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Lrp5 and Lrp6 Play Compensatory Roles in
Mouse Intestinal Development
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ABSTRACT

Low-density lipoprotein receptor-related proteins 5 and 6 (Lrp5 and Lrp6) are co-receptors of Wnt ligands and play important roles in Wnt/B-
catenin signal transduction. Mice homozygous for a germline deletion of Lrp6 die at birth with several associated defects, while Lrp5-deficient
mice are viable. Here, we conditionally deleted Lrp5 and/or Lrp6 in the mouse gut (B by crossing mice carrying floxed alleles of Lrp5 and
Lrp6 to a strain expressing Cre recombinase from the villin promoter (villin-Cre). The changes in morphology, differentiation, and Wnt signal
transduction were validated using immunohistochemistry and other staining. Consistent with observations in mice carrying a homozygous
germline deletion in Lrp5, intestinal development in Lrp59“~/~ mice was normal. In addition, mice homozygous for villin-Cre-induced
deletion of Lrp6 (Lrp6g”t7/ ~) were viable with apparently normal intestinal differentiation and function. However, mice homozygous for
villin-Cre inactivated alleles of both genes (Lrp5/“*~'~; Lrp69*'~/~) died within 1 day of birth. Analysis of embryonic Lrp5%“*~/~; Lrp6?“*~/~
intestinal epithelium showed a progressive loss of cells, an absence of proliferation, and a premature differentiation of crypt stem/precursor
cells; no notable change in differentiation was observed in the embryos lacking either gene alone. Further immunohistochemical studies
showed that expression of the Wnt/B-catenin target, cyclin D1, was specifically reduced in the intestinal epithelium of Lrp59*~/~; Lrp69*~/~
embryos. Our data demonstrate that Lrp5 and Lrp6 play redundant roles in intestinal epithelium development, and that Lrp5/6 might regulate

intestinal stem/precursor cell maintenance by regulating Wnt/B-catenin signaling. J. Cell. Biochem. 113: 31-38, 2012.
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W nt signaling plays a key role in many stages of
development, such as generation of tissues and cell types
and the regulation of cell polarity and movement [He et al., 2004;
Clevers, 2006]. The intestinal epithelium is a self-renewing tissue in
which the intervillus regions consist of a group of undifferentiated
and actively dividing cells with stem cell properties that will
eventually invaginate into the mucosa to form crypts and villi
[Scoville et al., 2008]. It has been well established that Wnt/B-
catenin signaling plays key roles in intestine homeostasis and the
maintenance of intestinal stem cells [Pinto et al., 2003; Clevers,
2006].

The B-catenin-dependent pathway is often referred as the
“canonical pathway”, and it requires low-density lipoprotein
receptor-related protein 5 or 6 (Lrp5 or Lrp6) as a co-receptor for
Wnt ligands. Lrp5 and Lrp6 are a subclass of the low-density
lipoprotein receptor family and have 71% homology. Lrp5 and Lrp6

share a structure that contains a large extracellular domain (about
1,600 amino acids), a 22-amino-acid single-pass transmembrane
domain, and a relatively short (207 amino acids) cytoplasmic
domain [Williams and Insogna, 2009]. The large amount of research
on the roles of Lrp5 and Lrp6 in development has indicated that Lrp6
might be more developmentally critical than Lrp5. Homozygous
Lrp6 mutant mice show embryonic defects and die at birth, while
Lrp5-deficent mice are viable although with a low-bone-mass
phenotype [Holmen et al., 2004; Kelly et al., 2004].

In the intestine, Lrp5 and Lrp6 have been mapped to localize
exclusively in proliferative epithelial cells [Gregorieff et al., 2005],
but the specific roles of Lrp5 and Lrp6 in the intestinal epithelium
have not been clearly defined. Here, we compare the functions of
Lrp5 and Lrp6 in the development of intestinal epithelium, using a
gut-targeting mouse model. We find that while deletion of either
gene alone does not result in a significant phenotype, concomitant
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deletion of both genes leads to severe defects in intestinal
differentiation and neonatal lethality.

