
induced to roughly the same level as that of the endog-
enous truncated APC proteins. Using HT29-APC cells
and a matched control line (i.e., HT29-Gal; Morin et al.
1995), we characterized B- and +y-catenin expression by
immunofluorescence at baseline and following zinc ex-
posure. Prior to induction of wild-type APC, - and
B-catenin were located at cell-cell borders as well as dif-
fusely throughout the cytoplasm and nucleus (Fig. 1a,c,
respectively). However, by 6 hr after exposure of the cells
to zinc, >60% of the cells displayed considerably reduced
levels of y- and B-catenin in the cytoplasm and nucleus
(Fig. 1b,d, respectively). No changes in - or B-catenin
staining were seen in the control HT29-Gal cells follow-
ing zinc treatment (data not shown). To obtain further
evidence that alterations in y-catenin levels and local-
ization often parallel those of B-catenin in colorectal
cancer, we carried out immunohistochemical studies of
B- and y-catenin in 12 primary colorectal carcinoma
specimens. Whereas B- and y-catenin showed predomi-
nantly a membrane localization in normal colonic mu-
cosa cells (Fig. le,gi,j), in 8 of the 12 carcinomas, we
observed increased staining of both B- and y-catenin in
the cytoplasm (Fig. 1f, h—j). In a subset of the carcinomas,
focal nuclear staining for B-catenin was observed (Fig.
1i), though nuclear staining for y-catenin was not seen.
Taken together, the data from the immunofluorescence
and immunohistochemical studies suggest APC regu-
lates both B- and vy-catenin in colon cancer cells.

vy-Catenin expression and Tcf/Lef transcription
activation

Our previous work established that B-catenin proteins
with mutations in presumptive amino-terminal phos-
phorylation sites promoted neoplastic transformation of
RK3E, an adenovirus E1A-transformed rat kidney epithe-
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f _ i Figure 1. APC regulates B- and ~y-catenin

in colon cancer. (a—d) Regulation of 8- and
y-catenin by APC in HT29 colon cancer
cells. B- and y-catenin expression were as-
sessed by immunofluorescence in the
HT29-APC colon cancer line, which car-
ries truncating mutations in both endog-
enous APC alleles but can be induced to
express wild-type APC following zinc ex-
posure. At baseline, y- and B-catenin (a,c,
respectively) were localized at the mem-

h brane, as well as diffusely throughout the

cytoplasm and nucleus. Following a 6-hr

exposure to 150 um zinc to induce APC

expression, the cytoplasmic and nuclear

levels of y- and B-catenin were consider-

| ably reduced in >60% of cells (b,d, respec-
tively), with both proteins showing pre-

. ~ » dominantly a membrane localization. The
' cells were photographed at 400x magnifi-

cation, and exposure times were identical

for panels obtained with the same primary

j antibody |[(a,b) y-catenin; (c,d) B-catenin].
(e~j) Representative examples of immuno-

histochemical analysis of 8- and y-catenin

expression in normal and malignant colo-

rectal tissues. Expression in colorectal car-

cinoma specimen #T-41 (f,h) and adjacent

normal colonic cells from the same case

(e,g). Serial sections from a region of speci-

men #T-49 containing both carcinoma

(top) and normal colonic mucosa (bottom)

are shown in 7 and j. B-Catenin staining is

shown in ¢, f, and i; y-catenin staining is

shown in g, h, and j. Whereas B- and y-catenin were predominantly localized to the membrane in normal colonic mucosa cells,
increased cytoplasmic staining for B- and vy-catenin was seen in carcinoma cells. Nuclear staining for B-catenin is seen in i, but no
nuclear staining for y-catenin is seen. The slides were photographed at 400x.

lial line, whereas wild-type B-catenin failed to function as
an oncogene in RK3E (Kolligs et al. 1999). The finding that
APC regulated y-catenin motivated us to pursue studies of
y-catenin’s transforming activity in RK3E. We first gener-
ated expression constructs encoding wild-type y-catenin
and deletion mutants (Fig. 2A). The rationale for creating
the AN38y, AN122y, AArmry, and AC687y deletion mu-
tants was based on the conserved structures of - and
B-catenin and prior data on the oncogenic activity of vari-
ous B-catenin deletion mutants (Kolligs et al. 1999). In ad-
dition, because the only +y-catenin mutation reported in
cancer was a missense mutation of a potential phosphory-
lation site at the amino terminus (codon 28, serine-to-leu-
cine mutation) (Caca et al. 1999), we also prepared an ex-
pression construct encoding the S28L mutant.

The expression of wild-type and mutated forms of
y-catenin was compared with that of wild type B-catenin
and a mutated form carrying a cancer-derived missense
substitution (S33Y) in B-catenin’s presumptive GSK38
phosphorylation sequences, using Western blotting to
detect the carboxy-terminal Flag epitope tag present on
each vy- and B-catenin protein. Whereas a single missense
mutation or in-frame deletions of the presumptive
amino-terminal phosphorylation sites consistently sta-

