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A loss-of-function mutation in the APC gene initiates colorectal
carcinogenesis. Although the molecular mechanism of tumor ini-
tiation is complex, several modifier genes have been identified
using mouse models, including the ApcMin mouse. Among the
familial adenomatous polyposis mouse lines carrying a truncation
mutation at codon 580 in Apc (Apc580D), one line (line19-
Apc580D/�) showed a remarkably reduced incidence of intestinal
adenomas (<5% compared with other lines). Extensive genetic
analysis identified a deletion in the �-catenin (Ctnna1) gene as the
cause of this suppression. Notably, the suppression only occurred
when the Ctnna1 deletion was in cis-configuration with the
Apc580D mutation. In all adenomas generated in line19-Apc580D/�,
somatic recombination between the Apc and Ctnna1 loci retained
the wild-type Ctnna1 allele. These data strongly indicate that
simultaneous inactivation of �-catenin and Apc during tumor
initiation suppresses adenoma formation in line19-Apc580D/�, sug-
gesting that �-catenin plays an essential role in the initiation of
intestinal adenomas. Although accumulating evidence obtained
from human colon tumors with invasive or metastatic potential has
established a tumor-suppressive role for �-catenin in late-stage
tumorigenesis, the role of �-catenin in the initiation of intestinal
tumorigenesis is not well documented, especially compared with
that of �-catenin. A mouse model used in this study focused on the
early stage of tumor initiation and clearly indicated an essential
role for �-catenin. Thus, �-catenin has dual roles in intestinal
tumorigenesis, a supporting role in tumor initiation, and a sup-
pressive role in tumor progression.

APC � modifier

Germline mutations in the adenomatosis polyposis coli
(APC) gene cause familial adenomatous polyposis (FAP)

(1, 2), and somatic mutations in APC are frequently found in
sporadic colorectal cancers (3, 4). The most well studied func-
tions of APC in colorectal carcinogenesis are its association with
multiprotein complexes and its role in �-catenin degradation.
APC can bind cytosolic �-catenin together with the scaffold
protein, axin, and glucose synthase kinase 3� (5, 6). This kinase
phosphorylates the N-terminal serine/threonine residues of
�-catenin. Phosphorylated �-catenin is then degraded by ubiq-
uitin-dependent proteosomes (7). In tumor cells with a loss-of-
function mutation in APC, �-catenin escapes degradation and
diffuses into the nucleus where it binds lymphoid enhancer-
binding factor-1/T cell-factor family proteins such as TCF4, acts
as a transcriptional activator for target genes such as of c-MYC
and cyclinD1, and contributes to cell growth (8, 9, 10).

The adherens junction (AJ) complex is composed of a trans-
membrane protein, E-cadherin, and catenins, including �-, �-,
�-, and p120 (11, 12). The AJ complex is linked to the actin
cytoskeleton by �-catenin (13). This linkage maintains barrier
function, polarity, migration, and differentiation of epithelial
cells (11, 12). Unlike �-catenin, however, the contribution of

�-catenin to colorectal carcinogenesis remains unclear. It has
been observed that �-catenin expression increases during ade-
noma formation in the Min mouse (ApcMin/�) (14).

The significance of �-catenin in adenoma formation may
exceed our expectations. Genetic studies indicate that some
types of genes modify APC-derived adenoma formation. The
first example was that the status of the secretory phospholipase
A2 gene was responsible for this phenotype (15, 16). To date,
several modifier genes, including epidermal growth factor re-
ceptor (17), insulin-like growth factor II (18), 5-cytosine DNA
methyltransferase (19), and matrilysin (20) have been identified.
Identification of a modifier gene that affects Apc-derived tu-
morigenesis will lead to a better understanding of the precise
molecular mechanisms of colorectal carcinogenesis.

