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ABSTRACT

The intestinal epithelium undergoes rapid renewal throughout life. In contrast to
tissues that remew by duplication of existing differentiated cells, the continuous
replacement of the intestinal lining is sustained by multipotential intestinal stem cells.
The balance of proliferation and differentiation in the intestine requires continuous
regulation of the intestinal stem cell.

Though some of the factors that coordinate the intestinal stem cell’s regulation are
just beginning to be studied, the Wnt/B-catenin signaling pathway has been shown to play
a role in influencing intestinal stem cell fate. Stimulation of this pathway during
development results in apoptosis of the intestinal stem cell, whereas ablation of signaling
through this pathway results in premature differentiation of the developing stem cells. In
adults, activation of the Wnt/B-catenin signaling pathway leads to hyperproliferation and
polyp formation, which in humans can progress to colorectal cancer.

Previous studies have shown that essentially all forms of sporadic and hereditary
colorectal tumors contain mutations in the regulatory genes of this pathway. The Wnt/p-
catenin pathway mediates its signaling effects through activation of gene transcription by
P-catenin. Therefore it is the accumulation of P-catenin, and its subsequent
transcriptional activation of target genes, that effect a response critical to normal
development or tumorigenesis. However, the early events in the response of the intestinal
stem cell and its progenitors to activated [B-catenin signaling and, thus, the initial
molecular mechanisms underlying the transformation from the normal to discase state are

unknown.
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In order to define the early molecular events leading to colorectal cancer, and
identify possible molecular targets for therapy, as well as gain insight into intestinal stem
cell regulation, stimulation of B-catenin signaling in the intestine must be inducible at
various developmental and adult time points. The current available mouse models used to
study the role of the Wnt/B-catenin pathway in development and disease lack temporal
control of B-catenin signaling and instead rely on mutations in the germ line to
dysregulate the pathway. Therefore, current mouse models cannot provide information
about the immediate molecular events upon B-catenin’s transactivation of target genes.
To gain spatial and temporal control over activation of B-catenin signaling, reagents for
the generation of two transgenic mouse lines have been created using electroporation of
ES cells. Both mouse lines will harbor an inducible transgene capable of activating -
catenin signaling in the intestinal epithelium. Studies with these mice will allow
characterization of the immediate molecular and cellular responses to activated B-catenin

signaling in the intestine, in both development and in disease.
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INTRODUCTION

Wnt/B-catenin signaling influences both adult and developmental intestinal
epithelium. Dysregulation of the Wnt/B-catenin signaling pathway in the adult intestinal
epithelium results in the nuclear accumulation of B-catenin and subsequent transcriptional
activation of specific target genes (Behrens et al. 1996; Huber et al. 1996; Molenaar et al.
1996; Batlle et al. 2002; van de Wetering et al. 2002), leading to unregulated epithelial
proliferation and polyp formation (Moser et al. 1990; Fodde et al. 1994; Oshima et al.
1995; Shibata et al. 1997). Intestinal polyps in humans can progress to colorectal cancer
if left untreated (Powell et al. 1992; Kinzler and Vogelstein 1996; Polakis 2000; Fodde et
al. 2001b). The Wnt/B-catenin pathway is also involved in the intestine during
development, having been shown to regulate the activity and survival of the developing
intestinal epithelial stem cell (Korinek et al. 1998a; Wong et al. 1998; Wong et al. 2002).
In contrast to its effects in the adult intestinal epithelium, over stimulation of Wnt/p-
catenin signaling in the developing intestinal epithelium results in apoptosis of the stem
cell population (Wong et al. 2002). The cascade of early events stimulated by B-catenin
signaling and the molecular mechanisms that transform normal epithelium into intestinal
polyps in the adult or induce an apoptotic response in developing intestinal stem cells are
not well understood. The goal of the work detailed in this thesis is to generate inducible
transgenic mouse lines that will facilitate the study of the intestinal epithelial stem cell’s

response to activated B-catenin signaling, both in development and disease.