bilized the B-catenin protein (Fig. 2B; Kolligs et al. 1999),
the S28L mutation did not increase y-catenin expression
over the levels of the wild-type protein (Fig. 2B). How-
ever, larger in-frame deletions of the amino terminus led
to increased +y-catenin expression (Fig. 2B, AN38 and
AN122 mutants), implicating y-catenin’s amino termi-
nus in the regulation of its degradation. Deletion of ar-
madillo repeats 3-8 also led to increased y-catenin ex-
pression (Fig. 2B, AArm), consistent with the notion that
the APC and conductin/axin proteins bind sequence in
this region of y-catenin and regulate its degradation.
The ability of the various y-catenin proteins to acti-
vate Tcf/Lef transcription was then assessed, using a
model reporter gene construct containing three Tcf-bind-
ing sites upstream of a minimal c-Fos-derived promoter
element and Iuciferase coding sequences (i.e.,, TOP-
FLASH). As in prior studies (Kolligs et al. 1999), the S33Y
mutated form of B-catenin had about 8-10x the activity
of wild-type B-catenin (Fig. 2C). In contrast, only roughly
30%-50% increases in Tcf/Lef activation were seen for
the AN38 and S28L mutated forms of y-catenin, respec-
tively, when compared with wild-type vy-catenin (Fig.
2C). These three y-catenin proteins all had less activity
than wild-type B-catenin in the assay, though the activ-
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Figure 2. Expression of wild-type and mutated y- and B-catenin proteins and their effects on Tcf transcription in 293 cells. (A)
Schematic illustration of the structure of 745-amino-acid y-catenin and 781-amino-acid B-catenin proteins; the percentage identity of
sequences in different regions of the proteins; and the y- and B-catenin proteins encoded by the expression constructs used in this work.
The 12 armadillo repeats in the highly conserved central regions of y- and B-catenin are indicated by open boxes. In addition to
wild-type y- and B-catenin, several mutant proteins were expressed. Asterisks (*) indicate the position of point mutations (i.e., S33YB
and S28Ly), and the thin line indicates the region of y-catenin affected by an in-frame deletion in the AArmy construct. All y- and
B-catenin proteins were modified to contain carboxy-terminal Flag epitope tags. (B) Expression of wild-type and mutated y- and
B-catenin proteins. ECL-Western blot analysis with an anti-Flag antibody was carried out on whole-cell lysates prepared 48 hr after
transfection of 293 cells with pcDNA3 constructs encoding the y- and B-catenin proteins. To confirm equal loading and transfer of
proteins, blots were stripped and ECL-Western blotting with an anti-actin antibody was performed. (C) Activation of Tcf transcription
by wild-type and mutated forms of y- and B-catenin in 293 cells following transfection of pcDNA3 constructs. The ratios of luciferase
activities from the wild-type Tcf reporter (pTOPFLASH) and a mutant Tcf reporter gene construct (pPFOPFLASH) were determined 48
hr after transfection. Luciferase activities were normalized for transfection efficiency by cotransfection with a B-galactosidase-ex-
pressing vector. Tcf activation relative to that obtained with empty pcDNA3 vector is shown. The mean values and standard
deviations from three experiments are shown.

ity of the S28L mutant approached that of wild-type
B-catenin. Larger deletions of the amino terminus of
y-catenin (e.g., AN122) as well as deletions of armadillo
repeats 3-8 or the carboxyl terminus substantially inhib-

ited or completely abrogated y-catenin’s ability to acti- . Juced d foct of holosicall
vate Tcf/Lef transcription (Fig. 2C). Taken together, the B-catenin produced dense foci of morphologically trans-

data suggest that, as previously observed for B-catenin formed.cells in th.ree Weeks (Fig. 3A). .In contrast to re-
(Hsu et al. 1998, Kolligs et al. 1999), the abilitics of sults with B-catenin, wild-type y-catenin had essentially
! y the same transforming activity as two amino-terminal

mutated forms of y-catenin (S28Ly and AN38vy). The abil-
ity of y-catenin proteins to induce RK3E transformation
was correlated with their ability to activate Tcf/Lef tran-
scription, as vy-catenin mutants defective in Tecf/Lef
transcriptional activation, such as ANI122y, AArmy,
and AC687y, failed to induce foci (Figs. 2C and 3A).
v-Catenin was about one-third to one-half as potent as
We next assessed the oncogenic activity of wild-type and the S33Y mutated form of B-catenin in the focus forma-

mutated forms of vy-catenin in focus formation assays
with the RK3E cell line. Consistent with prior results
(Kolligs et al. 1999), wild-type B-catenin failed to induce
transformation, whereas the S33Y mutated form of

v-catenin to bind Tcf/Lef factors via sequences in arma-
dillo repeats 3-8 and to activate transcription through car-
boxy-terminal and perhaps amino-terminal sequences are
all crticial for y-catenin’s function in stimulating Tcf/Lef
transcription.

v-Catenin promotes neoplastic transformation
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Figure 3. Neoplastic transformation of RK3E cells by
y-catenin. (A) Focus formation assay in RK3E. RK3E cells were
infected with retroviruses encoding wild-type or mutated forms
of y- and B-catenin. Indicated in each panel is the protein en-
coded by the retrovirus used for infection of the cells. Four
weeks after infection, the plates were stained and foci photo-
graphed. Representative plates from four or more independent
experiments performed on each y- and B-catenin construct are
shown. (B) Morphology of parental RK3E cells, one B-catenin,
and two y-catenin transformed cell lines. Magnification for all
panels, 200x.

tion assay, though other transforming variants of
B-catenin (e.g., in-frame amino-terminal deletions) have
been previously found to possess similarly reduced focus
forming activity compared with the S33Y mutant (Kol-
ligs et al. 1999). The y-catenin foci were generally larger
in size than the S33YB-induced foci at equivalent time
points (Fig. 3A). Cell lines established from v-catenin
foci had a distinct morphological appearance when com-
pared with parental RK3E cells or B-catenin-transformed
RK3E lines (Fig. 3B; data not shown), with the y-catenin-
transformed cells generally smaller, more spindle-
shaped, and growing in tight clusters.

