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Ectopic expression of certain Wnt genes in mouse
mammary tissue is tumorigenic, and mutations that
stabilize B-catenin are found in various human cancers
including colorectal cancer. To determine the role of
stabilized B-catenin in intestinal tumorigenesis in mice,
we constructed by embryonic stem (ES) cell-mediated
homologous recombination, a mutantp-catenin allele
whose exon 3 was sandwiched dgxP sequences. When
the germline heterozygotes were crossed with mice
expressing Cre recombinase in the intestines, the serines
and threonine encoded by exon 3 and to be phosphoryl-
ated by glycogen synthase kinase[3(GSK3B) were
deleted in the offspring intestines, which caused aden-
omatous intestinal polyps resembling those irApc?’6
knockout mice. Some nascent microadenomas were also
found in the colon. These results present experimental
genetic evidence that activation of the Wnt signaling
pathway can cause intestinal and colonic tumors.
Keywords cell adhesion/cell migration/colon cancer/
Tcf-Lef/Wnt signaling

Introduction
-catenin is one of the key downstream effectors in the

Whnt signaling pathway (reviewed by Cadigan and Nusse,

1997). The Wnt pathway has been implicated in two

major biological processes of vertebrates: early embryonic

in the B-catenin gene in melanoma and colorectal cancer
cell lines (Morinet al., 1997; Rubinfelcet al., 1997), and
the list of cancers with suclf-catenin mutations is
expanding rapidly (de la Cosét al,, 1998; Miyoshiet al.,
1998; Voelleret al, 1998; Zurawelkt al., 1998; Garcia-
Rostanet al.,, 1999; Ogawaet al., 1999). These mutations
at the serine or threonine residues near the N-terminus
prevent the phosphorylation by the APC—axin/conductin—
glycogen synthase kinase 3(GSK33) complex, and
subsequent downregulation @catenin (Morinet al.,
1997; Rubinfeldet al., 1997; Zenget al., 1997; Behrens

et al, 1998; Hartet al, 1998; Sakanakat al, 1998).
Interestingly, such mutations are present only in colorectal
cancer cells that retain the wild-type APC (Spaeksal.,
1998). When théAPC gene is mutated so that degradation
of B-catenin through phosphorylation by GSK& sup-
pressed (Rubinfel@ét al., 1996; Yostet al., 1996; Aberle

et al, 1997), unphosphorylated and stabiliz@aatenin
accumulates and moves into the nucleus where it com-
plexes with Tcfd/Lef transcription factors, which initiate
transcription of a new set of genes (Behrensl., 1996;
Huberet al, 1996). While mutations in thB-catenin or
APC genes are found in human cancers, homozygous
knockout mutations of either of these genes result in early
embryonic lethality at the egg cylinder stages (Haegel
et al., 1995; Moseret al., 1995).

To determine the role di-catenin in the Wnt signaling
pathway regarding intestinal tumorigenesis, we con-
structed by homologous recombination in mouse ES cells,
a novel dominant allele of thB-catenin geneGatnb in
which exon 3, which contained all phosphorylation target
serine/threonine residues, was sandwiched by loh®
sequences. We then generated germline chimeras, and
subsequently crossed their offspring with either of two
types of mice that expressed Cre recombinase in the
intestinal epithelium. In both types of compound hetero-
zygous offspring, intestinal adenomatous polyps were
found at young ages. These results provide direct experi-
mental evidence for the involvement of Wnt signaling in
intestinal and colonic tumorigenesis.

Results

development (reviewed by Wodarz and Nusse, 1998) and Construction of mutant mice expressing stable

tumorigenesis (reviewed by Polakis, 1999). The initial
clue for the Wnt signaling involved in tumorigenesis was
the discovery ofWntl (originally termedintl) as an

PB-catenin in the intestine
In some colon cancer cell lines, mutations have been
reported that affect the serine/threonine residues of

oncogene that can transform mouse mammary epithelial 3-catenin, i.e. S33, S37, T41 and S45, which are targets
cells (Nusse and Varmus, 1982). Subsequently, it was of phosphorylation by GSK3 (reviewed by Polakis,

found that adenomatous polyposis coli (APC) tumor
suppressor protein binds f®-catenin (Rubinfeldet al.,
1993; Suet al, 1993), and that the wild-type APC but
not mutant APC downregulateB-catenin (Munemitsu
et al, 1995). Recently, stabilizing mutations were found
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1999). In addition, several colorectal cancer cell lines
have been reported to carry interstitial deletions in the
[-catenin gene that eliminate the whole exon 3 encoding
all these residues (lwaet al., 1998; Sparket al,, 1998).

Accordingly, we constructed a targeting vector, pCatnb-
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lox(ex3), in which exon 3 of the moug&catenin gene
(Catnh was sandwiched by twloxP sequences together
with a neo selection cassette (Figure 1A, top). In this
design, future deletion of exon 3 by Cre recombinase

bottom). After electroporation into ES cell line RWA4,
10 homologous recombinants were identified by PCR
followed by Southern hybridization from 672 G418-
resistant candidates (Figure 1B). To ensure that the

should result in MRNA whose exons 2 and 4 are connectedloxP-sandwiched exon 3 could be deleted by Cre, we first

