
CANCERRESEARCH58, 42-46, JanuaryI. 19981

Advances in Brief

@3-Catenin Is Frequently Mutated and Demonstrates Altered Cellular Location in

Azoxymethane-induced Rat Colon Tumors1

Mami Takahashi,2 Kazunori Fukuda, Takashi Sugimura, and Keiji Wakabayashi

Cancer Prevention Division, National Cancer Center Research Institute, Tokyo /04, Japan

mic expression of @3-cateninhave also been noted in colon tumors
from both FAP and non-FAP patients (5, 10). Recently, j3-catenin
mutations in GSK-3@3phosphorylation sites were reported in human
colon tumors possessing an intact APC gene, and the mutant @-catenin
was demonstrated to cause constitutive transcriptional activation with
Tcf-4, a member of the Tcf family of DNA-binding proteins (11).
Thus, 13-catenin itself may have oncogenic properties, and mutational
activation could play an important role in colon carcinogenesis ana
logues to the APC case (12).

In rat colon carcinogenesis induced by AOM, K-ras gene mutations
are as frequent as in human colorectal tumors (13), but Apc gene
mutations are observed only rarely (14), and no information has
hitherto been available about f3-catenin mutations. In the present
study, we therefore examined the expression of /3-catenin in rat colon
tumors induced by AOM in comparison with normal colon mucosa by
immunostaining and immunoblot analyses. Furthermore, mutations in
the /3-catenin gene were analyzed by the PCR-SSCP method and
direct sequencing.

Materials and Methods

Animals and Treatment, Male F344 rats (Charles River Japan, Inc.,
Kanagawa, Japan) at 6 weeks of age were treated with AOM (Sigma Chemical
Co., St. Louis, MO) to induce colon lesions, as reportedpreviously (15).
Tumors and normal background colon mucosa were obtained from eight

randomly selected AOM-treated rats. The eight large tumors were each cut into
two; one-half was immediately frozen and stored at â€”80Â°C,and the other was
fixed in formalin at 4Â°Covernight and embedded in paraffin. Paraffin sections
were stained with H&E for histological examination and were also used for

immunohistochemistry. All of the lesions were diagnosed as moderately dif
ferentiated adenocarcinomas. Accompanying normal mucosa from the same

animals was prepared and stored at â€”80Â°Cfor comparison by immunoblot
analysis. In addition, samples of normal colon mucosa from four saline-treated
rats were collected for immunoblotting. Ten small tumors obtained from 9

randomly selected AOM-treated rats were also investigated for immuno
staining. Among these, four were well-differentiated adenocarcinomas and six
were adenomas. Large ACF (4â€”16crypts/focus) were also cut out from
formalin-fixed colons of AOM-treated rats and immunostained.

hnmunohistochemical Staining. Immunohistochemical analyses were
carried out with the avidin-biotin complex immunoperoxidase technique as

described previously (15). As the primary antibody, monoclonal mouse anti
f3-catenin antibody (Transduction Laboratories, Lexington, KY) was used at
bOX dilution. As the secondary antibody, biotinylated anti-mouse IgG (H+L)
raised in a horse, affinity purified, and absorbed with rat serum (Vector
Laboratories, Inc., Burlingame, CA) was used at 200X dilution. Staining was
performed using avidin-biotin reagents (Vectastain ABC reagents; Vector
Laboratories, Inc.), 3,3'-diaminobenzidine, and hydrogen peroxide. The sec
tions were counterstained with methylgreen. As a negative control, duplicate

sections were immunostained without exposure to the primary antibody.

Inununoblot Analysis. Cellular protein was extracted from frozen tissue

using ISOGEN (Nippon Gene, Inc., Toyama, Japan) under strong denaturing
conditions or in radio-immunoprecipitation (RIPA) buffer [50 mM Tris-HC1
(pH 7.5), 150 mM sodium chloride, 1% NP4O, 0.5% sodium deoxycholate,
0.1% SDS, 0.02% sodium azide, 1 mr@iphenylmethylsulfonyl fluoride, and 10
@.LMleupeptin] as described previously (15). Aliquots of 50 p.g of total cellular
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@3-Catealnis a key regulator ofthe cadherin-mediated cell-cell adhesion
systemandanimportantelementin theWntsignaltransductionpathway.
Stabilization and accumulation of cytoplasmic @3-catenln, which result

from mutations in either the adenomatous polyposis coli or @3-catenin
genes, are causatively associated with colon carcinogenesis. In the present