A total of 18 clonal cell lines were established from
independent vy-catenin-induced foci, with 6 lines each
from RK3E cells transformed by the wild-type, S28L, or
AN38 ~y-catenin proteins. All vy-catenin-transformed
lines displayed neoplastic growth properties, including
the ability to grow in reduced serum media (Fig. 4A; data
not shown) and to form colonies in soft agar (Fig. 4B;
data not shown). Four vy-catenin transformed lines along

Oncogenic activity of y-catenin

with a B-catenin-transformed RK3E line were tested for
tumorigenicity in nude mice. Each line formed >1.5 cm
tumors at 10 of 10 injected sites within 3 weeks (data not
shown). All y-catenin-transformed lines expressed the
transduced wild-type or mutant y-catenin protein (Fig.
4C). No consistent increases in the cytosolic or nuclear
levels of B-catenin were seen in the vy-catenin-trans-
formed RK3E lines (Fig. 4C; data not shown). Hence,
y-catenin does not appear to transform RK3E merely by
increasing B-catenin levels, a point also well supported
by our data showing that y-catenin mutants that fail to
bind to Tef and activate transcription do not promote
neoplastic transformation (e.g., ANI122, AArm, and
AC687; Figs. 2C and 3A).

Tcf/Lef deregulation is required for y-catenin
transformation

Tcf/Lef transcription activity was measured in all
y-catenin-transformed lines. Though there was variation
in the fold activation of Tcf/Lef transcription in the
y-catenin-transformed cell lines, all lines displayed el-
evated transcriptional activity (Fig. 4D). Our prior stud-
ies not only demonstrated that Tcf/Lef transcription was
constitutively activated in B-catenin-transformed RK3E
lines, but also that transformation by B-catenin was
strongly inhibited in an RK3E cell line expressing a
dominant negative Tcf-4 mutant protein (RK3E/Tcf-
4AN31; Kolligs et al. 1999). This inhibition of B-catenin
transformation was confirmed, and we also found that
y-catenin transforming activity was essentially com-
pletely inhibited in the RK3E/Tcf-4AN31 cell line (Fig.
5). Therefore, Tef/Lef factors play a critical role in both
B- and vy-catenin transformation.

c-Myc activation is required for y-catenin
transformation

Prior work by He et al. (1998) demonstrated that resto-
ration of APC expression in the HT29 colon cancer line
strongly repressed expression of c-MYC, a gene well es-
tablished to function as an oncogene in human cancer
when its expression is activated by chromosomal trans-
location or gene amplification. He et al. (1998) proposed
APC inhibited c-MYC via effects on B-catenin’s ability to
activate transcription through Tcf-binding elements in
the proximal ¢c-MYC promoter. There were, however,
some inconsistencies with the data presented in support
of the proposed mechanism for APC’s effects on ¢-MYC.
Specifically, although APC strongly repressed endog-
enous ¢c-MYC expression, B-catenin had only a modest
ability to activate expression via the Tcf sites in the c-
MYC proximal promoter (He et al. 1998). Moreover, in
our prior studies, we found c-Myc expression was not
consistently activated in B-catenin transformed RK3E
lines and B-catenin transformation was not inhibited by
expression of a dominant negative c-Myc mutant protein
(Kolligs et al. 1999). Nevertheless, the hypothesis of He
et al. (1998) regarding the link between APC and ¢c-MYC
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Figure 4. Analysis of y-catenin transformed RK3E lines. (A) Growth of y-catenin-transformed RK3E lines in medium with 0.5% FBS.
Cells (2 x 10*) were initially seeded in 35-mm dishes in the presence of medium containing 10% FBS, then changed to medium with
0.5% FBS 24 hr later. Cells were trypsinized and counted at the indicated time points after the switch to 0.5% FBS. One set of assays
representative of three independent experiments is shown. (B) y-Catenin-transformed RK3E lines exhibit anchorage independent
growth. Colony formation in soft agar was assessed for all transformed lines by plating 1 x 10* cells of each line in 0.3% agar medium
over 0.6% agar medium underlayers. After 3 weeks, the dishes were stained with methylene blue and photographed. Shown are
representative assays for parental RK3E, one B-catenin transformed line (RK3E/S33YB-B), and four independent +y-catenin lines
(RK3E/WT~y-A, RK3E/WT~y-B, RK3E/S28Ly-B, and RK3E/AN38v-B). (C) Expression of exogenous Flag epitope-tagged y- and B-catenin
proteins and endogenous B-catenin in transformed RK3E lines. Cytosolic lysates were separated by SDS-PAGE and analyzed by
ECL-Western blotting. Expression of the transduced Flag epitope-tagged y- and B-catein proteins was assessed with an anti-Flag
antibody. B-Catenin levels were determined with an anti-B-catenin antibody. Equal loading of the lanes was confirmed by stripping the
blots and reprobing with an anti-actin antibody. (D) Tcf/Lef transcription is markedly elevated in y-catenin-transformed lines com-
pared with parental RK3E cells. The ratio of luciferase activities from a Tcf-responsive reporter (P TOPFLASH) and a control luciferase
reporter construct (pPFOPFLASH) was determined 24 hr after transfection of the indicated y- and B-catenin-transformed RK3E lines.
Transfection efficiency was assessed with a B-galactosidase expression vector. Mean values and standard deviations from three
independent experiments are shown in logarithmic scale because of the wide range of Tcf activities observed in the lines.

the ¢-MYC locus (Erisman et al. 1988; Melhem et al.
1992). Hence, we sought to determine whether there
might be a relationship between y-catenin and c-Myc in

in cancer remained an attractive one to us, because c-
MYC expression appears to be frequently elevated in co-
lon cancer, despite the absence of genetic alterations at
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Figure 5. Tcf/Lef factors and c-Myc are re-
quired for y-catenin transformation. Focus for-
mation assays were carried out in parallel follow-
ing infection of the RK3E/Neo, RK3E/Tcf-
4AN31, and RK3E/MycA106-143 cell lines with
retroviruses encoding a control LacZ protein,
wild-type +y-catenin, S28L-y-catenin, or S33Y-B-
catenin. Four weeks after infection, the plates
were stained and photographed. Representative
portions of plates from three independent experi-
ments are shown.