GENERATION OF MICE CARRYING CONDITIONAL DELETIONS OF
Lrp5 AND/OR Lrp6 IN THE INTESTINAL EPITHELIUM

To address the importance of Lrp5 and Lrp6 during intestinal
development, we generated three kinds of mouse models having
gut-specific Lrp5/6 disruption by crossing villin-Cre transgenic
mice with mice carrying conditional alleles of Lrp5 (Lrp5 %),

Lrp6 (LrpGﬂo"/ﬂm), or both (Fig. 1A). To confirm the specificity of Cre
recombinase expression driven by villin-Cre in the intestinal
epithelium [el Marjou et al., 2004], we performed allele-specific PCR
(Fig. 1B). We also crossed the villin-Cre transgenic mouse with an
mT/mG reporter mouse [Muzumdar et al., 2007] to generate a mouse
carrying both transgenes (Cre and mT/mG). In the absence of
exposure to cre recombinase, tissues in the mT/mG mouse express
the tomato red fluorescent protein. In mice carrying both transgenes,
the mT cassette is deleted in the Cre-expressing tissue, allowing
expression of the enhanced green fluorescent protein (EGFP/mG)
cassette located just downstream. The small intestine from a doubly
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Conditional inactivation of Lrp5 and/or Lrp6 in intestinal epithelium. A: Schematic diagram of loxP-flanked alleles of the Lrp5 and Lrp6 genes. LoxP sites are indicated

by dark triangles. An FRT site remains from the FLP-mediated removal of the neomycin-resistance cassette used for positive selection to identify homologous recombination (see
Methods Section). Primers used for the allele-specific PCR in panel B are indicated by black arrows. B: Allele-specific PCR confirms specificity of Cre activity for intestine tissue.
The Cre-mediated recombination was verified using DNA isolated from the liver and intestine of villin-Cre; Lrp5-flox mice with the genotype TG/, flox/+ (sample 1), TG/+,
flox/flox (sample 2), and +/-+, flox/+ (sample 3). The upper panels show positions of the wild type (wt), unrecombined floxed allele (Flox), and deleted allele (Mutant). The lower
panels confirm the presence of the villin-Cre transgene in the DNA samples from these mice (samples 1, 2, and 3). The wt and flox bands are amplified with the primers P2 and P3
(panel A.a), and the mutant band is amplified with the primers P1 and P3 (panel A.b). C: Mice carrying both the villin-Cre transgene and the mT/mG reporter were generated
to confirm the tissue specificity of Cre-mediated deletion. The schematic diagram of the mT/mG allele (see panel A.c) emphasizes that tdTomato expression is present prior to
Cre-mediated recombination. A section of the small intestine was prepared for analysis. After exposure to Cre recombinase (see panel A.d), tdTomato expression is eliminated
and EGFP expression is induced. DAPI stains nuclei, EGFP shows cells in which Cre-mediated recombination has occurred at some point in differentiation, and tdTomato indicates

the absence of Cre activity. Note that EGFP expression is limited exclusively to the epithelial portion of the small intestine.
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transgenic embryonic day 17.5 (E17.5) embryo showed EGFP
fluorescence (green) in all the epithelial cells and tdTomato
fluorescence (red) in other regions (Fig. 1C), consistent with
villin-Cre being specifically expressed within the intestinal
epithelium. We found villin-Cre expressed in the E17.5 large
intestine epithelium (Supplementary Fig. 1A) and in E14.5 intestinal
epithelium (Supplementary Fig. 1B) as well.

We recovered the expected Mendelian ratio of offspring in
villin-Cre  T9/*; Lyp5™fox (Lrp59*=/7) and villin-Cre T9/*;
Lrp6™A9% (Lrp69*=/=) mice, and no differences were noted relative
to wild-type littermates in their size or body weight during
development or in adulthood (data not shown). However,
mice homozygous for the conditional deletion of both genes
(Lrp5/67"*/-died within 1 day of birth (Supplementary Fig. 2).
Analysis of the mice during necropsy found milk in their stomachs,
indicating that the neonatal lethality was not associated with either
a failure to nurse or maternal neglect.

INACTIVATION OF BOTH Lrp5 AND Lrp6 CAUSES DEFECTS IN
EMBRYONIC SMALL INTESTINE EPITHELIUM

Because mouse intestinal tissue architecture is established during
mid to late gestation, we collected embryos from E14.5 to post-natal
day 1 (P1) and stained formalin-fixed paraffin-embedded sections of
the intestines with hematoxylin and eosin (H&E) to look for the
histological differences. At E14.5, no obvious differences were noted
among genotypic classes (Supplementary Fig. 3A-C). At E17.5, the
double mutant (Lrp59~'~; Lrp69“*~'~) (Fig. 2C) showed fewer cells
in both the villus and crypt regions of the small intestine than did the

other genotypes. The defect was even more pronounced in newborn
double-mutant pups (Fig. 2F). Compared with wild type, no obvious
histological changes were observed in Lrp5%“~/~ (Fig. 2A, D),
Lrp6%“~'~ (Fig. 2B,E), Lrp59*"~/~; Lrp69***!~ (data not shown), and
Lrp591=; Lrp6?~'~ (data not shown) small intestine epithelia
throughout the embryonic period.