Results
Establishment of a FAP Mouse Line Exhibiting a Suppressor Pheno-
type. Heterozygous ES cells carrying the floxed exon 14 of Apc
(Apc580S/�) were infected with a Cre expression adenovirus
(AxCre) to delete exon 14 and generate Apc580D/� (Fig. 1A) (21).
Of �30 ES subclones isolated after AxCre infection, all carried
the Apc580D allele, and 10 mutant mouse lines were established.
All but one line (line 19) showed the typical intestinal polyposis
phenotype. The average number of tumors in F1 mice from three
representative Apc580D/� lines (lines 1, 8, and 40) was 125.6 �
50.3 per mouse (n � 12, �14 weeks old) [Fig. 1 B and C and
supporting information (SI) Table 1]. This phenotype was con-
sistently observed after successive backcrossing to C57BL/6J
(B6) mice. The average lifespan of the Apc580D/� lines was 22.5 �
4.6 weeks (n � 22), and the main causes of death were intestinal
obstruction and hemorrhaging (Fig. 1D).

However, the average number of intestinal tumors in line 19
F1 mice was 6.6 � 8.6, even at 32 weeks of age (Fig. 1B and SI
Table 1). This suppressed phenotype was consistent in all F1, N2,
and N3 mice at this point, when we had obtained �50 mice in
total by backcrossing (Fig. 1C). In line 19, the average lifespan
of heterozygotes was prolonged to 69.0 � 20.6 weeks (n � 16),
reflecting the low tumor incidence (Fig. 1 C and D).

To identify the molecular basis of this suppressed phenotype,
we first confirmed that the Apc580S to Apc580D alteration had
occurred in line19-Apc580D/�. Southern blotting and sequencing
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analysis of the deletion boundary showed the correct genomic
alteration in all Apc580D/� lines, including line 19 (Fig. 1E).
RT-PCR and subsequent sequencing analysis of mRNA ob-
tained from the intestines of Apc580D/� mice also confirmed the
precise deletion of exon 14 in all Apc580D/� lines. Apc mRNA
expression levels in line 19 were identical to those in the other
Apc580D/� lines (data not shown). Western blot analysis detected
a mutant Apc product derived from Apc580D with the expected
size and comparable expression in all Apc580D/� lines, including
line 19 (Fig. 1F). Further backcrossing of line19-Apc580D/� was
performed and phenotypic analysis showed that two of 224 mice
had severe anemia and large numbers (220 and 174) of intestinal
tumors. In addition, this phenotype was observed in all Apc580D/�

offspring (n � 8) derived from these two revertants. Through
these analyses, we concluded that the Apc580D allele of line 19
was identical to that of the other lines but an additional mutation
conferring the suppressed phenotype had been introduced into
the ES genome of line 19 in close proximity to the Apc locus.
From the phenotypic linkage and segregation in line19-
Apc580D/�, we estimated the genetic distance between Apc and
this ‘‘suppressor’’ locus to be �1 centimorgan (reversion fre-
quency 2/224 � 0.89%).

Mapping of the Candidate Locus for the Suppressor Phenotype. To
finely map this locus, we used polymorphisms between B6 and
129/Sv. The suppressor mutation should have been introduced in
the genome of an ES subclone, which was derived from a J1 ES
cell with a 129/Sv origin. Analysis of polymorphic markers on
ch.18 suggested that the candidate locus was located in a region
distal to Apc (Fig. 2). However, analysis of two revertants (N2
and N3) suggested that the locus was located in a region distal to
D18Mit232, because one of two revertants retained heterozy-
gosity at D18Mit232 (Fig. 2). Next, polymorphic analyses of
more than three revertants showed that the candidate locus was
located in the region proximal to Rp23/16882, because
73H9TP2Frp, a neighboring marker of Rp23/16882 located in a
proximal region, was consistently heterozygous in all of these
mutants (Fig. 2). The candidate locus was restricted to the region
between D18Mit232 (232) and Rp23/168815rp (Rp23). Accord-
ing to the physical map provided by the Sanger Institute, these
markers are located 0.7 and 3.5 MB from the Apc locus respec-
tively. As a result, we successfully localized the candidate locus
within a �2.8-Mb region restricted by two polymorphic markers,
D18Mit232 and Rp23/16882 (Fig. 2), and the physical distance
between the Apc gene and this region is consistent with the
genetic distance obtained from the backcrossed mice.