neoplastic transformation. As shown previously (Kolligs
et al. 1999), in focus formation assays with an RK3E cell
line expressing a dominant negative c-Myc mutant pro-
tein (RK3E/MycA106-143), the S33Y B-catenin mutant
protein yielded essentially the same number of foci as in
a control cell line (RK3E/Neo) (Fig. 5D,L). In contrast,
y-catenin’s focus-forming activity was strongly inhibited
in the RK3E/MycAl106-143 line compared with the
RK3E/Neo line (Fig. 5B,C,],K).

Our findings on the crucial role of c-Myc in y-catenin,
but not B-catenin, transformation suggested y- and
B-catenin might differ in their ability to activate c-Myc
expression. To address this possibility, we pursued
Northern blot studies of c-Myc expression in y-catenin-
transformed RK3E lines. c-Myc expression was greatly
increased in all vy-catenin-transformed lines compared
with other RK3E lines, including parental RK3E cells,
two B-catenin-transformed RK3E lines with modestly el-
evated c-Myc expression (Kolligs et al. 1999) and RK3E
lines transformed by other oncogenes (e.g., K-ras or GLI)
(Fig. 6A; data not shown). An analysis of the time course
of c-Myc activation following infection of RK3E cells
with retroviruses encoding wild-type y-catenin, revealed
c-Myc was strongly induced at 2 days (Fig. 6B), essen-
tially concordant with the time course of exogenous
y-catenin protein accumulation in the cells following
retroviral infection (Fig. 6C). The S33Y B-catenin mutant
protein only weakly activated c-Myc (Fig. 6B), despite the
fact that the Flag epitope-tagged y- and B-catenin pro-
teins were expressed at similar levels following retrovi-
ral infection of the RK3E cells (Fig. 6C). Consistent with
the proposal that y-catenin induced c-Myc expression via
Tcf/Lef-dependent mechanisms, y-catenin’s activation
of c-Myc expression was blunted in a polyclonal RK3E
cell line expressing a dominant negative Tcf-4 protein
(i.e., RK3E/Tcf-4AN31) (Fig. 6B). The induction of ¢-Myc
expression in the RK3E/Tcf-4AN31 line was not entirely
inhibited, most likely because, as shown previously (Kol-
ligs et al. 1999), the cells have reduced but detectable
Tcf/Lef function.

We next undertook studies to assess the ability of
y-catenin to act on the proximal ¢-MYC promoter. He et
al. (1998) reported previously the proximal ¢c-MYC pro-
moter contains two Tcf-binding elements (TBE1 and

TBE2; Fig. 7A). Wild-type y-catenin activated the c-MYC
reporter gene construct Del-2, which contains both
TBEs, with similar activity to that of the S33Y mutant
B-catenin protein (Fig. 7B). Deletion of TBE1 (i.e., the
Del-3 construct) reduced the ability of both proteins to
activate gene expression, and deletion of both TBEs (i.e.,
Del-4) completely abrogated the effects of the catenin
proteins (Fig. 7B). The nearly identical effects of wild-
type y-catenin and the S33Y mutant B-catenin protein on
the ¢c-MYC promoter construct contrasts with the
roughly 15-fold difference in the activity of the two pro-
teins on the TOPFLASH model reporter construct (Fig.
7C). Taken together, the findings on the differential ac-
tivity of y- and B-catenin on distinct reporter gene con-
structs and the data on the differential effects of y- and
B-catenin on endogenous c-MYC gene expression in
RK3E cells suggest that interactions with other tran-
scription factors and/or chromatin-associated proteins
may have significant effects on the ability of the y- and
B-catenin proteins to activate specific target genes in
vivo.