The Structure of the Intestine

In vertebrates, digestion takes place in a long tube known as the gastrointestinal
tract, which is comprised of the oral cavity, esophagus, stomach, small intestine
(duodenum, jejunum, and ileum), large intestine (cecum and colon), and anal canal. The
small intestine is characterized by numerous finger-like projections known as villi
interposed between invaginations known as crypts of Licberkiihn (see Figure 1). The
lumenal surface of the crypts and villi are lined with a single-layered sheet of epithelial
cells. The villi are lined with enterocytes responsible for absorption, goblet cells that
secrete mucus, and enteroendocrine cells to secrete hormones. The crypts are lined with
undifferentiated cells and Paneth cells, which secrete antimicrobrial peptides and growth
factors. Several crypts surround the base of each villus; each crypt and adjacent villi form
a distinct anatomical domain known as the crypt-villus unit (Cheng and Leblond 1974;
Moxey and Trier 1978; Moxey and Trier 1979; Karam 1999).

The mouse intestine begins developing at embryonic day (E)7.5. By E15.5 the
tube is lined with pseudostratified epithelium that progressively evolves into an epithelial
monolayer. From E16.5, nascent villi arise. The region of epithelium between villi, the
intervillus region (IVR), is characterized by high levels of mitotic activity and populated
largely with undifferentiated cells. Studies in genetic mosaic mice reveal that the IVR
contains multiple stem cells (Schmidt et al. 1988). After birth, the IVRs invaginate to
form crypts. During this period, a single stem cell is selected to populate the adult crypt
in an undefined process known as crypt purification (Schmidt et al. 1988; Wong et al.

2002). This single stem cell gives rise to 4-6 active stem cells that maintain the adult
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modified from Stappenbeck et al. (2001)

Figure 1. The Adult Intestinal Stem Cell Niche. This drawing
of an intestine section from an adult mouse depicts the
invaginated proliferative compartment (crypt) that contains the
intestinal stem cell (darkened) and the finger-like projection
(villus). The multipotent stem cell gives rise to all four epithelial
lineages. Three of the lineages differentiate as they migrate up out
of the crypt and onto adjacent villi. In three to five days, these
migrating cells reach the villus tip and undergo apoptosis or are
exfoliated into the intestinal lumen. The fourth lineage
differentiates during downward migration to the base of the crypt.
Each adult crypt populates adjacent villi and surrounding crypts
populate each villus.



crypt (Potten 1998; Booth and Potten 2000). Completion of intestinal development occurs

by postnatal day (P)21 (Trier and Moxey 1979; Calvert and Pothier 1990).

The Adult Intestinal Stem Cell Niche

The adult mouse intestinal lining is organized in a single-layered sheet of
epithelial cells that is replaced at a constant and rapid rate under normal conditions
throughout life. This continuous renewal of the intestinal epithelium is sustained by
multipotential stem cells. The adult intestinal epithelial stem cells reside near the bottom
of the crypt (see Figure 1, Potten and Loeffler 1990; Karam 1999; Brittan and Wright
2002) and establish a steady state of proliferation, generating at least one replacement
stem cell and one progeny cell each time they divide. The progeny cells divide, creating a
transient amplifying population of cells that give rise to the four epithelial lineages
(Cheng and Leblond 1974; Kirkland 1988; Karam 1999; Wright 2000). Three of the
lineages, the enterocytes, enteroendocrine cells, and goblet cells, differentiate as they
migrate up out of the crypt and onto the adjacent villi (Moxey and Trier 1978). In three to
five days they reach the villus tip and undergo apoptosis or are exfoliated into the
intestinal lumen (Hall et al. 1994). Paneth cells, the fourth lineage, differentiate as they
migrate downwards toward the base of the crypt (Cheng 1974). Each adult crypt
populates adjacent villi and multiple crypts populate each villus. Thus, within each crypt-
villus unit there is a gradient from proliferation to differentiation, with more proliferation

near the base of the crypt where the stem cell and the transient amplifying population



reside, to less proliferation near the crypt-villus junction, where cells are undergoing
differentiation, to no proliferation on the villus, where cells are terminally differentiated.