in-frame, producing a mutarfi-catenin protein in which
76 amino acid residues would be deleted (Figure 1A,
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compared their genomic DNA samples with those from viable, fertile and appeared normal; data not shown). In
the targeted and parental ES cell lines using anotherthe other type, a DNA fragment carrying tleee coding
Southern hybridization system (Figure 1C). As shown in sequence driven by the enhancer-promoter region (—596
Figure 1D, the 3.9 kiXba fragment of the targeted allele to +21) of the rat liver fatty acid binding protein gene
[Catnb®(®3) was converted to a 3.0 kb banG#tnid (Fabpl) (Simonet al, 1993) was injected into fertilized
in the transfectant clones, indicating a successful Cre-eggs and five independent transgenic mouse lines were
mediated deletion of exon 3. We further determined the establishedTg-Fabpt™; Figure 2C).
B-catenin mRNA and protein levels in the transfectant ES ~ The targeted miceGatnb™oX©x3) or Catndox(ex3)lox(ex3y)
cells. As seen in Figure 1E, the transfectants showed anwere then crossed with either type of Cre-expressing mice.
RT-PCR band deleted in exon 3, in addition to the wild The results of the crosses are summarized in Table | and a
type. The band for th€atn#*®*3 mRNA was weaker than  genotype analysis of three offspring from such a cross with
that for the wild type, probably because of the difference the Ck19ere mouse strain Krt1-19'/¢€) is shown in
in RT-PCR efficiency. In contrast, a Western immunoblot Figure 2D. Compound heterozygous mice were obtained
analysis of the transfectant ES cell lysates subfractionatedwith the Ck19ere knock-in mice [Catnb'/10x(x3)
into the cytoplasmic and nuclear fractions showed much Krt1-19*/€] as well as with thé=abpl-cretransgenic lines
more mutated3-catenin protein than the wild type, some [Catnb™/°X(ex3)Tg.Fabpt].
of which was distributed in the nucleus (Figure 1F). These
results are consistent with the mutational design that Intestinal polyposis in the stable -catenin mutant
should stabilize3-catenin, and gave us a reasonable mice
expectation that exon 3 of the mutafitcatenin allele Upon necropsy of the compound heterozygotes with
should be deleted in the mouse tissues wherethgene Ck19<re [Catnb™ox(ex3)Krt1-191/¢], numerous intest-
would be expressed. inal polyps in the range of 3000 per mouse were found
We then injected the targeted ES cell clones into in all mice at relatively young ages (i.e. by the third week
C57BL/6N blastocysts, obtained chimeras, and establishedafter birth). One of the representative intestinal samples
two germline-transmitted mouse line8gtnb X3}, On was photographed in Figure 2E, left. Polyps were found
intercrossing, wild-type, heterozygous and homozygous at highest densities in the duodenum and proximal jejunum,
mutant mice were born in the Mendelian ratio (Figure 2A), and at somewhat lower densities in the ileum. A smaller
and both heterozygous and homozygous offspring number of polyps were found in the terminal ileum, and
appeared normal and were fertile. The levelgafatenin essentially none in the cecum or colon, although some
in the intestine and liver analyzed by Western immunoblot nascent microadenomas were found buried in the colonic
analysis were essentially the same in the heterozygousmucosa (see below). In contrast to the well separated
and homozygous mutant mice as in the wild type (data polyps that develop in thapd’*®knockout mice (Oshima
not shown). To introduce the Cre-mediated deletion in the et al., 1995), it was difficult to count the polyp numbers
targeted allele Catntd®<(€*x3] of the intestinal epithelium,  precisely in the Ck1%®re compound mutants because the
we constructed two types of Cre-expressing mice. In one polyps were often formed in contiguous sheet-like clusters.
type, thecre coding sequence was placed under the control We then isolated these polyp clusters and analyzed their
of the cytokeratin 19 (Ck19) genditl-19) by a gene DNA by PCR, comparing it with that of the adjacent
knock-in strategy in ES cell&ft1-19°¢, Figure 2B). The normal intestinal epithelium, colonic mucosa and liver
Ck19 gene was chosen because it was expressed in the gutssue. As shown in Figure 2G, the delefedatenin allele
epithelium from early stages of embryonic development to (Catnt#¢*9 was found only in the polyp adenomas of the
adult life (Quaroniet al, 1991; data not shown) and it duodenum, jejunum and ileum, but not in the adjacent
was dispensable (i.e. the homozygous knockout mice werenormal mucosa. Interestingly, the deleted allele was also

Fig. 1. Construction of a dominant, stablg;catenin gene allele by thare-lox system. A) Top, targeting strategy. From top to bottom, the structures

are shown fo3-catenin protein with the amino acid sequence at the phosphorylation sites (in red), the wild-typeCaital® ), targeting vector
pCatnb-lox(ex3), targeted allel€atnB*€x3) and the Cre-recombined allel€&tnt*e*3, respectively. Exons are shown as filled boxes (E1-E10),
whereas intronic sequences are shown as solid lines. The PGK-neo-bpA and PGK-DT-a cassettes are shown as open boxes in their transcriptional
orientations. Red triangles sandwiching exon 3 (in blue) and PGK-neo-bpA indiicdesequences. The positions of Southern hybridization probe