Discussion

A significant role for B-catenin in human cancer was
suggested initially because of its binding to the APC tu-
mor suppressor protein and the apparent increased levels
of B-catenin in the cytoplasm and nucleus of colon can-
cers with APC defects (Rubinfeld et al. 1993; Su et al.
1993; Munemitsu et al. 1995; Inomata et al. 1996). This
view was bolstered by data showing B-catenin bound to
Tcf/Lef factors (Behrens et al. 1996; Molenaar et al. 1996;
Huber et al. 1996), and Tcf-4 transcription was strongly
activated by B-catenin in cancers with APC defects (Ko-
rinek et al. 1997). Additional support was provided by
the identification of activating mutations in B-catenin in
some colon cancers lacking APC mutations as well as a
subset of other cancers (Morin et al. 1997; Rubinfeld et
al. 1997; de la Coste et al. 1998; Fukuchi et al. 1998;
Miyoshi et al. 1998; Sparks et al. 1998; Voeller et al.
1998; Zurawel et al. 1998; Gamallo et al. 1999; Garcia-
Rostan et al. 1999; Koch et al. 1999; Mirabelli-Primdahl
et al. 1999; Park et al. 1999; Polakis 1999; Rimm et al.
1999; Wright et al. 1999). Subsequent in vitro and trans-
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Figure 6. +v-Catenin, but not B-catenin, strongly activates c-
Myc expression via Tcf/Lef-dependent mechanisms. (A) ¢c-Myc
expression is uniformly and markedly elevated in y-catenin-
transformed RK3E lines compared with other cell lines, includ-
ing parental RK3E cells, two B-catenin-transformed RK3E lines
(RK3E/S33YB-B and RK3E/S33YR-C), RK3E cells transformed
by other oncogenes (RK3E/Kras and RK3E/GLI), or RK3E cells
with stable expression of wild-type B-catenin (RK3E/WTg1).
Northern blot analysis of c-Myc was carried out on total RNA
from the various lines. After obtaining the autoradiograph for
c-Myc, the blot was stripped and hybridized to a GAPDH cDNA
probe to control for loading and transfer of RNA to the mem-
brane. (B) y-Catenin acutely activates c-Myc expression in
RK3E. RK3E/Neo and RK3E/Tcf-4AN31 cells were infected
with the indicated retroviruses encoding control LacZ, wild-
type y-catenin, or S33Y B-catenin. Prior to infection (day 0), as
well as time points of 2, 4, and 6 days post infection, cells were
harvested and total RNA was isolated. Total RNA from RK3E
cells and the RK3E/WTy-A line were loaded as negative and
positive controls, respectively, at left. Northern blot analyses
for c-Myc expression and GAPDH were performed as in A. (C)
Expression of the Flag epitope-tagged S33Y B-catenin (S33YR)
and wild-type y-catenin (WTy) proteins in infected RK3E/Neo
cells following infection of RK3E/Neo cells with the respective
retroviruses. ECL-Western blot analysis with an anti-Flag anti-
body was carried out on whole-cell lysates prepared at various
time points after infection. To confirm equal loading and trans-
fer of proteins, blots were stripped and ECL-Western blotting
with an anti-actin antibody was performed.
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genic studies have confirmed the transforming activity
of the amino-terminal mutated forms of B-catenin found
in cancer (Gat et al. 1998; Harada et al. 1999; Kolligs et
al. 1999).

In contrast to the clear insights into the nature and
role of B-catenin defects in cancer, evidence that
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Figure 7. +y-Catenin activates expression from c-MYC reporter
gene constructs. (A) Schematic diagram of the human ¢c-MYC
promoter region and sequences present in the Del-2, Del-3, and
Del-4 reporter gene constructs of He et al. (1998). The relative
location of the two TBEs is indicated. (B) Ability of wild-type
v-catenin (WTwy) and the S33Y B-catenin mutant (S33YB) to ac-
tivate the c-MYC reporter gene constructs in 293 cells following
transfection of pcDNAS3 expression constructs. Luciferase activ-
ity was measured 48 hr after transfection, and activities are
indicated relative to that obtained with the empty pcDNA3
vector. The mean values and standard deviations from three
experiments are shown. (C) Differential activity of WTy and
S33YR on the TOPFLASH reporter construct in 293 cells. Lu-
ciferase activities were determined 48 hr after transfection.
Mean values and standard deviations from three experiments
are shown. The assays in B and C were normalized for transfec-
tion efficiency by cotransfection with the B-galactosidase ex-
pression vector pcH110.
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y-catenin has an important role in cancer has been lack-
ing. No y-catenin mutations akin to those in B-catenin
have been reported in primary human tumors, and, in
fact, y-catenin had growth suppressive effects in some
cancer cells when overexpressed (Simcha et al. 1996).
Thus, our results demonstrating that APC regulates
v-catenin and wild-type y-catenin functions as an onco-
gene when deregulated, are the first to suggest that de-
regulation of y-catenin may contribute to cancer. The
transforming activity of wild-type y-catenin in the RK3E
system distinguishes it from B-catenin, which requires
amino-terminal mutations to yield variants which trans-
form RK3E cells. The ability of wild-type y-catenin, but
not wild-type B-catenin, to transform RK3E cells may
reflect the possibility that the pathways and proteins tar-
geting y-catenin for degradation are less efficient than
those regulating B-catenin. The requirement for c-Myc
function in +y-catenin-induced neoplastic transforma-
tion, but not that of B-catenin, also distinguishes the
roles of y- and B-catenin in transformation.

Our data offer potential explanations for several puz-
zling results in the literature. For instance, it is well
established that 70%-80% of colon cancers have inacti-
vating mutations in APC (Kinzler and Vogelstein 1996),
whereas only about 1%-10% of colon cancers have ac-
tivating mutations in B-catenin (Kitaeva et al. 1997;
Iwao et al. 1998; Sparks et al. 1998; Mirabelli-Primdahl
et al. 1999; Polakis 1999; Samowitz et al. 1999). In colon
cancers with APC mutations, both APC alleles appear to
be inactivated, and virtually all mutations result in ei-
ther no stable APC protein or synthesis of a truncated
APC protein that cannot coordinate the B-catenin,
GSK3, and axin/conductin proteins (Kinzler and Vogel-
stein 1996; Polakis 1999; Peifer and Polakis 2000).
Though much remains to be learned, a potential conse-
quence of APC inactivation is that there is a substantial
reduction in the efficiency with which the GSK3p and
axin/conductin proteins phosphorylate B-catenin’s
amino terminus and promote its degradation. A quite
diverse collection of mutations in 3-catenin’s amino ter-
minus render it resistant to regulation by the APC/
GSK3p/axin complex yet still capable of binding Tcf/Lef
factors and activating transcription. Thus, it is curious
that B-catenin mutations are not seen more frequently in
colon cancer, particularly in light of the fact that only
one B-catenin allele need be mutated versus apparently
two APC alleles. A hypothesis to account for the highly
discordant frequencies of APC and B-catenin mutations
in colon cancer is that APC has other vital growth regu-
latory functions besides promoting 3-catenin phosphory-
lation and degradation. A corollary is that B-catenin ac-
tivation has tangible, but weaker, cancer-promoting ef-
fects in colon epithelial cells than APC inactivation.
Consistent with this prediction, although the frequen-
cies of APC mutations in very small (early) colon adeno-
mas and advanced carcinomas are similar (Kinzler and
Vogelstein 1996), in some studies, B-catenin mutations
have been reported to be more prevalent in small adeno-
mas than carcinomas (Samowitz et al. 1999). Our data
establishing that APC regulates - and y-catenin in colon

Oncogenic activity of y-catenin

cancer, together with the observation that wild-type
y-catenin can function as an oncogene when its expres-
sion is deregulated, provide persuasive support for the
hypothesis that APC has more than one critical regula-
tory function.