Identification of a Deletion Mutation in the Ctnna1 Locus. According
to the data from the Sanger Institute, at least 79 predicted
transcription units, including 55 protocadherin superfamily
genes, Lrrtm2, Sil1-pending, Paip2, Matrin3, Ctnna1, Ube2d3,
Cxxc5, Slc4a9, 4BP3, Apbb3, Slc35a4, Dnd1, Harsl, Slc25a2,
Slc23a1, Pura, Ndufa2, Ik, Hars, Cd14, Taf7, and Nrg2, are
located in this interval (Fig. 2). Mutation screening was con-
ducted for all of these genes by RT-PCR on cDNA obtained
from the intestine, liver, and brain of line19-Apc580D/�. The sizes
and sequences of the cDNA fragments were analyzed and

allele after digestion with XbaI (3). The genetic alteration of the Apc allele in
line19-Apc580D/� (L-19) is identical to that in the other Apc580D/� lines, including
lines 1, 8, and 40 (L-1, -8, and -40, respectively). (F) Western blot analysis of the
Apc gene product derived from the Apc580D allele. A polyclonal antibody
recognizing the N-terminal region of APC detected a truncated product (70
kDa) from the Apc580D allele as well as the full-length product (300 kDa) in
brain lysates from Apc580D/� mice. Bands below 70 kDa are nonspecific reac-
tions because they were unchanged in the presence of antigenic peptide (Ant.
pep).

Fig. 1. Analysis of the suppressor mutant, line19-Apc580D/�. (A) Schematic of
the deletion in exon 14 after Cre expression. The filled rectangle (Neo)
indicates the pGK-Neo cassette. (B) Phenotype of line19-Apc580D/�. The total
gastrointestinal tract from stomach to rectum was stained with methylene
blue dye. Representative samples from line19-Apc580D/� (L-19, 50 weeks of
age) (Left) and from the other Apc580D/�lines (line8, 14 weeks of age) (Right)
show the lower tumor incidence in line19-Apc580D/�. (C) Inheritance of the
suppressor phenotype in line19-Apc580D/� in each generation (F1, N2, N3).
Line19-Apc580D/� was started from one chimeric mouse (F0). A representative
pedigree of F1, N2, and N3, including revertants, is shown. Numbers indicate
the incidence of intestinal tumors. Squares indicate males, circles indicate
females, filled symbols indicate revertants, and open symbols indicate sup-
pressors. (D) Kaplan–Meier analysis of accumulative survival rate of line19-
Apc580D/�. The red and blue lines indicate line19-Apc580D/� and the other
Apc580D/� line, respectively (P � 0.001). (E) Southern blot analysis of the Apc
locus. The probe detected a 7.0-kb fragment in the wild-type allele, a 10.0-kb
fragment in the Apc580S allele, and a 6.0-kb fragment in the Apc580D
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compared with those obtained from the other Apc580D/� lines.
The expression levels of all genes were also analyzed by com-
paring the density of fragments amplified by RT-PCR. No
significant changes were detected for any of these genes except
Ctnna1. RT-PCR analysis of the Ctnna1 cDNA N-terminal
fragment detected a fragment in line19-Apc580D/� that was
smaller (790 bp) and weaker than the normal fragment (1,080
bp) (Fig. 3A). The band intensity of the unexpected fragment was
less than one-third of the normal fragments. Sequence analysis
of this shorter fragment showed a deletion in a region corre-
sponding to exons 3 and 4 of Ctnna1 (Fig. 3A) that resulted in
a frame-shift mutation at codon 101.