A and theEcaRlI (abbreviated as E) fragments to be detected by probe A are also shown [7 and 1.9 kb, respectively; see (B)]. Restriction
endonuclease sites are: Apd; E, EcdRl; Ea, Earl; Nh, Nhd; Nt, Notl; and Xb, Xbal. Bottom, sequence diagram of tifiecatenin deletion

mutation. The exon 3 deletion design is shown so that the relationship between the wild-type and the3roatanin can be compared. The

genomic DNA sequence is also shown in the middle. The sequences for exons 2, 3 and 4 are shown in red, green and blue, respectively, whereas the
intronic sequences are in black and lower caB@.Homologous recombination in the targeted ES cell clones confirmed by Southern hybridization.
The EcoRI-digested DNA samples were analyzed by hybridization with probe A shown in (A). Lane RW4 was loaded with the DNA from the
parental ES cell line RW4, whereas lanes A63, B16 and B47 were loaded with DNAs from the targeted ES clones. (C and D) Cre-mediated
recombination in the targeted ES clones transfected with plasmid pPGK-cre confirmed by Southern hybridization. Schematic mapsbalith the
(abbreviated as Xb) sites, the probe B (solid bar above exon 4, E4) and the resultant fragments are sBpwrhieréas the hybridization

phosphoimage is shown iJ. The left two lanes were loaded with the DNAs from the parental ES cell line RW4 and the targeted ES clone A63
[B-Cat°, i.e. Catnb'/1ox(&X3)  respectively, whereas the right five lanes were loaded with DNAs from the pPGK-cre transfectant clones. On the right,
band positions for the targeted, wild-type and Cre-recombined alleles are shown (3.9, 3.3 and 3.0 kb, respéejiéaipyession of the mutant

B-catenin mRNA in the Cre-mediated recombinant ES cells confirmed by RT-PCR analysis. The left lane was loaded with samples from the parental
ES cell line RW4, whereas the middle lane was from the targeted ES cells transfected with the pPGK-cre pl&atfit/{PGK-cre). The right

lane was loaded with size markers (M; 1.4, 1.1 and 0.9 kb). On the right of the gel, the band positions for the wild-ty@as'Ty and mutant

(Aex3; Catni*®*d B-catenin mRNA are shownFJ Expression of the mutarft-catenin protein in the Cre-mediated recombinant ES cells confirmed

by Western immunoblot analysis. The cytoplasmic (Cyt.) and nuclear (Nu.) fractions were analyzed using an antibodg-egtnst for the

parental ES cell line RW4 and the targeted ES clone (A63) transfected with pPGK-cre. Positions for the wild-ty@a(T) and mutant

B-catenin fex3; Catn*®*3 are shown on the right. Numbers on the left show positions for the size markers.
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detected in the colon (Figure 2G) where no conspicuous ES cells transfected with the pPGK-cre expression vector
polyps were found, but some nascent microadenomas wergFigure 1F), and is most likely to be due to the presence
found buried in the mucosa (see below). Upon Western of non-epithelial stromal cells in the tumor tissues and/or
immunoblot analysis of the polyps as well as the normal the Cre-mediated deletion of thexP-sandwiched exon 3
mucosa from the compound heterozygotes, the mutantof the -catenin gene did not take place in all crypt
[-catenin protein was expressed only in the intestinal epithelial cells (see Discussion). As anticipated from the
polyps, but not in the normal epithelium adjacent to the genomic DNA analysis (Figure 2G), the band for mutant
polyps (Figure 2H), and the mutant bands were weaker 3-catenin protein was also detected in the colon
than those for the wild type. This result is in clear contrast (Figure 2H). On the other hand, neither the mutant
to the much stronger mutant band detected in the targeted3-catenin allele nor the protein product was detected in
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the liver (Figure 2G and H). These compound mutants with (M.Oshimaet al., 1995; H.Oshimat al., 1997). Cytologic-
Ck19-cre survived longer than those with thHeabpl-cre ally, rapid cell proliferation was reflected by many mitotic
transgene (see below) despite their severe polyposis, andigures and pseudostratified large nuclei (Figure 3F). Upon
died at ~3 months of age due to anemia and cachexia, asAlcian blue staining for sulfomucins, no goblet cells or
Apcd*1 heterozygotes do. Paneth cells that are stained in the normal intestinal
In the compound heterozygous mutants carrying the epithelium were found in the polyp adenoma, but it was
Fabpl-cre transgene Catnb''oX©3)Tg.Fabpt®], on the composed essentially of a single cell type that appeared
other hand, polyps developed in smaller numbers (~200—to be undifferentiated enterocytes (Figure 3E).
700 per mouse) and were more separated from each other To investigate the molecular mechanism of polyp forma-
(Figures 2E, right, 3A and B). Accordingly, these latter tion, we further analyzed the polyps in the compound
polyps were investigated histologically in more detail. heterozygotes Gatnb™o(3)Tg.Fabpt€ by immuno-
Many polyps were formed by the fourth week after birth histochemistry. With an anfi-catenin antibody, prominent
(see below), but most mice died within 4-5 weeks from staining of the polyp epithelium was found in the nucleus
a still unknown cause(s) (Discussion). In ‘jelly roll (Figure 4A and B), whereas the basolateral regions were
intestinal samples, polyps were spotted easily as sessilestained in the adjoining normal intestinal epithelium, with
structures (Figure 3C). Upon higher magnifications, the a gradient pattern highest at the villus tip and lowest in
polyp adenomas showed moderate architectural changeghe crypt bottom (Figure 4C). Interestingly, the extent of
of the mucosal epithelium with some budding, branching nuclear-catenin staining was heterogeneous even in a
and resultant crowding patterns that were similar to those small area of a single polyp. This heterogeneity was also
in the Apd"16 knockout mice (Figure 3D). It is worth  observed in the polyps induced by Cka&& (data not
noting that the polyp adenomas were always covered shown) as well as in thApcd’16 polyps (Figure 4D). To
with the normal villus epithelium, as idpc’1® polyps rule out possiblé\pc mutations, we then stained the polyp

Table I. Generation of3-catenin mutants by crosses with Cre-expressing mice

Mother Father Offspring genotype€4tnhicre?)