A second issue that may be clarified by our findings is
the apparent rarity of mutations in y-catenin’s presump-
tive amino-terminal phosphorylation sequences in colon
and other cancers (Sparks et al. 1998; Caca et al. 1999).
Specifically, our data indicate that amino-terminal mu-
tations in +y-catenin have minimal, if any, effect on its
oncogenic potential in RK3E. The biological basis for
this result appears to be that, in contrast to the effects of
mutations in B-catenin, localized missense mutations in
vy-catenin’s presumptive GSK3B phosphorylation sites
(e.g., the S28L mutant) do little to stabilize vy-catenin.
Large in-frame deletions of y-catenin’s amino terminus
(e.g., the AN122 mutant), although substantially increas-
ing the protein’s relative stability, abrogate its ability to
activate Tcf transcription. It is possible that wild-type
y-catenin expression might be sufficiently elevated to
promote cancer as a result of amplification or rearrange-
ments of the y-catenin gene, and future studies may pro-
vide evidence this mechanism activates y-catenin in
cancer. Besides a highly selected cohort of mutations in
v-catenin itself, other defects which could potentially
led to y-catenin deregulation in cancer include inactiva-
tion of the APC, GSK3p, or axin/conductin proteins.
Thus far, inactivating mutations in GSK38 have not
been reported in cancer, probably because GSK3B phos-
phorylates various other key growth regulatory proteins
besides B- and vy-catenin, such as proteins in insulin and
growth-factor signaling (Sutherland et al. 1993; Cohen et
al. 1997; Ross et al. 1999). As a result, GSK3p inactiva-
tion may actually be detrimental or even lethal to cells,
rather than associated with neoplastic transformation.
Mutations inactivating axin have recently been found in
a minority of hepatocellular cancers, and such mutations
alter B-catenin regulation with resultant activation of
Tcf transcription (Satoh et al. 2000). Based on the fact
that axin and GSK3p modulate y-catenin levels in cer-
tain settings (Kodama et al. 1999), it seems reasonable to
predict that axin defects in cancer might alter the regu-
lation of both B- and y-catenin. Nevertheless, at present,
the most common defect leading to altered +y-catenin
regulation in cancer appears to be APC inactivation.

In cancers with APC inactivation, y-catenin likely has
a critical role in the neoplastic phenotype, such as
through its ability to strongly activate c-Myc expression,
a feature that among others may distinguish y-catenin’s
role in cancer from B-catenin’s. Prior work has already
provided evidence that B- and y-catenin have distinct
functions in other processes. For instance, whereas
v-catenin is known to localize to both adherens junc-
tions and desmosomes, B-catenin does not associate
with desmosomal proteins, except in +y-catenin-null
mouse embryos (Ruiz et al. 1996; Bierkamp et al. 1999).
Even though it redistributes in this setting, B-catenin
cannot rescue the heart developmental defects in the
v-catenin-null embryos, which die between embryonic
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days 12 and 16. Similarly, y-catenin is unable to com-
pensate for B-catenin during development, as B-catenin-
null mice die early in development because of defects in
formation of the ectoderm layer (Haegel et al. 1995). It is
unknown whether the distinct developmental anomalies
seen in B-catenin versus y-catenin knockout mice reflect
differences between the functions of - and y-catenin in
cell adhesion, Wnt signaling, and/or unknown processes.

To the best of our knowledge, the data presented here
are the first to suggest B- and y-catenin may have differ-
ential effects on Tcf/Lef target genes. Specifically, we
found wild-type B-catenin had a roughly twofold greater
effect and S33Y mutated B-catenin a roughly 15-fold
greater effect than wild-type y-catenin in activating gene
expression from a model promoter construct containing
three Tcf-binding sites upstream of a minimal c-Fos pro-
moter (i.e., TOPFLASH). In contrast, the ability of wild-
type y-catenin to activate c-MYC reporter gene con-
structs was similar to that of S33Y B-catenin. Further-
more, +y-catenin activated endogenous c-Myc gene
expression in RK3E cells considerably more strongly
than the S33Y mutant B-catenin protein. The underlying
mechanisms for their differential effects on the reporter
gene constructs and on endogenous c-Myc are not yet
clear, though differences in the interactions of the dis-
tantly related amino- and carboxy-terminal domains of
v- and B-catenin with specific transcription factors, co-
activators, and/or other chromatin-associated proteins
are among the possible explanations. For instance,
v-catenin may enhance or facilitate the binding of cer-
tain transcription factors to promoters, whereas
B-catenin may cooperate with other factors. The pres-
ence or absence of specific DNA-binding sites for certain
transcription factors in regulatory elements of a particu-
lar Tcf/Lef-regulated target gene might account for its
differential activation by B- or y-catenin. Alternatively,
B- and v-catenin may differ in their ability to interact
with certain chromatin remodeling proteins, some of
which likely have differential effects on specific genes in
vivo. Regardless of the particular mechanisms underlying
their differential effects on c-Myc and potentially other tar-
get genes, the data presented here support the view that -
and vy-catenin are likely to have distinct but complemen-
tary roles in Wnt signaling and cancer development.