We further investigated epithelial cell proliferation by immuno-
histochemical analysis using the nuclear proliferation marker Ki67.
At E14.5, epithelial cells were robustly proliferating and no
differences were observed among the genotypes (Supplementary
Fig. 3D-F). At E17.5, Ki67+ cells were almost completely absent
from Lrp59~'~; Lrp6?*'~/~epithelium (Fig. 3C), but were clearly
observed in the other genotypes (Fig. 3A,B). The proliferation of
mesenchymal cells in the submucosa and other cells underneath was
not affected in the double mutants at E17.5 (Fig. 3C), consistent with
the specificity of Cre expression. We found a similar result in the P1
Lrp5%='=; Lrp6?~/~ intestine (Fig. 3F), and in Lrp6"' /"
intestinal epithelium, a mild suppression of proliferation at P1
(Fig. 3E). Interestingly, we found no increase of apoptosis in the
intestinal epithelium of any genotype at E17.5 (Supplementary Fig. 4).

To trace the Wnt/B-catenin signaling change after Lrp5/6
depletion in the intestinal epithelium, we used immunohistochem-
istry to detect the expression of cyclin D1, a Wnt/B-catenin target
gene within the intestinal epithelium [Tetsu and McCormick, 1999].
At E14.5, no cyclin D1 staining was detectable in the intestinal
epithelium of any genotype (data not shown). At E17.5, no cyclin D1
staining was observed in the double-mutant small intestine
epithelium (Fig. 4C), but robust cyclin D1 staining was seen in
other genotypes (Fig. 4A,B). The expression of B-catenin itself

Double mutant

Fig. 2. Development of the small intestine in Lrp5/69‘“"‘ mice. H&E-stained FFPE sections of small intestine from Lrpsg“"" (left column), Lrp69‘“‘/‘ (middle), and double-
mutant mice (right) at E17.5 (A-C), and P1 (D-F). No obvious differences were observed between single-mutant mice and wild-type mice (not shown) at any age. At E17.5, a
significantly reduced number of cells were found in the villus and intervillus regions of double-mutant mice (C vs. A and B). In newborn animals, the number of cells in the
double-mutant mucosal epithelium (F vs. D and E) was even more dramatically reduced. Scale bars indicate 50 um.
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Fig. 3. Absence of proliferating cells in Lrp5/69“*~/~ small intestine epithelium. Ki67-stained FFPE sections of small intestine from Lrp59“~/~ (left column), Lrp6%“t~/~
(middle), and double-mutant mice (right) at E17.5 (A-C), and P1 (D-F). At E17.5, proliferating epithelial cells were in the base-of-crypt and intervillus regions of Lrp5g'”’l’
(A) and Lrp6%“t~/~ (B) small intestine, while proliferation of intestinal epithelium in the double mutant was almost completely absent (C). Note the positive staining in the
underlying stromal layer in all embryos. At P1, Lrp59“~/~ (D) and wild-type (not shown) intestinal epithelia were indistinguishable. The epithelium from Lrp69“~/~ had slightly
fewer proliferating cells (E), and the reduction was even more dramatic in the double-mutant small intestine (F). Scale bars indicate 50 wm.

(Fig. 4F) and of CD44 (which is both a Wnt target gene and a Because Wnt/B-catenin signaling plays a crucial role in
presumable crypt progenitor cell marker) (Supplementary Fig. 5) maintaining intestinal stem cells, the inactivation of Lrp5/6 may
was also inhibited in the crypt base and the intervillus regions of the inhibit intestinal stem cell self-renewal by removing Wnt receptors
double mutant relative to the single-mutant small intestine and blocking the Wnt/B-catenin signaling pathway. Intestinal
epithelium at E17.5. epithelium renewal requires the division of multipotent stem cells

Fig. 4. Wnt/B-catenin signaling is inhibited in Lrp5/69“*~/~ small intestine epithelium. At E17.5, cyclin D1 was robustly expressed in Lrp59“¢~/= (A), Lrp6%“t~/~(B), and wild-
type (not shown) intervillus regions of small intestine epithelium; it was undetectable in the double-mutant small intestine epithelium (C). Compared with Lrp5°“*~/~ (D) and
Lrp&”“t”’(E). the expression of cytoplasmic and nuclear 3-catenin in double-mutant small intestine epithelium was notably inhibited (F). Scale bars indicate 50 wm or 10 pm.
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followed by the differentiation of daughter cells into specialized
absorptive and secretory cells. We used NBT/BCIP, Grimelius, and
alcian blue staining to identify enterocytes, enteroendocrine cells,
and goblet cells, respectively, all of which are differentiated cells
occupying the villi of the small intestine.