The expression levels of mutant Ctnna1 transcripts were
reduced, perhaps by nonsense-mediated decay of the mutant
mRNA. Southern blot analysis showed rearrangement of the
Ctnna1 locus in line19-Apc580D/� (Fig. 3B) with an apparent
�4-kb genomic fragment deleted from the Ctnna1 locus. Long-
range PCR analysis of the genomic DNA around the deletion
showed that a shorter fragment of 0.75 kb was additionally
amplified together with a 5.0-kb fragment from the wild-type
allele in line 19 (Fig. 3B). Sequence analysis indicated a 4107-bp
deletion encompassing exons 3 and 4 (Fig. 3B). In addition to the
reduced expression levels caused by nonsense-mediated decay,
we assumed that the mutant �-catenin product, which was
truncated at codon 101, lost the ability to associate with �-cate-
nin, �-catenin, and actin (12, 22). Therefore, we concluded that
this deletion in the Ctnna1 locus (Cat-del mutation) generated a
null allele. Genotyping analysis showed that all suppressor
mutants of line19-Apc580D/� carried the Cat-del mutation but that
it was always absent in the revertants of line19-Apc580D/� as well
as in the other Apc580D/� lines (Fig. 3C). We speculated that the
Cat-del mutation was responsible for the suppressed phenotype
of line19-Apc580D/�.

Expression of �-Catenin in Adenomas from line19-Apc580D/�. Ade-
noma formation is initiated by inactivation of the wild-type APC
allele and loss of heterozygosity (LOH) of Apc is observed in
almost all adenoma cases. In addition, gene conversion is
considered a major cause of this LOH (23). In the present study,
loss of the wild-type Apc allele derived from the B6 strain was

observed in all adenomas of the Apc580D/� lines, including line 19
(Fig. 4A). In almost all adenomas (85.8%) of the Apc580D lines
except line 19, loss of the wild-type Ctnna1 allele derived from
the B6 strain was also observed.

In contrast, in all line 19 adenomas, although LOH was also
observed for the Ctnna1 locus, the 129/Sv allele was also lost,
causing retention of the wild-type Ctnna1 allele derived from B6
(Fig. 4 A and B). This result strongly suggested that �-catenin
depletion was prevented by retention of the wild-type Ctnna1
allele. Immunohistochemical analyses (Fig. 4C) and Western
blotting (Fig. 4D) confirmed �-catenin expression in line 19
adenomas. LOH analysis was also performed for the loci f lank-
ing Apc and Ctnna1, and its pattern strongly suggested that
somatic recombination might have occurred between the Apc
and Ctnna1 loci in the adenomas of line 19, possibly before the
Apc LOH. This somatic recombination changed the configura-
tion of Apc580D and the Cat-del mutations from cis to trans and
resulted in retention of wild-type Ctnna1. The narrow interval
between the Apc and Ctnna1 loci where somatic recombination
should occur to retain wild-type Ctnna1 reflects the suppressed
phenotype in line 19.

Fig. 2. Mapping of the candidate locus responsible for the suppressed
phenotype. A representative genotyping of suppressor mutants and rever-
tants (Rev) for each generation are shown. The candidate locus is indicated by
the red line. The open circles denote heterozygosity for 129/Sv (129) and B6,
and the filled circles denote homozygosity for B6. The genetic markers are
abbreviated: for example, ‘‘64’’ is D18Mit64, and ‘‘73H9’’ is 73H9TP2Frp. Nx
indicates the number of backcrossing. Candidate genes are represented by
symbols (4).