Materials and methods

Plasmids

The cloning of the wild-type and S28L mutant alleles of
v-catenin and the wild-type and S33Y mutant alleles of
B-catenin has been described in detail previously (Caca et al.
1999; Kolligs et al. 1999). In brief, wild-type y- and B-catenin
alleles were amplified by PCR from a normal human colon
c¢DNA library (Clontech). The mutant y-catenin allele S28L was
cloned by PCR from the human gastric cancer cell line NCI-
N87; the B-catenin allele S33Y was cloned from the colorectal
cancer cell line SW48. The wild-type y-catenin allele was used
as template for the PCR-based generation of the y-catenin con-
structs AN38, AN122, AArm, and AC687. All y- and B-catenin
c¢DNAs, including their carboxy-terminal Flag epitope tags,
were subcloned into the eukaryotic expression vector pcDNA3
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(Invitrogen). The sequence of all expression constructs was veri-
fied by automated or manual DNA sequencing. Further details
on the generation of the pcDNA3 constructs will be provided on
request. All y- and B-catenin ¢cDNAs including their Flag epit-
ope tags were further subcloned into the retroviral expression
vector pPBMN. The empty pBMN vector and the 3-galactosidase-
expressing vector pPBMN-Z were kindly provided by G. Nolan
(Stanford University, Stanford, CA). The reporter constructs
pTOPFLASH and pFOPFLASH (provided by B. Vogelstein, Johns
Hopkins University, Baltimore, MD) contain either three copies
of the optimal Tcf-binding motif CCTTTGATC or three copies
of the mutant motif CCTTTGGCC, respectively, upstream of a
minimal c-Fos promoter driving luciferase expression. The c-
MYC reporter gene constructs Del-2, Del-3, and Del-4 were de-
scribed previously by He et al. (1998). The pCH110 eukaryotic
expression vector (Pharmacia), containing a functional LacZ
gene downstream of a cytomegalovirus early region promoter/
enhancer element, was used as control for transfection effi-
ciency in reporter assays.

Cell lines and tissue culture

Phoenix, RK3E, and 293 cells were grown in DMEM supple-
mented with 10% fetal bovine serum (FBS). HT29-APC and
HT29-Gal cells (Morin et al. 1995) were provided by K. Kinzler
(John Hopkins University) and B. Vogelstein, and the cells were
cultured in McCoy’s medium supplemented with 10% FBS and
0.6 pg/ml Hygromycin B (Roche Molecular Biochemicals). The
polyclonal RK3E-derived cell lines RK3E/Neo, RK3E/Tcf-
4AN31, RK3E/MycAl06-143, RK3E/WTB-1 have been de-
scribed (Kolligs et al. 1999), and these lines were grown in
DMEM/10% FBS with 250 pg/ml G418 (GIBCO BRL/Life
Technologies, Inc.). The propagation of recombinant retrovirus-
es and the RK3E focus formation assay have been described in
detail (Kolligs et al. 1999). Briefly, RK3E cells and derived lines
were infected with the indicated retroviruses at 70%-80% con-
fluence, the medium was changed twice weekly over a period of
four weeks, then the plates were stained with Hank’s balanced
salt solution containing 1.5% glutaraldehyde (Sigma) and 0.06
gram methylene blue (Sigma) per 100 ml, and photographed.
The clonal y-catenin-transformed RK3E lines were isolated
from y-catenin-induced foci. Altogether, 6 independent lines
transformed by each of the 3 y-catenin constructs (wild type,
S28L, and AN38 vy-catenin cDNAs) were established, for a total
of 18 independent y-catenin-transformed RK3E lines. To assess
growth of transformed cells in reduced serum, 2 x 10* cells were
seeded in triplicate in 6-well plates in DMEM with 10% FBS.
After 24 hr, the medium was replaced with fresh DMEM con-
taining 0.5% FBS. After 1, 3, 5, and 7 days of culture in 0.5%
FBS, the plates were trypsinized and viable cells were counted
after trypan blue staining. For colony formation in agar assays,
1 x 10* cells were plated in 35-mm dishes in Noble agar (Difco),
in a final concentration of 0.3% agar, 1x DMEM, and 20% FBS
over a 0.6% agar medium layer. The agar surface was kept moist
with growth medium during the three-week assay period, until
the dishes were stained with methylene blue and photographed.

Immunofluorescence studies of B- and +y-catenin
in HT29-APC

HT29-APC and HT29-Gal cells were grown in chamber slides
(Nalge Nunc International) with normal growth media for 24 hr;
they were then incubated with fresh media supplemented with
150 pm zinc chloride (Sigma). After a 6-hr exposure to zinc, no
obvious apoptosis was present and APC expression was strongly
induced in Western blot studies (data not shown). Hence, this


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 24, 2022 - Published by Cold Spring Harbor Laboratory Press

was the time point used for immunofluorescence studies of
APC'’s effects on B- and +y-catenin. After washing with phos-
phate buffered saline (PBS), cells were fixed with 3% paraform-
aldehyde (Sigma) in PBS for 15 min, then permeabilized for 15
min in 0.5% Triton X-100 (Sigma) and 1% goat serum (GIBCO)
in PBS. Prior to incubation with the primary antibodies, the
slides were blocked by a 30-min treatment with 20% goat se-
rum/0.2% Triton X-100 in PBS. After washing in 2% goat se-
rum/0.2% Triton X-100 in PBS, the slides were incubated for 2
hr with monoclonal antibodies against B- or y-catenin (Trans-
duction Laboratories) in 2% goat serum/0.2% Triton X-100 in
PBS. After further washes, the slides were incubated with a
secondary goat anti-mouse IgG antibody conjugated with Texas
Red (Jackson Laboratories) for 30 min. The slides were washed
with PBS, cover-slipped using VECTASHIELD mounting me-
dium (Vector Laboratories), examined with fluorescence optics
on an Olympus AX70 microscope, and photographed at a mag-
nification of 400x.