+/lox:+/cre +/+:+/cre +/lox:+/+ +/+:+/+
+/lox Ck19<cre 7 11 23 19
[CatnbH/ox(®a) (Krt1-19+/cre)
e oy : 27 ;
ooy e : ; . '
oo e ° ’ ° ’

With another transgenic linEabpl-cre5 only two out of six+/lox:+/cre mice had small numbers of intestinal polyps. These individuals survived to
13-16 weeks of age, when they were necropsied.
8 or convenience, the mice without tR@bpl-cretransgenes are shown ag-+, whereas mice with one copy of the transgene are showh/a®.

Fig. 2. Construction of Cre-mediated recombin@atatenin compound heterozygous mic&) Southern hybridization analysis of the intercross
offsprings of the heterozygotes derived from the targeted ES cell clone carryingxthallele [Catnd®*©X3). Each lane was loaded with

EcaRlI-digested DNA from each mouse, and hybridized with probe A shown in Figure 1A. Genotypes determined are shown on the bottom.

(B) Construction of mutant cytokeratin 19 (Ck19) gene allele expressm@rt1-19°€) by a gene knock-in method in ES cells. From top to

bottom, structures of the wild-type allel&rt1-19%), targeting vector pJBX and the targeted allefet{-19"®) are shown. There expression

cassettedre) and PGK-neo-bpA cassettad0 were inserted into th&rt1-19 translation initiation site in exon 1 (E1). The arrows indicate their
transcriptional orientations. The positions of PCR primers and Southern hybridization probe used for confirmation of homologous recombination are
also shown. €) The structure of the DNA fragment used for construction of¢reexpressing transgenic mouse lines. The regulatory region of the

rat liver fatty acid binding protein gené&#bpl prom.; =596 to+21) was placed upstream of tleee coding sequence (see Materials and methods).

(D) Construction of compound heterozygous mice that carry both the tarfietaténin Catnd°x(€x3) and thecre-expressing Ck19 alleles

(Krt1-19°"¢). Southern analysis of offspring from a cross between the respective heterozygotes is shown. The DNA samples were digested with
EcoRI and hybridized with the Ck19 arfétcatenin gene probes, respectively. The genotypes determined are shown on the bottom of the right panel.
(E) Dissection photomicrographs of small intestinal polyps developed in the Cre-mediated recorfibtagerin mutant mice. Left, a 7-week-old

male mouse heterozygous for bikcatenin and Ck1@re alleles Catnb/1ox€X3)Krt1-19*/¢7€]. Right, a 4-week-old female mouse heterozygous for
B-catenin andrabpl-cre [Catnb'/°X(€x3)Tq.Fabpt®]. The duodenum (Duo), jejunum (Jej) and ileum (lle) are indicated. (F and G) Cre-mediated
deletion of thep3-catenin gene exon 3 in the polyp tissues confirmed by PCR analysis. Schematic maps for PCR amplification of the wild-type
(Catnb"), loxP-targeted Catnld°x(¢x3) and Cre-mediated delete@#tnt*e*3 B-catenin alleles with the PCR primers are shownFijy (vhereas the
ethidium-stained gel is shown itG]. Note that the PCR for the targeted alle@afnb°*€x3) does not result in a visible band under these conditions
because of a much longer distance to be amplified. The left three lanes in (G) (Polyp) were loaded with PCR products from the polyp-derived DNAs
of the res(pective tissues, whereas the next five lanes (Normal) were from the normal tissues adjacent to th@-@alffi€k1%re, i.e.
CatnbH/1ox(ex3)Krt1-197/°"¢]. Each lane was loaded with the PCR reaction product amplified on the DNA from the duodenum (D), jejunum (J), ileum
(1), colon (C) and liver (L). Note théex3 band in the colon of the compound heterozygote (*). Tissues from the wild-type littermates were also
analyzed in the right lanes (Wild Type). Band positions for the wild-type (WT) and del&&B) 3-catenin alleles are shown on the left. Lanes M

on both ends were loaded with size markek) Cre-mediated deletion of tH&catenin exon 3 in the polyp tissues of the compound heterozygotes
confirmed by Western immunoblot analysis of the protein product. The total protein from tissues of the polyps (P) or normal mucosa (N) of the
duodenum (D), jejunum (J) and ileum (I) as well as from the colon (C) and liver (L) were analyzed as in Figure 1F. Note that the colon (*) showed
a band for the mutarfi-catenin fex3). The positions of the size markers are shown on the left, whereas those for the wild-type (WT) and mutant
(Aex3) B-catenin proteins are shown on the right.
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Fig. 3. Morphology of the intestinal polyps developed in fB&atenin mutant miceGatnb™0X(€x3)Tg Fabpl/c™|. (A) Dissection micrograph of an

intestinal polyp in a 13-week-olBabpl-cre5offspring (male). B) Dissection micrograph of intestinal polyps in a 2-week-Blbpl-creloffspring

(female). Early stage polyps are shown by arrowheads. (C—E) Histological sections of intestinal polyps in the compound heterGygdées. (
magnification field of a ‘jelly roll’ sample. The arrow points to a polypl & E staining). O) A medium magnification field showing a polyp in a

mutant mouse of 4 weeksE) A section of the polyp shown in (A) stained with Alcian blue for sulfomucin. Eosin counterstaining. Note that no

blue staining is seen in the polyp adenoma epithelium, whereas the stained cells are goblet cells and Paneth cells in the normal part of the intestinal
epithelium. F) A higher magnification of the section in (D) showing the cytological details. Note the mitotic figures (arrows) and nuclear
pseudostratification (arrowheadsil & E staining). Scale bars: (C), 1 mm; (D), 1@@n; (E), 200um; (F), 20um.