Fig. 3. Identification of a deletion mutation in the Ctnna1 locus. (A) Unusual
transcript from the Ctnna1 gene in line19-Apc580D/�. (Upper Left) The com-
plementary DNA structure is shown. The boxes indicate the exons, and the
arrows represent the RT-PCR primers. (B) Identification of the deletion break-
point in the Ctnna1 locus. Southern blot analysis was conducted on DNA
derived from line19-Apc580D/� (L-19), B6, and 129/Sv (129). The restriction map
indicates the sites for SacI (S) and XbaI (X) around exon 5 of Ctnna1. An
unexpected 8-kb fragment (for a 12-kb wild-type allele) was detected after
XbaI digest, and an unexpected 12-kb fragment (for a 4-kb wild-type allele)
was detected after SacI digest. Long-range PCR was performed with the
primers (arrows) noted on the map. (C) (Right) Correlation between the
suppressed phenotype and the Cat-del mutation in line 19. (Left) PCR primers
(arrows) for genotyping the wild-type allele and the deleted allele of Ctnna1
(del) are depicted. Genotype of the Apc allele and the phenotype of each
mutant are denoted at the bottom (E, Apc580D/�; W, Apc�/�; P, polyposis; S,
suppressed phenotype; and W, wild type).
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Additional somatic recombinations occurred frequently
(79.3%) in the region distal to the Ctnna1 locus in line 19 and in
other Apc580D/� lines (14.2%) (Fig. 4B). This finding suggested
that somatic recombination might occur between homologous
regions more frequently than expected.

In normal enterocytes of line 19, full-length �-catenin was
expressed at levels less than half of that in the other Apc580D/�

lines (Fig. 4D). However, like ApcMin/�, �-catenin expression was
up-regulated in line 19 adenomas to the same level as in the other
Apc580D/� lines (Fig. 4D) (14). Our results indicate that simulta-
neous ablation of Apc and �-catenin blocks adenoma formation.

Effect of Heterozygous Ctnna1 Mutations on Adenoma Formation in
Apc580D/�. During backcrossing to B6, we obtained simple Cat-del
mutation herterozygotes (Apc�/�, Ctnna1Cat-del/�) in line19-

Apc580D/� (SI Fig. 5A). Among 267 offspring, two simple Cat-del
heterozygotes (Apc�/�, Ctnna1Cat-del/�) were obtained from 120
cis-compound heterozygotes (Apc580D/�, Ctnna1Cat-del/�). This
frequency (2/122 � 1.64%) closely resembled the reversion
frequency (0.89%) of line19-Apc580D/�. To examine the effect of
heterozygous Cat-del mutations on adenoma formation, we
crossed the two types of simple heterozygotes, Cat-del (Apc�/�,
Ctnna1Cat-del/�) and Apc580D (Apc580D/�, Ctnna1�/�). In the
resultant trans-compound heterozygotes (Apc�/580D, Ctnna1Cat-

del/�), the average number of intestinal tumors was 132.25 �
68.08, whereas it was 128.58 � 50.28 for the simple Apc580D
heterozygotes (Apc580D/�, Ctnna1�/�). There was no significant
difference in the incidence of intestinal tumor formation or
tumor distribution between the two groups (SI Fig. 5B). The
trans-compound heterozygotes and the simple Apc580D het-
erozygotes showed similar phenotypes that were typical of
polyposis, including anemia, tarry stool, and body weight loss at
�15 weeks of age and with an average lifespan of 19.19 � 0.22
weeks (SI Fig. 5C). This indicates that the heterozygous Cat-del
mutation itself does not affect the tumorigenicity of the Apc580
mutation; rather the simultaneous ablation of �-catenin with
Apc prevents intestinal adenoma formation.

Discussion
In this study, we showed that a deletion mutation in the �-catenin
gene, which is located �1.0 MB from the Apc gene, is responsible
for the suppressed phenotype of line19-Apc580D/�. Adenoma
formation in Apc mutant mice is initiated by the loss of wild-type
Apc. In most Apc mutant mouse lines, loss of the wild-type Apc
allele is caused by somatic recombination and results in LOH of
the Apc allele (23). In this study, all adenomas generated in
Apc580D mutants including line19 had LOH of the Apc allele. A
previous report showed that the frequency of somatic recombi-
nation is strongly influenced by the degree of polymorphisms
among homologous chromosomes (24) and raised the possibility
that an �-catenin deletion mutant might reduce the incidence of
adenoma formation by suppressing mitotic recombination. This
hypothesis, however, was not supported by the results that an
�-catenin mutation did not suppress adenoma formation when
it was located in trans-configuration to Apc. However, the fact
that all adenomas in line19-Apc580D/�, including very small
adenomas, retained the wild-type �-catenin allele as a result of
somatic recombination between two loci strongly suggests that
functional �-catenin is indispensable for adenoma cell growth
and/or survival during or right after the loss of the Apc gene in
the early stages of polyp formation.