study, we examined the expression of fi-catenin in rat colon tumors
induced by azoxymethanein comparisonwith adjacent normal colon
mucosa by immunostaining and Immunoblotting. Cytoplasmic and nu
clear immunostaining was pronounced in all colon adenoma and carci
noma tissues, whereas antibody binding was limited to membranes at the
intercellularbordersin normalcolonepithelialcells.Increaseof the free
@3-cateninfraction in tumor cells was also indicated by lmmunoblot anal

ysis of fractionated tissue lysates. Investigation of mutations in the glyco
gen synthase kinase-3fi phosphorylation consensus motif of the @3-catenin
gene by PCR-slnglestrand conformationpolymorphismmethodsand
direct sequencing revealed eight mutations in six of the eight colon car

cinomas,andsevenof thesewereshownto beG:Cto A:Ttransitions,with
five being CTGGA to CTGAA. Such frequent mutations of the @-catenin
gene in azoxymethane-Inducedrat colontumorssuggestthat consequent
alterations in the stability and localization of the protein may play an
important role in this colon carcinogenesis model.

Introduction

@-Cateninis a key component of the cadherin-mediated cell-cell
adhesion system, which plays crucial roles in development, cell dif
ferentiation, and maintenance of the normal tissue architecture (1).
Altered expression and/or structural abnormalities of E-cadherin and
catenins are closely associated with tumor development as demon
strated for human esophageal, gastric, and colon tumors (2â€”5).In
addition to its function as a cell-adhesion component, @-cateninis the
vertebrate homologue of the Drosophila segment polarity gene anna
dub, playing an important role in Wnt signal transduction (1). The
APC3 tumor suppressor protein, which associates with @3-catenin(6),
is involved in its down-regulation together with the serine-threonine
GSK-3@3(7). The protein products of mutant APC genes present in
colon tumors are defective in their ability to stimulate degradation and
maintain low levels of cytoplasmic @-catenin(8).

Defects of the APC gene are known to cause FAP and, in addition,
APC gene mutations are frequently observed in sporadic colon tumors
in humans (9). Abnormal nuclear localization and increased cytoplas
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Results

Subcellular Localization of @-CateninProtein. In normal colon
epithelial cells, j3-catenin was mainly localized at the membranes of
the cell-to-cell borders (Fig. 1A). In contrast, cytoplasmic and nuclear
immunostaining for f3-catenin was pronounced in all eight large
adenocarcinomas and the four small adenocarcinomas examined (Fig.
lB). A nuclear and/or cytoplasmic localization of @-cateninwas also
observed for all six colon adenomas examined. Ten ACF (4-16
crypts/focus) were negative for both cytoplasmic and nuclear immu
nostaining and only stained for (3-catenin at the cell membranes as
with normal colon epithelial cells. Negative control sections showed
no positive staining when the primary antibody step was omitted.

Level of fi-Catenin Expression. Assessment of @-cateninprotein
amounts by imrnunoblot analysis of total tissue lysates demonstrated
similar (Tl, 12, and Ti) or slightly higher (T3, T4, T5, T6, and T8)
values for the tumors than the normal mucosa (Fig. 14). However,
when the tissues were homogenized with RIPA buffer and only the

solubilized proteins were subjected to immunoblot analysis, positivity
was limited to only the tumor tissues (Fig. 2B), suggesting that tumor
cells contain an increased free /3-catenin pool. Immunoreactive bands
for actin, the internal control, were of almost equal intensity in all
tissue samples (Fig. 2).

Detection of @3-Catenin Gene Mutations. To examine whether
AOM-induced colon tumors have mutations in (3-catenin, the GSK-3(3
phosphorylation consensus region of the gene, which plays an impor
tant role in the protein stability and function, was amplified by PCR
and analyzed. Because the sequence of the rat (3-catenin gene was not
available, PCR primers were designed based on the mouse f3-catenin
gene sequence. PCR products were detected as a single band in 3%
agarose gels (data not shown). Fig. 3A shows the wild-type sequence
of the amplified region of the rat (3-catenin gene determined by
sequencing of the PCR product from normal colon mucosa DNA. Its
length was 227 bp, and 20 bp each at the 5' and 3' ends were mouse
primer sequences. The 187 bp of the rat sequence differed at 9 and 18
sites from mouse and human DNA sequences, respectively, but the

amino acid sequence in this region was the same in all three species.
PCR-SSCPanalysis of the eight pairsof normalmucosa and colon