The adult intestinal stem cell is influenced by secreted factors and/or cell-cell
interactions in its surrounding microenvironment. These influences originate from nearby
differentiated and undifferentiated epithelial cells, as well as the underlying mesenchyme
and the extracellular matrix. The mesenchyme is composed of the basement membrane,
pericryptal myofibroblasts, and the interstitial cells of Cajal, and has been shown to
influence epithelial proliferation and differentiation (Powell et al. 1999). The pericryptal
fibroblasts secrete Hepatocyte growth factor, Transforming growth factor-p (Tgf-B), and
Keratinocyte growth factor (Sonnenberg et al. 1993; Finch et al. 1995; Kaartinen et al.
1995). Because receptors for these growth factors are located on epithelial cells, it is
likely that epithelial-mesenchymal interactions play a vital role in regulation of epithelial
cell differentiation. Foxl 1, a winged helix/forkhead transcription factor, is expressed in
the gastrointestinal mesoderm. Foxl 1 knockout mice have hyperproliferative crypts and
elongated villi due to increased epithelial cell proliferation during embryogenesis
(Kaestner et al. 1997). These data provide evidence that epithelial cell proliferation is
regulated by mesenchymal factors.

Other signaling molecules have roles in epithelial differentiation. For example,
Math-1, a component of the Notch signaling pathway, has been shown to regulate the
differentiation of goblet, Paneth, and enteroendocrine cells (van Den Brink et al. 2001;
Yang et al. 2001). The ability of Notch signaling to direct intestinal epithelial cell fate of
progenitor cells into specific cell lineages underscores the critical influential nature of

signals from the stem cells’ microenvironment.



Thus, these studies support a model that within each stem cell niche a balance
between proliferation and differentiation is maintained because signals that affect the
intestinal stem cell, from secreted factors, mesenchymal-epithelial cross-talk, and
signaling pathways, are tightly controlled to maintain normal crypt homeostasis.
Although the direct relationship between these environmental signals and the epithelial
stem cell is not well understood, numerous studies have identified that the Wnt/B-catenin
signaling pathway plays a critical regulating role in intestinal development, normal

proliferation and differentiation in adulthood, and in disease.

The Wnt/B-catenin Signaling Pathway

The Pathway

Wnt genes are a large family of secreted signaling proteins important during
embryonic development (Cadigan and Nusse 1997; Moon et al. 1997). During signaling,
an extracellular Wnt signal is transduced through the cooperation of two receptors,
Frizzled (Fz) and the Low-density lipoprotein receptor-related protein (Bhanot et al.
1996; Tamai et al. 2000; Mao et al. 2001), to activate the intracellular protein Disheveled
(see Figure 2). Then, through an undefined mechanism, Dishevelled inhibits Glycogen
synthase kinase-3B (Gsk-3B) phosphorylation of Adenomatous polyposis coli
(Apc)/Axin/B-catenin complexes (Rubinfeld et al. 1996; Yost et al. 1996; Hart et al.
1998; Itoh et al. 1998; Kishida et al. 1999; Smalley et al. 1999; Yamamoto et al. 1999).

Unphosphorylated -catenin escapes ubiquitin-mediated degradation (Aberle et al. 1997;
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Figure 2. The Wnt/B-catenin Signaling Pathway. Upon binding of Wnt ligand
to Frizzled (Fz) and Low-density lipoprotein receptor-related protein (Lrp)
receptors, Dishevelled is activated, leading to inhibition of Glycogen synthase
kinase-3B (Gsk) by an unknown mechanism. Gsk fails to phosphorylate
Adenomatous polyposis coli (Apc)/ Axin/B-catenin complexes.
Unphosphorylated B-catenin is no longer targeted to the ubiquitin-mediated
degradation pathway, but accumulates in the cytoplasm and translocates to the
nucleus, where it interacts with transcription factors like Lef-1 to transactivate
target gene expression. Lines ending with arrows or bars indicate activating or
inhibitory effects, respectively. B-catenin also interacts with o-catenin and the
cytoplasmic domain of E-cadherin, linking cell-cell adherens junctions to the
cytoskeleton, to mediate cellular adhesion.



Marikawa and Elinson 1998) and translocates to the nucleus, where it can interact with
high mobility group (HMG) box transcription factors like Lymphoid enhancer factor-1
(Lef-1) and T-cell factor (Tcf)-1, -3, and -4 to transactivate expression of specific target
genes (Behrens et al. 1996; Huber et al. 1996; Molenaar et al. 1996; Hart et al. 1999).
Several target genes have been identified, including Peroxisome proliferator-activated
receptor & (Ppard), Matrilysin (Mmp-7), ¢-Myc, Tcf-1, CyclinD1, and Cdx-1, (He et al.
1998; Brabletz et al. 1999; Crawford et al. 1999; He et al. 1999; Roose et al. 1999;

Shtutman et al. 1999; Lickert et al. 2000).