Alkaline phosphatase (ALP) activity (shown by NBT/BCIP
staining) is a characteristic of enterocytes in the villus, and we
observed ALP activity in only the villus region of the wild-type
small intestine (Fig. 5A). In the double-mutant small intestine, ALP
activity was considerably enhanced in the entire small intestine
epithelium. More importantly, ALP activity was also detected at the
bottom of crypts that are supposed to be occupied by stem/
progenitor cells that have no ALP activity (Fig. 5D). That ALP
activity suggests that the stem/progenitor cells are inappropriately
differentiated in the absence of both Lrp5 and Lrp6. The number of
enteroendocrine cells (Grimelius-positive cells) was dramatically
reduced in the E17.5 double-mutant small intestine (Fig. 5E), which
could be due to the lack of the intestinal stem cells from which this
differentiated cell type originates. However, the number of goblet
(alcian blue-positive) cells was not reduced in the double-mutant
small intestine (Fig. 5F), which might be due to differentiated goblet
cells retaining proliferation ability [Paulus et al., 1993].

INACTIVATION OF BOTH Lrp5 AND Lrp6 INHIBITS LARGE INTESTINE
EPITHELIUM AFTER BIRTH

The large intestine of all genotypes, including the double mutant,
showed little morphologic change during the embryonic period

(data not shown). Ki67 staining showed that all genotypes including
wild-type, single-mutant (picture not shown) and double-mutant
large-intestine epithelial cells, were robustly proliferating at E17.5
(Fig. 6B,E). However, cyclin D1 showed a notable decrease in
double-mutant large intestine epithelium at E17.5 (Fig. 6D).

Little ALP activity was observed in E17.5 double-mutant large
intestine (Fig. 6F), but it was obvious in most of the double-mutant
large intestine epithelium of 1-day-old pup (Fig. 7D), which
indicates that the crypt cells in the double-mutant possess the
property of villus cells at 1 day of age. In 1-day-old pup, we also
noticed fewer epithelial cells in the double-mutant large intestine,
and epithelial proliferation was inhibited as shown by Ki67 staining
(Fig. 7C). We saw no obvious change in all other genotypes’ large
intestines including wild-type and single-mutant (pictures not
shown).

Wnt signaling through the canonical $-catenin pathway plays an
essential role in development. In the canonical pathway, Wnt binds
to a receptor complex that includes a frizzled member and the either
Lrp5 or Lrp6, which results in the phosphorylation of the
cytoplasmic tail of Lrp5 or Lrp6. This signal transduction ultimately
leads to the stabilization and nuclear localization of B-catenin,
binding of B-catenin to a member of the LEF/TCF family of DNA-
binding proteins, and subsequent regulation of target gene
transcription [He et al., 2004].

Fig. 5. Impact of Lrp5/6 inactivation on small intestine differentiation. FFPE sections of small intestine from E17.5 wild-type (A-C) or double mutants (D-F) stained with
NBT/BCIP to detect enterocyte-specific ALP activity (A,D), Grimelius (enteroendocrine cell-specific) (B,E), or alcian blue (goblet cell-specific)(C,F). NBT/BCIP staining of the
epithelium was much stronger in the double mutant (D) than in the wild type (A). Note strong staining in the intervillus region of the double mutant (arrow). Enteroendocrine
cells were almost completely absent in double-mutant intestine (E) relative to wild-type intestine (B). Goblet cells were present in both wild-type (C) and double-mutant (F)

intestine. Scale bars indicate 50 um.
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Fig. 6. Wnt/B-catenin signaling is inhibited in LrpS/G"”H’ large intestine epithelium. At E17.5, wild-type large intestine epithelium expressed robust amounts of cyclin D1
(A), while the double mutant showed strongly inhibited cyclin D1 expression (D). Ki67 staining showed that there was no notable inhibition of proliferation in the double mutant
(E) compared with the wild-type control (B). Neither was there a significant change in ALP activity (C vs. F). Note the strong NBT/BCIP staining in the double-mutant small

intestine epithelium (F, arrow). Scale bars indicate 50 um.