carcinomas revealed tumor-specific bands in six of the eight tumor
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protein or 100 @xgof RIPA buffer-solubilized protein were denatured by
boiling with SDS and DTT, electrophoresed on 8% SDS-polyacrylamide gels,

transferred to membranes, and probed with monoclonal anti-j3-catemn anti
body (Transduction Laboratories; 1:1000 dilution). Anti-mouse immunoglob
ubet,a horseradishperoxidase-conjugatedF(ab')2fragmentfrom sheep (Am
ersham, Buckinghamshire, United Kingdom; 1:2000 dilution), was used as the

second antibody. The membranes were developed using a chemiluminescence
system (ECL detection reagents; Amersham). To verify the relative protein
amounts in each lane, actin levels were determined as an internal control with

polyclonal rabbit anti-actin IgG (Biomedical Technologies Inc., Stoughton,

MA) as the primary (1:1000 dilution) and anti-rabbit immunoglobulin, a

horseradish peroxidase-linked F(ab')2 fragment from goat (Amersham; 1:2000
dilution), as the secondary antibody.

PCR-SSCP Analysis. DNA was extracted from frozen tissue using ISO

GEN (Nippon Gene, Inc.). Primers for PCR were designed to amplify the
consensus sequence for GSK-3@phosphorylation of the @3-cateningene, based
on the published cDNA sequences of mouse and human @3-catenin(16, 17):
5'-primer, GCTGACCTGATGGAGTFGGA; and 3'-primer, GCTACTF
GCTCITGCGTGAA. The primers were synthesized in a 394 DNAIRNA
synthesizer (Applied Biosystems, Foster City, CA) and purified with an OPC
cartridge (Applied Biosystems). PCR for SSCP was performed in 5 @xlof
reaction mixture consisting of 0.5 ,xM of each primer, lx PCR buffer (Perkin

Elmer, Applied Biosystems Division, Foster City, CA), 200 @xMof each
deoxynucleotide triphosphate, 68 ni@iof [a-32P]dCTP, 0.25 unit of AmpliTaq
Gold (Perkin Elmer), and 50 ng of template DNA. The mixture was heated at
94Â°Cfor 9 mm and subjected to 30 cycles of denaturation (94Â°C,1 rain),
annealing (55Â°C,2 rain) and extension (72Â°C,3 rain) using a Perkin-Elmer
Cetus thermal cycler. The PCR products were mixed with 45 pA of 95%
formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% xylene
cyanol, heated at 85Â°Cfor 3 rain, and applied (1 @xl/lane)to a 5% polyacryl
amide gel containing 5% glycerol. Electrophoresis was carried out at 40 W for
2.5 h at 20Â°C,and the gel was dried before being subjected to autoradiography.

Direct DNA Sequencing. Using DNA fragments extracted from SSCP

bands or total genomic DNA as templates, PCR was performed on 50 pi of

reaction mixture without [cr-32P]dCTP.The PCR products were purified and
concentrated to 20 p1 using Microcon 100 (Amicon, Inc., Beverly, MA). With
1 @dofthe PCR products and 5'DyeAmidite-667-labeled 5' or 3' PCR primers
(Synthesized by Pharmacia Biotech), cycle sequencing reactions were carried
out using a Thermo Sequenase fluorescent labeled primer cycle sequencing kit
(Amersham), and the sequences were determined with an ALF Express DNA
sequencer (Pharmacia Biotech, Tokyo, Japan).

Fig. 1. Immunohistochemical staining for @-cate
rain. In A, @-cateninis mainly localized at the mem
branes of the cell-to-cell borders in normal colon
epithelial cells. In B, cytoplasmic and nuclear im
munostaining for j3-catenin is pronounced in colon
carcinoma cells. A and B, X200.
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Fig. 2. Immunoblot analysis of tissue lysates
from AOM-induced colon carcinomas and their ad
jacent normal colon mucosa. Aliquots of 50 @xgof
total cellular protein (A) or 100 @agof RIPA buffer
solubilized protein (B) were electrophoresed on 8%
SDS-polyacrylamide gels, and immunoblot analysis
was performed: Lanes TIâ€”8,AOM-induced colon
carcinomas: and Lanes NIâ€”8,paired normal co
Ionic mucosa samples. The filters were incubated
with specific monoclonal antibodies: upper, anti-a
catenin; and lower, anti-actin. @-Cateninwas de
tected as a M, 92,000 protein band. Immunoreactive
bands in the low molecular weight region presum
ably represent degradation products.

samples (Fig. 3B). DNA fragments extracted from those SSCP bands
were amplified and subjected to direct sequencing. Eight mutations
were detected in six of eight colon carcinomas; the findings are
summarized in Table 1. Two tumors (11 and T8) had double muta
tions in different alleles. Of eight mutations, three were located at the

second base of codon 34, two at the first base of co-Jon 32, one at the
second base of codon 33, one at the second base of codon 41, and one
at the second base of codon 32. Except for the last case, seven of eight
mutations were shown to be G:C to A:T transitions. In particular, five
mutations were CTGGA to CTGAA (Fig. 3A).