sections with an antibody against the C-terminal region Early polyp morphogenesis in the stable B-catenin

of APC protein. The mutant polyp adenoma epithelium mutant mouse

was stained in the same pattern as the normal epitheliumTo obtain insights into the polyp initiation mechanism,
(Figure 4E), unlike the polyp adenoma Apd’*® mice we investigated early histological patterns in the com-
which was not stained (Figure 4F). In the proliferating pound heterozygotes carrying tHeabpl-cre transgene
cell nuclear antigen (PCNA) staining for proliferative [Catnb™/°X(€x3)Tg.Fabpt€]. Using a combination of hema-
cells, the polyp epithelial cells in both types of hetero- toxylin and eosin (H & E) staining and PCNA immuno-
zygotes were stained in a similar manner (Figure 4G). histochemistry on serial sections of 2- and 4-week-old
Finally, we stained the polyp tissue with an antibody mouse intestines, we could identify some ‘nascent’ polyps
against cyclooxygenase 2 (COX-2). Interestingly, abundant at the very earliest stages of formation. All nascent polyp
COX-2 expression was found in the stromal cells adenomas were formed inside the normal villus epithelium,
(Figure 4H) as reported earlier fap@’16 polyps (Oshima  emerging near crypts. Compared with #yed*’16 nascent

et al., 1996). polyps, the adenoma architecture in fheatenin mutants
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Fig. 4. Molecular characterization of intestinal polyps in the stgbleatenin mutants. (A and B) Immunohistochemical stainingPfeatenin of a
polyp developed in a 13-week-old compound heterozygearib /X3 Tg. Fabpt™®d (male). Low (A) and high B) magnification fields,
respectively. The inset in (B) shows a sub-field at 3-fold higher magnification. Note the heterogeneous nuclear staining in (B).

(C) Immunohistochemical staining f@-catenin of the normal intestinal epithelium from the same mouse as in (A) and (B). Note that the staining is
essentially in the basolateral regions of the villus epithelium, but not in the cpin{munohistochemical staining f@-catenin of a polyp
developed in a 14-week-oldp71® mouse (female). The inset shows a sub-field at 3-fold higher magnificaEprmmunohistochemical