In epithelial cells, �-catenin resides in an AJ complex con-
sisting of E-cadherin, �-catenin, and other molecules where it
links the AJ complex to the actin cytoskeleton (11, 12). Under
physiological conditions, AJs are lost during the detachment of
enterocytes, which subsequently undergo apoptosis (anoikis)
(22). In Drosophila larval epithelia loss of DE-Cadherin, which
also resides in AJs and plays an equivalent role to E-cadherin in
mammalian epithelial tissues, causes cells to sort out from
wild-type cells (2, 25). These results suggest that the loss of AJs
in intestinal epithelial cells might cause apoptosis or exclude cells
from surrounding epithelial tissues. Furthermore, �-catenin
overexpression can suppress the canonical pathway of Wnt
signaling mediated by �-catenin (26, 27), and activation of Wnt
signaling induced by the loss of Apc causes apoptotic cell death
in some mouse tissues (28). These results also raise the possibility
that over activated Wnt signaling might affect the survival of
�-catenin-deficient adenoma cells. However, there is accumu-
lating evidence suggesting that �-catenin and/or functional AJs
are not essential for epithelial cell survival. For example, in
mouse mammary gland epithelium, simultaneous ablation of
E-cadherin and p53 induces primary tumors without the AJ
complex (29). Conditional ablation of Ctnna1 in the skin leads

Fig. 4. �-Catenin status in adenomas of line19-Apc580D/�. (A) LOH analysis of
the adenomas in line19-Apc580D/�. Representative LOH analyses of Apc,
D18Mit232, Ctnna1, and D18Mit94 loci in tumor DNA (T1 to T7) are shown.
DNA obtained from the normal epithelia of hybrid F1 mouse of line19 (N), B6,
and 129/SV were used as markers. (B) Schematic representation of LOH pat-
terns observed in the adenomas of Apc580D/� lines. The Apc and Ctnna1 loci on
Ch. 18 are depicted. Each allele derived from 129/SV or B6 is colored in red or
green, respectively. (Inset) Each box corresponds to the designated locus. The
dot indicates Apc580D or Cat-del mutation. The shaded boxes indicate allelic
losses, and blue crosses denote somatic recombination. The frequency (top
number) and percentage (shown in parenthesis) of each LOH pattern are
shown. (C) (Lower Left) Immunohistochemical analysis of �-catenin in an
adenoma from line19-Apc580D/�. (Right) All adenoma cells were highly reac-
tive for �-catenin. (Scale bar, 3 �m.) (Upper Left) The specificity of the reaction
was confirmed in the absence of antibody [Ab(�)]. (D) Western blot analysis
of �-catenin of line19-Apc580D/�. Normal enterocytes were collected from
tumor-free ileum by slight scraping of the mucosa with the edge of a glass slide
to minimize stromal cell contamination. �-Catenin was overexpressed in the
adenoma (A) of line19-Apc580D/�, as well as the other Apc580D/�lines, compared
with their normal epithelia (N). �-Catenin expression in the normal epithelium
of line19-Apc580D/� was reduced by 50% compared with the other Apc580D/�

line.
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to keratinocyte hyperproliferation that resembles squamous cell
carcinoma (30). Furthermore, cell lines can be established from
Ctnna1 knockout embryos despite the lethality of Ctnna1 knock-
out mice (31). Therefore, the detailed function of �-catenin in
the early stages of adenoma formation remains to be elucidated.