Dysregulation of Wnt signaling is highly associated with the
development of colon cancer. This association was first made when
patients with an inherited susceptibility to early onset colon cancer
associated with the formation of numerous colon polyps, Familial

Fig. 7. Lrp5/69“*~/~ large intestine epithelium shows reduced proliferation
and increased crypt cell differentiation at P1. Relative to wild-type controls
(A,B) at 1 day after birth, double-mutant large intestine epithelium showed
growth inhibition (C) and increased ALP activity (D). Scale bars indicate 50 wm.

adenomatous polyposis, were found to have mutations in the
adenomatous polyposis coli (APC) gene [Fearon and Vogelstein,
1990; Nishisho et al., 1991]. The protein product of the APC gene
encodes a protein required for the normal degradation of B-catenin.
Subsequent work has found that approximately 85% of sporadically
occurring colon tumors have loss of APC function. In addition, other
colon tumors have activating mutations in the B-catenin [Sparks
et al., 1998].

Much effort has been devoted to studying the function of Lrp5
and Lrp6 in development. Lrp5_/ ~ mice show normal development
but have low bone mass and some metabolic abnormalities [Kato
et al., 2002; Magoori et al., 2003]. Lrp67/7 mice are perinatal lethal
and exhibit other abnormalities including mid/hindbrain defects
[Pinson et al., 2000]. Lrp5~/~; Lrp6~/~ double-mutant mice fail to
establish a primitive streak and die during gastrulation, which is
much earlier than Lrp67/ ~ mice [Kelly et al., 2004]. All these studies
suggest that Lrp6 is more crucial than Lrp5 in embryogenesis and
that Lrp5 and Lrp6 have a functional redundancy.

In this work, we have carefully examined the morphology, cell
proliferation, cell differentiation, and Wnt/B-catenin signaling of
intestinal epithelium in Lrp5%~/=, Lrp69'~/=, and Lrp57~'~;
Lrp6?~!~ embryos and neonates. The Lrp5"~'=; Lrpe®~/~
(double-mutant) intestinal epithelium underwent unregulated
differentiation associated with decreased proliferation, which
eventually led to neonatal death. Surprisingly, we did not see a
defect in the Lrp6?~'= or Lrp59*/~; Lrp6?'~/~ embryo. These
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observations provide another piece of evidence for the compensa-
tory roles of Lrp5 and Lrp6 in the development of intestinal
epithelium, and they imply that only one allele of either Lrp5 or Lrp6
is sufficient for Wnt signal transduction in the gut.

Comparing our result with several previous studies on Wnt
signaling components in the gut, we found some subtle differences.
Korinek et al. [1998] showed that homozygosity for a germline null
mutation in Tcf-4 (ch47/7) caused a developmental defect in the
small intestine. However, the ch47/ ~ mice showed no obvious
defect in the large intestine, which, the authors explained, might be
due to the redundant function of other Tcf family members. Our
observation on Lrp59'”_/ - Lrp69'”_/ ~ large intestine suggests that
the large intestine might not be as sensitive as the small intestine to
Wnt/B-catenin signaling inhibition, and Lrp59“"~/=; Lrpe?*~/~
large intestine only shows proliferation inhibition and differentia-
tion after birth. This also could be a reason that there was no
phenotype in the large intestine of ch4_/ ~ mice.

In a tamoxifen-inducible B-catenin gene ablation model using
adult mice, increasing numbers of epithelial cells underwent
apoptosis after B-catenin was ablated in the intestinal epithelium
[Fevr et al., 2007]. However, we did not observe an increase of
apoptosis in the Lrp59*~/~; Lrp69*'~!~ intestine, nor was an increase
observed in the ch—47/7 model [Korinek et al., 1998]. One reason
could be that intestinal stem cells at different stages require different
Wnt/B-catenin signaling in terms of signal intensity and signal
location. The TOP-GAL mouse model showed that Wnt signaling
intensity and location in the intestinal epithelium changed time-
dependently from the embryonic period to the adult period [Kim
et al., 2007]. On the other hand, it could be that the B-catenin gene
ablation model inhibited canonical Wnt signaling in a more acute
and complete manner.