staining with an antibody against a C-terminal epitope of APC protein of a polyp developed in a 14-week-old compound heterozygote
[Catnb/loX(ex3)Krt1-19%/¢] (male). F) Immunohistochemical staining with an antibody against a C-terminal epitope of APC protein of a polyp
developed in a 12-week-oldp?71® mouse (female).&) Immunohistochemical staining for PCNA of a polyp developed in a 13-week-old
compound heterozygot€ptnb™/0X(€x3)Tg. Fabpted (male). (H) Immunohistochemical staining for cyclooxygenase 2 (COX-2) in a 14-week-old
compound heterozygot€ptnb/19x(€x3)Krt1-197/¢¢] (male). Magnification bars: (A, E, F and G), 2@@n; (B and D), 50um; (C and H), 10Qum.
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was more irregular, and heterogeneous in size from theet al,, 1998; see below). It was also reported that one of
very earliest stages (Figure 5A versus C), which suggeststwo transgenic lines with the samBabpl enhancer-
multiple clones initiated concomitantly inside a single promoter (596 tot21) showed heritable mosaic patterns
polyp. As expected, nuclear staining ffcatenin was of reporter expression in the intestinal epithelium (Simon
evident from these very early stages (Figure 5D). et al, 1993). It is therefore conceivable that such a
In addition to the nascent polyp adenomas near the mosaic pattern of expression was responsible for uneven
crypt proliferative zone, clusters of cells were found in expression ofcre, which resulted in limited numbers of
the adjoining villus epithelium, which showed some signs intestinal polyps. In fact, deletion of exon 3 in our
of dysplasia such as nuclear pseudostratification andcompound heterozygotes was found only in the intestine
positive staining with the PCNA antibody, although little with one transgenic lineTg-Fabpt®9), whereas a variety
architectural change was observed except slight constric-of organs including brain, heart, stomach, liver and pan-
tions of the villus epithelium (Figure 5A and B). Such creas showed the PCR band for the deleted allele in the
‘dysplastic cells’ have never been observedApd’16 compound heterozygotes with another lifgy (Fabpfe’;
polyp adenomas. However, these cells did not show data not shown). While the former lived longer than 13
nuclear staining with th@-catenin antibody, although the  weeks, the latter died within 4-5 weeks. Accordingly, it
strong staining in the basolateral regions seen in the normalis possible that early death of tHeabpF! compound
villus epithelium was lost (Figure 5D). The pathological heterozygotes was due to some deleterious effects of the
significance of such ‘dysplastic cells’ remains to be [-catenin mutation in organs other than the intestine.
determined. Recently, a transgenic mouse line was reported in which
Although no conspicuous polyps were found in the N-terminally truncatedp-catenin gene was expressed
colon of the compound heterozygotes of either type, ~25 under the control of the rd&abpl gene enhancer-promoter
nascent microadenomas per mouse were found under gTg-Fabpfan2Nss: \Wonget al., 1998). Although th&abpl
dissecting microscope in the colon of the mice carrying regulatory region used in their study was identical to that
Ck19<cre [Catnb™ox(ex3)Krt1-191/c€] (Figure 5E). As  of ours (i.e. =596 to+-21), they found no intestinal polyps
shown in the histological sections in Figure 5F—H, these or tumors. Instead, increased branching of the intestinal
microadenomas were buried in the mucosa and showedvilli was observed at a significantly high frequency. The
similar architectural and cytological changes to those in difference between their results and our present report
the nascent polyp adenomas found in the small intestines.may be explained as follows. In our design, flreatenin
mutation [Catni®(®3} was introduced into one of the
endogenous alleles by homologous recombination fol-
lowed by deletion ofCatnb exon 3 in the intestine.
In our strategy, exon 3 of one of tifiecatenin alleles was  Accordingly, the mutanB-catenin gene was driven by its
deleted by recombination catalyzed by Cre, which was own enhancer-promoter. On the other hand, Wehgl.
controlled by the regulatory region of either the Ck19 (1998) used the~abpl enhancer-promoter to drive the
or rat liver fatty acid binding protein (L-FABP) gene. mutantf3-catenin gene as a transgene. It is possible that
Recombination took place efficiently even though it was the levels of expression were much lower in the intestine
difficult to determine the levels of Cre protein in the than those of the endogenofsatenin gene (see below).
targeted mouse tissues (data not shown). Although bothAnother transgenic mouse line was reported recently in
endogenous Ck19 (Quaromet al, 1991) and the~abpl which an N-terminally truncatef-catenin geneTg-Krt1-
(-596 to +21) transgene (Sweetsat al, 1988) are  14Can®N8%) \was expressed in the basal epidermis from
expressed in the intestinal crypt epithelium, tre gene the cytokeratin 14 enhancer-promoter (@atal., 1998).
was probably not expressed in all crypt proliferative zone The transgenic mice developed benign skin tumors such
cells of the knock-in or transgenic mice. Several reasons, as trichofolliculomas and pilomatrichomas, which are
as detailed below, may explain our observation that only oftenfound in certain human familial polyposis syndromes.
finite numbers of polyps were formed rather than a Importantly, they estimated th&N87 (3-catenin level to
contiguous sheet of adenomas all over the intestinal be several-fold higher than that of endogen@tsatenin,
mucosa. In another knock-in mouse lingrtfl-19+/2), an observation consistent with our results.
in which a bacterialp-galactosidase gene was placed In a morphogenetic analysis of intestinal polyps in the
under the control of the same Ck19 promoter, the LacZ Apd’1® knockout mice, we demonstrated earlier that the
staining in the intestine showed numerous white patchesinitial event is formation of an outpocketing pouch by the
where nolacZ was expressed (Y.Tamai and M.M.Taketo, crypt proliferative zone cells, which then extends into the
unpublished observation). Although the molecular inner side of adjoining villi (Oshimat al., 1997). In the
mechanism remains to be determined, such unéxen present study, we have observed essentially the same
expression was not observed in other knock-in mice type of polyp morphogenesis. In contrast to thpd’16
with the Apc or Cdx2 gene (Y.Tamai and M.M.Taketo, knockout mice in which outpocket formation is initiated
unpublished observation). Accordingly, it was possible that by loss of the remaining wild-typ&pcallele in a stochastic
the uneven expression ofe in the Ck19ere compound manner (Oshimeet al, 1995), thef-catenin mutation
heterozygotes was partly due to a heterogeneity in the (Catnd*¢*9 in the present experiment was introduced by
Krt1-19 enhancer-promoter activitiyn vivo. On the other intestinal expression of the Cre recombinase, which was
hand, in theFabpl-cre transgenic miceTg-Fabpt®), the expected to be initiated in a synchronized manner upon
copy number varied widely from one transgenic line to activation of the endogenous Ck19 or L-FABP transgene
another (data not shown), a phenomenon often observedduring development. While Ck19 starts to be expressed
in transgenic mice includinglg-FabpFa"®N8d (wWong in the gut epithelium before 10 d.p.c. (Quarceti al,

Discussion
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Fig. 5. Nascent polyps in the small intestine (A—D) and colon (E—-)andB) From a 2-week-old femaleCfatnb™/1ox(€x3)Tg.Fabpt® mouse. (A)

H & E staining. (B) Immunohistochemical staining for PCNA, with hematoxylin counterstaining. The asterisks indicate a nascent polyp adenoma
near crypts, whereas the arrows indicate clusters of ‘dysplastic cells’ inside the villus region (see the text). Note the constriction of theevilli wh
these clusters existC} A nascent polyp (*) developed in a 12-week-old femafs*’16 mouse, for comparisonDj Immunohistochemical staining

for B-catenin in a nascent polyp of tifiecatenin mutant shown in (A) and (B). Note the nuclear staining in the polyp adenoma epithelium (*), and

lack of nuclear staining in the ‘dysplastic cells’ in the villi with alteretatenin distribution (arrows). Note that (A), (B) and (D) are serial sections.