The indispensableness of �-catenin in the early stages of
adenoma formation in Apc mutant mice fits well with the
observation that �-catenin expression is increased in intestinal
adenomas in humans as well as Apc mutant mice. In contrast,
reports of reduced �-catenin expression in colorectal cancer
specimens with invasive or metastatic potential and deletions of
the �-catenin gene from human colorectal cancer cells have
established a tumor suppressive role for �-catenin in the late
stage of colorectal tumorigenesis (32, 33). Therefore, our study
interestingly proposes dual roles for �-catenin in colorectal
carcinogenesis, a supporting role in the early stage and a
suppressive role in the late stage. In sequences from human
colorectal adenoma-carcinomas, activating Ras mutations are
frequently detected in large-sized adenomas but not in small
ones (34). Interestingly, several studies have reported a relation-
ship between Ras activation and reduced AJ function, including
�-catenin expression (30, 35, 36). Therefore, Ras activation
might correspond to the transition of two alternative roles for
�-catenin in colorectal tumorigenesis. The precise mechanism of
synergic interactions between the functional loss of APC and the
overexpression of �-catenin and between Ras activation and
�-catenin reduction remain to be elucidated.

Materials and Methods
Establishment of line19-Apc580S/�. Apc580S/� ES cells were infected
with AxCre at a multiplicity of infection (moi) of 15 or 1.5 for
30 min at 37°C. A small proportion of the infected cells (�103

cells) were plated in a 60-mm dish coated with feeder cells.
Growing colonies were selected under stereoscopic observation
and then isolated. After confirmation of the planned Cre/loxP
recombination in each ES clone, germ-line chimera were estab-
lished as described previously. All animal studies were con-
ducted in accordance with guidelines set by the Cancer Institute
and Tohoku University.

Mouse Genome Analysis. Mouse genome information was ob-
tained from the Sanger Institute, National Center for Biotech-
nology Information (www.ensembl.org/Mus�musculus/in-
dex.html). STS markers, including the markers described below,
were selected among candidate repetitive sequence regions.
Polymorphisms in these markers between B6 and 129/Sv were
confirmed by sequencing. STS markers and the numbers of
polymorphic repetitive sequence markers are shown as B6/
129Sv. The amplifying primers were as follows: 73H9TP2Frp
marker (CA)21/(CA)15: 73H9TP2Frp(�), 5�-CATGGCAGG;
CACTTTACCCACTGA-3�, and 73H9TP2Frp(�), 5�-AGAGCT-
TAGAGGTCTTTCCTAGGT-3�; Rp23/168815Rp marker
(CA)19(TA)15/(CA)21(TA)20: Rp23/168815Rp(�), 5�-GTA-
AAAACACATGCAAGCATGTAC-3�, and Rp23/168815Rp(�),
5�-AAGAGGGTCAACTATAGATACATG-3�; and Ctnna1–4
marker (GGAA)19/(GGAA)21: Ctnna1–4(�), 5�-CTTAA-
GAATCAATCAGTTAATCAACCC-3�, and Ctnna1–4(�), 5�-
CGGGCTATCCAGTGAAACCCTATC-3�. A restriction map of
the Ctnna1 locus was obtained from the mouse genome. Long-
range PCR to identify the Cat-del mutation was performed with the
following primers: Ctnna1(d)fl(�), 5�-CACATCAGAAGAGCG-
CATCAGATC-3�; and Ctnna1(d)fl(�), 5�-CACAGTCTCCAT-
CAAAGGCTGTTG-3�.

RNA and cDNA Analysis. Total RNA was extracted from mouse
brain, liver, and normal intestine by using TRIzol Reagent
(Gibco/BRL, Carlsbad, CA). Five micrograms of total RNA was
reverse transcribed using random hexamers to obtain cDNA

(First cDNA synthesis kit; Amersham, Piscataway, NJ). RT-PCR
for each candidate gene was conducted; for example, the first
one-fourth portion of Ctnna1 cDNA was amplified with the
following primers: Ctnna1RT1(�), 5�-CGCCAGTTCGCTG-
CAGAAATGAC-3�; and Ctnna1RT1(�), 5�-ATTCTGAGAG-
CAGGTCCTGTAGAG-3�. Sequence analyses were conducted
using a Big DyeTM Termination Cycle Sequencing Ready
Reaction (Applied Biosystems, Foster City, CA).