Discussion

It is known that binding of GSK-3@ to the APC/@-catenin corn
plex and subsequent phosphorylation of the complex is required for
j3-catenin degradation (1, 18). Recently, it was reported that an ubi
quitin-proteasome degradation pathway acts downstream of GSK-3p

in f3-catenin regulation, and that this is inhibited by mutations in the
GSK-313 phosphorylation consensus motif of @-catenin,resulting in
stabilization of the protein (19). This in turn is associated with
accumulation and activation of transcription by complex formation

A
Rat CATGG@CATG GAGCC&GACA GAA&gGCcGC TGTC@GCCAC TGGCAGCAGC

Xouss GCTG&ccTGA TGGAGTTGG& CATGGCCATG GAGCCgGACA GAAAAGCtGC TGTCAGCCAC TGGCAGCA.GC
Hun GCTGAttTGA TGGAGTTGG&CATGGCCATGG&acC@.GftCAGMA&GCgGC TGTtAGtCAC TGGCAGCAaC

?t33 t 37 41 45

GA@GGA ATCCAq@G GTGCCAC@CAGCTCCT @CTGAGTG
GA*C@GGAATccMfrc@G GTGCCAC@Cc@CAGCTCCTfrC4CTG&GTG
GA@GGA ATCCA@G GTGCC@CAGCTCCT @CTGAGTG

Bar Ser Thr Ser

A
A TA T
AG?A t

AaTCTTACCTG

AGTCTTACtTG

AGTCTTACCTG

GCAAGGGCAATcCTGAGGAA
GCAAGGGCAAcCCTGAGGAA
GtAAaGGCAA TCCTGAGGAA

GA&GATGTGGACA@CTCCCAAGT@@CTTT@TGAGTGGG&GC
GAAGATGTtGACAcCTCCCAAGTCCTTThT GAaTGGGAGC
GAgGATGTGGAtACCTCCCAAGTCCTgTATGhGTGGGMC

AAGGCTTTTCCCAGTCC
AAGGCTTTTC CCAGTCCTTC

AgGGaTTTTC tCW1@CCTTC
ACgCAAG&GC AAGTAGC
ACtCAAGAACAhGTAGC

@4e@@
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Fig. 3. Detection of mutations in the GSK-3(3 phosphorylation consensus motif of the rat (3-cazenin gene. A, the DNA sequence around the GSK-3@3phosphorylation consensus motif
of rat fJ-catenin and the corresponding sequences of the mouse and human (3-catenin genes (16, 17). Bases that differ across species are written in lowercase letters. The serine residues
in codons 33, 37, and 45 and the threonine residue in codon 41 are GSK-3j3 phosphorylation sites. The eight point mutations found in AOM-induced rat colon cancers are indicated
at the top. B, results of PCR-SSCPanalysis of the f3-cateningene in AOM-inducedrat colon cancers. PCR productslabeled with [a-32P]dCTPwere electrophoresedon a 5%
polyacrylamide gel containing 5% glycerol at 20Â°C.Lanes TIâ€”8,AOM-induced colon carcinomas; Lanes NIâ€”8,paired normal colon mucosa samples; Lanes CIâ€”2,normal colon
mucosa from untreated control rats; a-!. tumor-specific bands.
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@-catenin,in association with Tcf-4, translocating to the nucleus
where it promotes transcription of the target genes (1).

Alterations in the cellular localization of @3-cateninwere also demon
strated in small adenomas and carcinomas about 1 mm in diameter but

not in ACF without cellular dysplasia. In human ACF, K-ras mutations
have been reported to be frequent, as is the case with AOM-induced rat
ACF, whereas APC mutations are relatively rare (less than 5%) and
apparently closely linked to the development of dysplasia (26, 27).