Immunohistochemistry for B- and vy-catenin

Sections (5 pm) from formalin-fixed and paraffin-embedded car-
cinoma specimens were dewaxed in xylene, then rehydrated
through graded alcohols. Antigen retrieval was performed by
boiling in a microwave oven for 10 min in citrate buffer (pH 6.0,
Biogenex). Following blocking of endogenous peroxidase activ-
ity with 0.5% hydrogen peroxide in methanol, slides were in-
cubated overnight at 4°C with monoclonal antibodies for - or
y-catenin (Transduction Laboratories) at concentrations of 1.0
pg/ml and 5.0 pg/ml, respectively. Detection was carried out by
the avidin-biotin complex method (Vectastain Elite, Vector
Laboratories) with diaminobenzidine as the chromogenic sub-
strate. Slides were lightly counterstained with hematoxylin,
then evaluated by light microscopy.

Luciferase reporter gene assays

Cells were plated in 35-mm dishes 12 hr prior to transfection.
Transfections were performed with FuGENEG6 (Boehringer Man-
nheim), according to the manufacturer’s protocol, using 2 ul of
FuGENESG per 1 pg of transfected DNA. To measure Tcf reporter
activity in the various RK3E lines, 0.5 png of pTOPFLASH or
pFOPFLASH was cotransfected with 0.5 pg of the control plas-
mid pCHI110. To assess the ability of the various B- and
y-catenin proteins to activate Tcf transcription, 293 cells were
transfected with 1 pg of the respective pcDNAS3 expression con-
struct, 0.5 pg of pTOPFLASH or pFOPFLASH, and 0.5 pg of
pCHI110. Analogous studies were carried out with the c-MYC
reporter constructs Del-2, Del-3, and Del-4. The total mass of
transfected DNA in the assays was kept constant by adding
empty pcDNA3 plasmid, if necessary. Two days after transfec-
tion, the dishes were washed with PBS, and the cells were
scraped from the plates and resuspended in reporter lysis buffer
(Promega). Luciferase activities were measured in a luminom-
eter after adding luciferase assay reagent (Promega) to the cell
lysates. B-Galactosidase activities were determined according
to standard methods and were used to control for transfection
efficiency.

Tumorigenicity in nude mice

Groups of 5 mice (nu/nu-nuBR, Charles River Laboratories)
were injected subcutaneously into each lower flank with 5 x 10°
cells of each of the following cell lines: RK3E/WT~y-A, RK3E/
WTy-B, RK3E/S28Ly-B, RK3E/AN38y-B, RK3E/S33Yp-B, and
parental RK3E cells. Prior to injection, cells were trypsinized,
washed twice with DMEM, and resuspended in DMEM at a
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final concentration of 2.5 x 107 cells/ml. After 3 weeks, all mice
injected with +y- or B-catenin-transformed RK3E cells were sac-
rificed, and tumor diameters and weights were measured. Mice
injected with parental RK3E cells were monitored for 8 weeks,
without any evidence of tumor formation.

Western blotting

For all protein extracts, confluent cell culture dishes were
washed with PBS and then scraped into PBS. After microcen-
trifugation, the cells were resuspended either in RIPA lysis
buffer [Tris-buffered saline (TBS), 0.5% deoxycholate, 0.1% so-
dium dodecyl sulfate (SDS), 1% Nonidet P-40] for whole-cell
extracts or in NP-40 lysis buffer (100 mm NaCl, 50 mm Tris-HCl
at pH 7.5, 0.5% Nonidet P-40) for cytosolic extracts. PBS and
lysis buffers were supplemented with proteinase inhibitors
(complete proteinase inhibitors, Boehringer Mannheim). After a
final centrifugation step, the protein concentrations of all ly-
sates were determined by the bicinchoninic acid assay (Pierce).
Equal masses of proteins were separated by electrophoresis in
SDS-8% polyacrylamide gels. After semidry transfer of the pro-
teins to Immobilon P membranes (Millipore), the blots were
incubated in TBS containing 0.1% Tween 20 (Sigma) and 10%
nonfat dry milk to block nonspecific antibody binding. The an-
tibody incubation steps were performed in TBS containing
0.05% Tween 20 and 5% nonfat dry milk. The anti-Flag M2
antibody (Sigma), the anti-y-catenin and anti--catenin antibod-
ies (Transduction Laboratories), and the anti-actin antibody
(Sigma) were used at 1:5000 dilutions. The secondary horserad-
ish peroxidase-conjugated goat anti-mouse antibody (Pierce)
was used at a 1:20,000 dilution. The blots were subjected to
enhanced chemiluminescence (ECL; Amersham Life Science)
and exposed to X-Omat film (Kodak).

Northern blotting

Total RNA was extracted from cells using TRIZOL reagent
(GIBCO BRL/Life Technologies, Inc.). Total RNA (10 pg)
was separated on 1.2% formaldehyde-agarose gels and trans-
ferred to Zeta-Probe GT-membranes (Bio-Rad) by capillary ac-
tion. Rat c-Myc and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene fragments were amplified by PCR and
labeled with 3>P-dCTP by random priming. Northern blot hy-
bridization to 2P-labeled probes was carried out by standard
methods. Signals were detected by exposure to BioMax-MS film
(Kodak) at -80°C with an intensifying screen.
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