Western Blotting and Immunohistochemistry. Western blotting was
conducted for Apc as described in ref. 21. �-Catenin was
detected using a rabbit anti-�-catenin antibody (	4,000 dilution,
C2081; Sigma, St. Louis, MO) and horseradish peroxidase-
conjugated mouse anti-rabbit IgG (	2,000 dilution, sc-2357;
Santa Cruz Biotechnology, Santa Cruz, CA). Anti-actin antibody
(	100 dilution, A2066; Sigma) was used as the internal control.

For immunohistochemistry, deparaffinized 4-�m specimens
in 0.01 M citrate buffer were microwaved (500 W) for 15 min.
After blocking with normal goat serum and pretreating with
0.3% hydrogen peroxide with added methanol, specimens were
treated with C2081 (	2,000 dilution) at 4°C overnight. After
treating with biotin-labeled anti-rabbit IgG antibody [Histofine
Simple Stain Max-PO(R); Nichirei, Tokyo, Japan], peroxidase-
conjugated streptoavidin was added. Finally, 3,3�-diaminoben-
zidine tetrahydrochloride staining and hematoxylin nuclear
staining were conducted.

PCR Genotyping. The Apc580D mutation was genotyped with PCR
primers Flox(�), 5�-AGGTGGTCATTAGTTTAATCCT-
GTG-3�; and Flox(�), 5�-ACAGTCAATATAATGCTA-
GAACTAG-3�.

The Cat-del mutation was genotyped with PCR primers cl. 19
del(�), 5�-ATAGCCCGGGATAGCCTGGAATGC-3�; and cl.
19 del(�), 5�-GTTCTGCCTTCCCTCTTTAAAGTC-3�. The
paired wild-type allele was amplified by cl. 19 del(�) and cl. 19
wild(�) primers 5�-TTACATTACCAGTACTCTTAGTAG-3�.

LOH Analysis. A 4-�m-thick paraffin-embedded specimen was
deparaffinized with xylene and stained with hematoxylin. Using a
microscope, 40–80 tumor cells were scraped with a 27-gauge fine
needle and treated with 10 �l of lysis buffer [20 mM Tris�HCL (pH
8.0), 1 mM EDTA, 0.5% Tween 20, and 200 �g/ml proteinase K]
at 42°C for 5 h. One microliter of sample solution was used for PCR.
LOH analyses of the Apc locus were conducted using primers
Flox(�) and Flox MCS(�), 5�-CTAGTGGATCCGATAACTC-
CGTATAATG-3�, for amplification of the Apc580D allele. Intron
13(�) 2, 5�-CAGGAACCTTTCATTTACAGTTTC-3�, and
Flox(�) primers were used to amplify the normal allele. LOH
analyses of the D18Mit232 and D18Mit94 loci were conducted by
seminested PCR with the following primers: 232F3(�), 5�-
GAAGCTTTTACCTTAGTCACAATG-3�, and 232(�), 5�-
CCACGGCTGAATTATTTTGGCTATC-3�; or 94F(�), 5�-
TTGGATCCTCAACATATGTC-3�, and 94R(�), 5�-
TCATCTGTATAAATGGGTTGACCT-3� for the first cycle;
followed by 232F3(�) and 232R2, 5�-GCTTCCCTAAGTAGC-
CATTTACTG-3�, or 94F(�) and 94N(�), 5�-GTCTTAACAT-
TCAGATCTTTTAACT-3�. LOH analysis of the Ctnna1 locus was
conducted with the Ctnna1–4(�) and Ctnna1–4(�) primers. Each
PCR amplification was followed by a secondary 20-cycle PCR.

Kaplan–Meier Analysis. Kaplan–Meier analysis was performed
using Statview 5.0 (SAS Institute, Cary, NC). The log-rank test
was used to calculate P values.
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