(E andF) From a 9-week-old femaleCatnb"/1oX(ex3)Krt1-19+/c"€] mouse colon. (E) A dissection micrograph showing two nascent colonic
microadenomas (arrows). (F) A low-power view of a histological section of the nascent microadenomas (arrows) showGiar(@H ) High-

power views of the histological section through the nascent microadenomas shown in (E) and (F) by arrows. The asterisk in each figure shows one
of the microadenoma glands. (A, C, F, G and H)& E staining. Magnification bars: (A, B, C, D, G and H), ffn; (E and F), 50Qum.
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1991), a transgene carrying the safrabpl regulatory
region as in ourcre expression construct (i.e. =596 to
+21) is expressed in the adult intestinal crypt and colon,
but not in the embryonic gut (Sweetset al, 1988). It
was therefore anticipated that the exon 3 deletion took
place before 10 d.p.c. in the Ck19 compound heterozy-
gotes, but post-natally in the adult of theabpl-cre
offspring. In both types of mutant mice, however, polyps
started to form ~2 weeks after birth. It is more likely that
this is because the mutated epithelial cell population did
not expand until the crypt—villus unit had been established
in the second week after birth (Schmitt al., 1988).
Itisworth noting that the Cre-recombined all€latnig*e*3
and its protein product were also detected in the colon of
the compound heterozygote€dtnbt/1ox(ex3)Krt1-19"/cr¢]
by PCR and Western immunoblot analysis, respectively
(Figure 2G and H). Although we could not find any con-
spicuous polyps in the colon, we did find ~25 nascent

microadenomas per mouse buried in the colon of the com-

90 s and 72°C for 2 min. A 2.3 kEarl-Nhd fragment containing exon

3 of Catnb and PGK-neo-bpA cassette (Soriano, 1991) was inserted
between the twdoxP sequences in pBS246 (Sauer, 1993). For short and
long arms of homology, 1.1 kiApa-BsXI and 10 kb Nhd-Mhol
fragments were used, respectively. G418-resistant ES clones were
screened by PCR using primers BCAT-F1-BGTAGTGGTCCCTGCC-
CTTGACAC-3) and P85 (5CTAAGCTTGGCTGGACGTAAACTC-

3’) for 35 cycles of 94°C for 30 s, 60°C for 1 min and 72°C for 1 min.
For RT-PCR of the segments shown in Figure 1E, RNA was extracted,
reverse-transcribed as above and amplified using the following primers:
BCAT-F1 and AS5 (5ACGTGTGGCAAGTTCCGCGTCATCC-3.
Homologous recombination in ES cells was verified by Southern hybrid-
ization using probe A shown in Figure 1A, as described previously
(Oshimaet al.,, 1995).

For Western blotting analyses, pPGK-cre-transfected ES cells were
lysed in buffer A [10 mM HEPES pH 7.8, 10 mM KCI, 0.1 mM EDTA,
0.1% NP-40]. Cytosolic and nuclear/membrane fractions were separated
by centrifugation at 200 for 1 min at 4°C. Each fraction from>210*
cells was loaded onto a 7.5% SDS—PAGE gel, blotted and detected by
a rabbit polyclonal antB-catenin antibody (Sigma, MO) coupled with
the ECL detection system (Amersham Pharmacia Biotech,
Buckinghamshire, UK).

pound heterozygotes that were 9 weeks old. Such nasCenﬁGK-cre plasmid.From the PGK-neo-bpA cassette (Soriagb al.,

colonic microadenomas were not found in the mice with
theFabpFretransgeneCatnb1oX(€x3) Tg. Fabpt®] in which
deletion of exon 3 was not detected in the colon.

In addition to its role in Wnt signalind3-catenin plays
a key role in cell adhesion as a major component of
adherence junctions linking the actin cytoskeleton to
members of the cadherin family of transmembrane cell-
cell adhesion receptors (Kemler, 1993; Ben-Ze'ev and
Geiger, 1998). Moreover, APC an@-catenin are both

localized in the adhesion plaques and appear to be involved

in cell migration (Nahke et al., 1996; Barthet al., 1997;
Neufeld and White, 1997). On the other hand, mammalian
APC binds to tubulin through its C-terminal domain, while
such co-localization with tubulin was not observed with
DrosophilaE-APC (Yu and Bienz, 1999). The results we
present here, that a stable mutantf€atenin can still

991), theneo coding sequence between tRst and Notl sites was
replaced with thecre coding fragment from pBS39 (Sauer, 1987)
with adaptors.

Cytokeratin 19 (Ck19)-cre knock-in construct (Figure 28jecombinant

A clone was obtained from M.Nozaki, which contained a cytokeratin 19
(Krt1-19, on chromosome 11) genomic sequence isolated from a
129/Sv genomic DNA library with a 1.4 kb full-length Ck19 cDNA
probe (Ichinoseet al.,, 1989). A 6.5 kbSal-Kpnl fragment containing

a part of exon 1 and a 641 bppnl-Bglll fragment downstream were
subcloned for the long and short homology arms, respectively. The ATG
translation initiation codon in exon 1 was converted t§ml site, and

a 365 bpKpnl fragment in exon 1 was replaced with a cassette containing
thecre coding sequence of pBS39 (Sauer, 1987) and the polyadenylation
signal sequence from pPGKneobpA (Soriegtoal., 1991). Thus, the
targeting vector pJBX-cre carried a long homology arm of 6.1 kb
(Figure 4B) and was linearized at the unig8e@3871 site. Clones
resistant to G418 (Geneticin, Sigma) were screened for recombinants by
PCR using the following primers, amplifying a fragment of 739 bp:
PGKra (B-CTAAAGCGCATGCTCCAGACT-3) and Ck19-R2G

cause intestinal polyps even though it does not appear to(5'-CCTGACTAGATTCAAGTTAACTG-3). Candidates for homo-

affect the interaction with adherence junctions, strongly

suggest that polyposis is caused by transcriptional regula-

tion through the Wnt signaling pathway, although direct

logous recombinants were confirmed by Southern hybridization using
two probes: a 630 bpst—Xba fragment containing the PGK-neo-bpA
sequence (not shown); and a 556 bp fragment, located downstream of
the vector sequence (Figure 2B). The wild-tyget1-19 allele was

changes in the interaction with the adherence proteinsidentified by PCR using primers Ck19-R2G (above) and Ck19-25

may also play an additional role.
In conclusion, we constructed mutant mice that carried
a dominant and stabl@-catenin mutation, which was