Aside from the direct control of intestinal cell differentiation,
there are additional reasons why linking both Lrp5 and Lrp6
function to this process is important. One example is the recent
report that Lrp5 expression within the intestine regulates the
expression of serotonin, which is subsequently released into the
serum and ultimately controls bone mass [Yadav et al., 2008].
Another example is the examination of gene expression signatures
in ulcerative colitis, which revealed increased levels of both Lrp5
and Lrp6 in disease-associated samples [Watanabe et al., 2007]. In
addition, interferon-gamma-induced intestinal inflammation was
associated with changes in LRP6 function [Nava et al., 2010]. Taken
together, these studies emphasize the importance of understanding
the specific functions of Lrp5 and Lrp6 during intestinal develop-
ment and homeostasis.

In summary, our study suggests a redundant function between
Lrp5 and Lrpé6 in intestinal development. The presence of at least one
allele of either gene is required for normal development, and the two
genes appear to be functionally redundant in this context.

MOUSE CROSSES

Villin-Cre mice, in which cre recombinase is expressed with high
specificity and penetrance to the intestinal epithelium, were crossed
in several steps with homozygous conditional mutants carrying

modified Lrp5 and/or Lrp6 alleles to generate villin-Cre; Lrp5-flox
(Lrp59“'=17), villin-Cre-Lrp6-flox (Lrp6?*~'7), or villin-Cre-Lrp5-
flox-Lrp6-flox (Lrp59*~'=; Lrp6%“*~'~) progenies, which were used
in subsequent matings. All experiments performed were in
compliance with the guiding principles of the “Care and Use of
Animals” and approved prior to use by the Van Andel Research
Institute Institutional Animal Care and Use Committee (Approval
ID#:VARI10-04-015). Animals were monitored on a daily basis by
trained staff members of the VARI vivarium and any animals
showing signs of illness or distress were humanely euthanized to
minimize suffering. Euthanasia of animals for distress or the
required timepoints was carried out following the recommendations
of the 2000 American Veterinary Medical Association Panel Report
on Euthanasia. Villin-Cre and mT/mG transgenic mouse strains were
obtained from the Jackson Laboratories.

GENERATION OF Lrp5-FLOX MICE

To create a conditional Lrp5 loss-of-function allele, we performed
homologous recombination in the CJ7 ES cell line [Swiatek and
Gridley, 1993]. The targeting vector consisted of a 5’ targeting arm
(about 6.7kb) containing genomic DNA from Lrp5 intron 1
extending into intron 2 and a 3’ targeting arm containing about
2.0kb of genomic DNA extending from Lrp5 intron 2. We placed
LoxP sites in the same orientation about 1,600 bp upstream of exon
2 and about 800bp downstream of exon 2. In order to select for
correctly targeted clones, we included an FRT-flanked neomycin
selection cassette (neo-cassette) in the 5’ targeting arm that is
transcribed in reverse orientation to the Lrp5 transcript, and we
included a Diptheria toxin selection cassette at the end of the 3’
targeting arm. We electroporated and selected ES cells using
standard methods. Homologous recombinants were sought by a
PCR-based strategy, and we confirmed correct targeting by
Southern blot using 5" and 3’ flanking probes. We also confirmed
that the LoxP sites were retained within correctly targeted clones by
PCR amplification and sequencing. Correctly targeted ES cells were
used to generate floxed mice. The neo cassette was removed by
breeding mice with FLPeR mice, a 129-derived strain that broadly
expresses flippase driven by the ROSA26 locus [Farley et al., 2000].

GENERATION OF Lrp6-FLOX MICE
A similar strategy was applied to generate Lrp6-flox mice (Fig. 1A).

GENOTYPING ANALYSIS

DNA was prepared from tail biopsies using an AutoGenprep 960
automated DNA isolation system. PCR-based strategies were then
used to genotype these mice (details available upon request).

HISTOLOGY AND IMMUNOHISTOCHEMISTRY

Fresh intestinal tissues for immunohistochemistry and H&E staining
were fixed in 4% paraformaldehyde overnight in 4°C, embedded
in paraffin, and sectioned (5pwm). Immunohistochemistry was
performed using Vector ABC and DAB kits according to the
manufacturer’s recommendations (Vector Laboratories). The fol-
lowing primary antibodies were used: Ki67 (Dako), Cyclin D1 (Cell
Signaling), CD44 (BD Biosciences), and -catenin (Cell Signaling).
The other staining reagents used were Alcian Blue (Sigma-Aldrich),
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Grimelius staining kit (American MasterTech), and NBT/BCIP
(Roche). In some cases, immunohistochemistry was completed
using the Ventana Discovery System (Tucson, AZ).
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