In Development

Wnt/B-catenin  signaling controls numerous processes during embryonic
development, including tissue patterning, cell fate specification, and cell proliferation
(McCrea et al. 1993; Heasman et al. 1994; Parr and McMahon 1994; Funayama et al.
1995; Cox et al. 1996; Molenaar et al. 1996; Wodarz and Nusse 1998). However, little is
known about the role of this pathway during intestinal development. Wnt genes involved
in canonical pathway signaling are expressed along the anterior-posterior axis of the
digestive tract throughout morphogenesis and differentiation stages of chick embryonic
development (Theodosiou and Tabin 2003). The expression of various Wnt/B-catenin
signaling molecules during different stages of chick development suggests roles for
Wnt/B-catenin signaling throughout patterning and formation of the gastrointestinal tract
(Theodosiou and Tabin 2003). Specifically, Fz receptors and the downstream

transcription factors Lef-1 and Tcf-4 are expressed during patterning in early



development of the duodenum and large intestine, likely defining morphological
boundaries along the anterior-posterior axis of the gastrointestinal tract. Additionally,
during morphogenesis, Wnt ligands are expressed in the duodenum endoderm, while their
Fz receptors are expressed in adjacent mesoderm, suggesting cross-talk between the
endoderm and mesoderm. Wnt/B-catenin signaling is required for the formation of
normal crypt-villus units through regulation of proliferation, cell positioning, and
differentiation in the small intestinal epithelium, as inferred by analysis of adult
transgenic mice expressing the Wnt-inhibitor Dickkopf1 (Dkk1) in the crypt (Pinto et al.
2003), and adult mice deficient for the Wnt/B-catenin target gene EphB3, a receptor
tyrosine Kinase important in mediating cell mobility (Batlle et al. 2002). Further, the
Wnt/B-catenin signaling pathway, through the downstream transcription factor Tcf-4,
maintains normal proliferation of the stem cell in the crypts of the small intestine in mice

(Korinek et al. 1998a; van de Wetering et al. 2002).

In Disease

Adenomatous polyposis coli

In addition to its role in normal embryonic development, the Wnt/B-catenin
pathway plays an important role in colorectal carcinogenesis. Four regulatory genes in
this pathway known to be involved in human cancers include Apc, Axin, -catenin, and
Tcf. APC was first identified as a tumor suppressor gene in patients with a form of
hereditary colon cancer, Familial Adenomatous Polyposis (FAP, Groden et al. 1991;

Kinzler et al. 1991). Patients with FAP have multiple benign adenomatous polyps in the



colon in early adulthood. Invariably, further genetic changes in genes like p53 and K-ras
or that result in the loss of responsiveness to Tgf-p (Kinzler and Vogelstein 1996; Takaku
et al. 1998) effect the progression from adenoma to invasive and metastatic carcinoma.
Both alleles of APC are inactivated in FAP and in most sporadic forms of colorectal
cancer (Powell et al. 1992; Nagase and Nakamura 1993; Oshima et al. 1995; Kinzler and
Vogelstein 1996). Subsequent studies established that Apc binds B-catenin (Rubinfeld et
al. 1993; Su et al. 1993), ultimately linking it to the Wnt signaling pathway (Munemitsu
et al. 1995). Mutations in Apc typically result in a protein truncated at its C-terminus,
eliminating most of the (-catenin binding sites and all of the Axin binding sites
(Rubinfeld et al. 1997; van Es et al. 2001). These mutations prevent Gsk-3f
phosphorylation of B-catenin within the multiprotein complex and, consequently, [-
catenin is not degraded. The resulting accumulation of B-catenin and its subsequent
translocation to the nucleus result in constitutive B-catenin target gene activation, leading
to increased intestinal epithelial proliferation, polyp formation, and eventually the
development of colorectal cancer (Willert and Nusse 1998; Polakis 1999; Smith et al.
1999; Bienz and Clevers 2000). Interestingly, reintroduction of wildtype APC into colon
carcinoma cells with mutant APC can downregulate elevated cytoplasmic pools of -
catenin and suppress cellular growth (Munemitsu et al. 1995; Shih et al. 2000). More
recently, Apc has been shown to regulate embryonic stem (ES) cell differentiation by
controlling the dosage of B-catenin signaling in the cell (Kielman et al. 2002). Various
mutations of Apc resulting in increasing levels of intracellular B-catenin elicit a gradient
of ES cell differentiation inhibition. The loss of Apc function to downregulate B-catenin

results in a “differentiation defect,” suggesting a direct role for B-catenin signaling in