Because â€˜y-cateninhas structural homology with (3-catenin (16) and
similar properties in terms of complex formation with E-cadherin and
a-catenin and also binding with APC protein (28), mutations in the
y-catenin gene may also warrant investigation. Clearly, the 13-catenin
mutations in the GSK-3@ phosphorylation consensus motif observed in
the present study indicate that similar pathways are involved in both
human and AOM-induced rat colon carcinogenesis. Therefore, this cx
perimental animal model is useful for investigation of the role of @3-cate

nmmutationsincoloncarcinogenesis.

References

Table 1 Mutations of the @-cateningene in AOM-induced rat colon cancers

Sample
no.Mutated codonBase changeAmino

acid
substitutionCorrespondingSSCPbandsTl34GGAâ€”*GAAGlyâ€”*Glua,

bT233TCTâ€”slTFSerâ€”sPhec,
dT441ACCâ€”*ATCThrâ€”*IleeT532GAT-*AATAspâ€”sAsnf11

T832
34
32
34GATâ€”@GGT

GGAâ€”*GAA
GATâ€”*AAT
GGAâ€”GAAAspâ€”'Gly

Glyâ€”@Glu
Aspâ€”+Asn
Glyâ€”sGluh

g (=a), i (=b)
k (=1')
j (=a), I (=b)

with members of the Tcf family of transcription factors involved in
the regulation of cell proliferation or differentiation (1, 20). Thus, it is
believed that uncontrolled transcriptional activation of (3-catenin-Tcf
target genes caused by mutations in APC or @-catenincritically
contributes to colon carcinogenesis (1 1, 20). Therefore, the present
demonstration of frequent mutations in the GSK-3f3 phosphorylation

consensus motif of the f3-catenin gene in AOM-induced colon tumors
is of considerable interest.

The @3-cateninmutations found in the present study were located in
codons 33 and 41, which are important serine and threonine sites for
GSK-3@ phosphorylation, and in codons 32 and 34, which neighbor
the serine residue at codon 33 and presumably affect its phosphoryl
ation. Seven of eight mutations were shown to be G:C to A:T
transitions, with five in codons 32 or 34 being CTGGA to CTGAA.
The common K- and H-ras mutations in codon 12 that have been
observed frequently in AOM-induced rat colon tumors are also CTGG
T to CTGAT, and CTGGA to CTGAA, respectively (13, 21, 22).
Thus, CTGGA or CTGGT sites may be hot spots of AOM-induced
mutations. In contrast to the present demonstration of frequent muta
tions in the @-cateningene, Apc gene mutations appear rarely in
AOM-induced rat colon tumors (14). However, specific deletion
mutations of the Apc gene have been observed in rat colon tumors
induced by one of the carcinogenic heterocyclic amines present in
cooked food, 2-amino-l-methyl-6-phenylimidazo [4,5-b]pyridine

(23). Most observed mutations in the APC gene in human colon
tumors involve frame-shift deletions or nonsense mutations that pro
duce truncated products (9). Mutations affecting the j3-catenin binding
site of the APC hamper the ability of the encoded protein to degrade

@-catenin(8), and the consequent accumulation of free cytoplasmic
f,3-catenin would influence carcinogenesis via uncontrolled activation
of the /3-catenin-Tcf signaling pathway (20). The same events would
also occur in the case of mutations in (3-catenin itself (1 1).

The observed frequent mutations in the GSK-313 phosphorylation
consensus motif of the 3-catenin gene appear to be associated with
alteration of the cellular localization and functional state of the pro
tein, as shown by immunostaining and immunoblot analyses in the
present study, although there were exceptions in terms of the presence
of mutations. The two tumors without mutations in the GSK-3p
phosphorylation consensus motif of the f3-catenin gene also showed
cytoplasmic and nuclear im.munostaining of @3-catenin.Mutations in
other regions of the 13-catenin gene have just been reported to be in
human colon cancer cell lines (24). Therefore, gene alterations of the
Ape bindingsite of j3-cateninshouldbe clarifiedin the few anomalous
cases in the present study. It has been reported that once assembly of
the cadherin/f3-catenin/a-catenin complex is completed at the plasma
membrane, it changes from Triton X-l00-soluble to Triton X-100-
insoluble (25). The finding of @-cateninlocalized at the membranes of
the cell-to-cell borders in normal colon epithelial cells, therefore,
suggests that most (3-catenin produces complexes with E-cadherin and
a-catenin under these conditions. The presence in the cytoplasm and
nucleus in tumors is, in contrast, indicative of an activated free
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