(5'-TGGCGGAGTCCGCGGTGGAAGTT-3, amplifying a fragment of
958 bp. Amplification was for 35 cycles; 1 min at 94°C, 2 min at 60°C
and 2 min at 72°C.

expressed in the intestinal and colonic epithelia. These L-FABP (Fabpl)-cre transgenic construct (Figure 2CJhe enhancer-
mice developed numerous intestinal adenomatous polypspromoter fragment (-596 tor21) of the L-FABP gene Rabpl, on
and some colonic microadenomas demonstrating thatchromosome 6; Simoet al, 1993) was amplified from a rat genomic

activation of the Wnt pathway in the gut can lead to

DNA by PCR using primers that carriethd and Sal sequences outside
of =596 and+21, respectively, and cloned into the respective sites of

tumorigenesis. These results present direct experimentalhe pT7BlueT vector (Novagen). kre-carrying plasmid pBS39 (Sauer,

evidence that Wnt signaling is involved in intestinal
tumorigenesis mediated If}+catenin.

Materials and methods

Construction of targeting vectors

[B-catenin (Catnb)-loxP targeting construct (Figure 1A)ouse genomic
DNA containing exons 2-10 of thg-catenin gene@atnly on chromo-
some 9) were isolated by screening a 129/Sv mouse genomic library in
bacteriophage\ (Stratagene, San Diego, CA) using a 1.3 kb mouse
cDNA probe (base Nos 98-1362) isolated by RT-PCR. Primers were
designed based on the mouBeatenin sequence (DDBJ/EMBL/Gen-
Bank accession No. M90364): BCAT-S1'{BTGGCTACTCAAGCTG-
ACCTGATGG-3) and BCAT-AS1 (3-TTACAGGTCAGTATCA-
AACCAGGCC-3). PCR was for 30 cycles of 94°C for 30 s, 60°C for
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1987), the translation initiation signal was altered to give optimal
translation (Kozak, 1987). Theabpl (-596 to +21) fragment and the
cre sequence above were cloned into pBluescriptli- §RBtratagene).
From the resulting plasmid, the whole-insert fragment was excised by
Xhd-Scd digestion, and injected into [C57BLASJIL] F, fertilized
eggs at DNX. Offspring mice were genotyped by PCR of the tail DNA
samples using primers CreA (€EACGTTCACCGGCATCAACG-3)

and FABP7 (5GGTATTTTTCTCCACGTAAT-3), amplifying a 908 bp
fragment. Amplification was for 35 cycles; 30 s at 94°C, 1 min at 55°C
and 1 min at 72°C. Five independent transgenic mouse lines were
constructed and we analyzed two of them in detail after backcrossing
with the C57BL/6N strain for more than three generations.

Generation of knockout mice

ES cell lines D3a2 (Shulét al,, 1992) and RW4 were obtained from
T.Doetschman and Genome Systems (St Louis, MO), respectively. They
were cultured and electroporated, and homologous recombinants were



isolated as described (Oshinet al., 1995). The Ck1%re mice thus

constructed have been backcrossed with the C57BL/6N strain for more

than two generations.

Histology and immunohistochemical analyses

Samples were fixed, sectioned and stained with H & E as described

previously (Oshimaet al, 1996). Staining with Alcian blue was
performed as described (Takalet al, 1998). A rabbit polyclonal
antibody against the C-terminus of humdeatenin, but identical to the

corresponding mouse sequence, was obtained from Sigma. Rabbit
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Kozak,M. (1987) An analysis of 'Snoncoding sequences from 699
vertebrate messenger RNASsucleic Acids Resl15, 8125-8148.

Miyoshi,Y., lwao,K., Nagakawa,Y., Aihara,T., Sasaki,Y., Imaoa,S.,
Murata,M., Shimano,T. and Nakamura,Y. (1998) Activation of the
B-catenin gene in primary hepatocellular carcinomas by somatic
alterations involving exon ancer Res.58, 2524-2527.

Morin,P.J., Sparks,A.B., Korinek,V., Barker,N., Clevers,H., Vogelstein,B.
and Kinzler,K.W. (1997) Activation of3-catenin-Tcf signaling in
colon cancer by mutations if3-catenin or APC Science 275
1787-1790.

polyclonal antibodies against human PCNA that cross-react with mouse Moser,A.R., Shoemaker,A.R., Connely,C.S., Clipson,L., Gould,K.A.,

PCNA, and against the C-terminus of human APC, cross-reacting
with mouse APC, respectively, were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Goat antibody against the C-terminus

Luongo,C., Dove,W.F., Siggers,P.H. and Gardner,R. (1995)
Homozygosity for theMin allele of Apcresults in disruption of mouse
development prior to gastrulatiobev. Dyn, 203 422-433.
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Note added in proof

We have found fatty degeneration of the liver in the compound mutants
carrying theFabpl-crel transgene Catnb™/°X(€x3)Tg.Fabpt®], which
appears to be the cause of their death within 4-5 weeks after birth.
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