10



inhibiting differentiation of intestinal stem cells and thus a mechanism for enlargement of
the stem cell niche and ultimately polyp formation. Therefore, the primary tumor
suppressor function of Apc is to downregulate B-catenin levels.

However, Apc is implicated in cellular functions independent of transcriptional
activation by Wnt/B-catenin signaling, including migration, adhesion, and chromosomal
instability (Nathke et al. 1996; Yu et al. 1999; Kawasaki et al. 2000; Tirnauer and Bierer
2000; Townsley and Bienz 2000; Fodde et al. 2001a; Kaplan et al. 2001). Apc binds
Asef, a Rac-specific guanine nucleotide exchange factor, and is thought to regulate the
actin cytoskeleton by inducing migratory activity (Kawasaki et al. 2000). Apc has been
shown to associate with adherens junctions of epithelial cells and binds B-catenin, a
principle component of adherens junctions. Mutations that cause disassociation of Apc
from adherens junctions also cause partial detachment of B-catenin from adherens
junctions and disrupt cadherin-mediated cell adhesion (Yu et al. 1999; Townsley and
Bienz 2000). Apc also binds the kinetochore proteins Bubl and EB1 and mediates
kinetochore-microtubule attachment, suggesting that mutations in Apc eliminating
microtubule binding may contribute to defects in chromosome segregation and spindle
formation, and result in aneuploidy (Tirnauer and Bierer 2000; Fodde et al. 2001a). These
additional functions of Apc may also contribute to the progression of polyp formation.

One current animal model for FAP is the multiple intestinal neoplasia (Min)
mouse (Moser et al. 1990; Su et al. 1992; Levy et al. 1994). Like FAP, the Min mouse
harbors an inherited phenotype arising from a germ line mutation in the Apc gene. These
heterozygous mice undergo inactivation of the second Apc allele and develop intestinal

adenomas at a high frequency throughout their intestinal tract. However, the distribution

11



of polyps is primarily along the small intestine rather than the colon. Further, these mice
do not develop cancer but die from intestinal obstruction. Similar mouse lines carrying
Apc mutations have been established to study the effects of Apc loss. Fodde et al.
introduced a specific chain-termination mutation in the 15th exon of the Apc gene into
the mouse germ line, creating the Apc1638 mouse. Mice heterozygous for this Apc gene
modification progressively develop intestinal tumors in a manner similar to that observed
in Min mice (Fodde et al. 1994). Taketo and colleagues generated Apc*’'® knockout mice
containing a mutant gene that encodes Apc truncated at codon 716 (Oshima et al. 1995;
Oshima et al. 1997). These mice undergo inactivation of the remaining Apc allele by loss
of heterozygosity and demonstrate an increase in the size of the proliferating
compartment, in contrast to an increase in the rate of proliferation, resulting in the
formation of intestinal polyps. Importantly, it is difficult to study the initial events in
tumorigenesis with these models because there is no temporal control over inactivation of
the second allele in these mice. To circumvent the carly embryonic lethality of the
homozygous Apc mutation, Noda et al. created an inducible Apc®®S mutant mouse by
conditional targeting of the Apc gene. Using the Cre/loxP recombination system and
infection of colorectal epithelial cells of mutant allele homozygotes with an adenovirus
encoding the Cre recombinase, they were able to inactivate both alleles of Apc in adults
and observe the rapid development of colorectal adenomas (Shibata et al. 1997). Sansom
et al. showed that in Cre* Apc™™ mice which are homozygous for the inducible Apc®®S
mutation and heterozygous for inducible Cre expressed in the intestine, loss of Apc alters
patterns of cellular proliferation, differentiation and migration (Sansom et al. 2004).

Moreover, B-catenin localizes to the nuclei three days following induction of Cre
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recombinase, coincident with the onset of observed cellular changes. However, the
inducible Cre system used results in virtually 100% intestinal recombination and the
Cre*Apc™™ mice become sick in five days before any polyps form. These mice were
likely unable to sustain normal intestinal function due to failure of the villi epithelium to
differentiate into functional absorptive cells. Though the inducible Apc mutant mouse
model offers temporal control over activation of the Wnt/B-catenin signaling pathway, it
is neither commercially nor academically available. Therefore, there is currently no

mutant Apc mouse model available to evaluate the early events in tumorigenesis.

Axin

Axin, and its close homolog Conductin, which exhibits all of the binding and
regulatory functions of Axin (Behrens et al. 1998), were originally identified as inhibitors
of Wnt signaling (Zeng et al. 1997). Both Axin and Conductin interact directly with {3-
catenin, Apc, and Gsk-3p and function to downregulate B-catenin by promoting its Gsk-
3B-phosphorylation (Behrens et al. 1998; Hart et al. 1998; Ikeda et al. 1998; Kishida et al.
1998; Nakamura et al. 1998; Willert et al. 1999). Rare mutations in Axin/Conductin have
been found in DNA-mismatch-repair defective colorectal cancer with intact APC by

activating 3-catenin/Tcf-4 signaling (Liu et al. 2000).

P-catenin
Another key regulator in the Wnt/B-catenin pathway known to be mutated in
colorectal cancer is B-catenin. Originally identified as a protein that interacts with the

cytoplasmic domain of E-cadherin, a component of epithelial cell-cell adherens junctions,



p-catenin links E-cadherin to the actin cytoskeleton by interacting with a-catenin to
mediate cellular adhesion (Nagafuchi and Takeichi 1989; Ozawa et al. 1989; Cox et al.
1996; Orsulic and Peifer 1996; Ben-Ze'ev and Geiger 1998). Subsequent studies revealed
that $-catenin is also a critical downstream mediator of the Wat signaling pathway. The
N-terminal region of B-catenin contains phosphorylation sites important for targeted
degradation (see Figure 3, Yost et al. 1996; Aberle et al. 1997; Cadigan and Nusse 1997).
The central region contains several copies of 42 amino acid long tandemly repeated
sequence motifs, known as Armadillo repeats, which mediate binding of B-catenin to
other proteins like Apc, Axin, E-cadherin, and Tcf (Hulsken et al. 1994; Behrens et al.
1998; Graham et al. 2000; Huber and Weis 2001). The C-terminal region harbors a potent
transactivation domain (van de Wetering et al. 1997; Hsu et al. 1998; Hecht et al. 1999).
This domain binds transcriptional coactivators like Creb binding protein (Cbp, Hecht et
al. 2000; Takemaru and Moon 2000), as well as the chromatin remodeling complex
component, Brg-1 (Barker et al. 2001), promoting target gene activation. Like Apc, the
homozygous null mutation of B-catenin results in early embryonic lethality (Haegel et al.
1995; Huelsken et al. 2000). However, several studies explore a role for -catenin in
oncogenic transformation. Among the sporadic forms of human colorectal cancer that
retain wildtype Apc, mutations are found in the N-terminal phosphorylation sites of B-
catenin, rendering f-catenin refractory to degradation and thus augmenting cytoplasmic
and nuclear pools of B-catenin (Ilyas et al. 1997; Morin et al. 1997; Sparks et al. 1998;
Miyaki et al. 1999). An intestine-specific B-catenin N-terminal deletion mutation in mice,
which removes Gsk-3 phosphorylation sites, was shown to produce adenomatous polyps

. . . s 3 ) ¥ A716 g
in the intestine and microadenomas in the colon, resembling those in Apc mice
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Figure 3. Schematic Representation of the B-catenin Protein and Its Binding
Partners. Yellow indicates the N-terminal region of approximately 130 amino acids
containing the Glycogen synthase kinase-3B (Gsk-3 B) phosphorylation sites
important for degradation targeting. This region of B-catenin interacts with Gsk-3§
and o-catenin. Red indicates the central region of approximately 550 amino acids
containing the Armadillo repeats important for protein binding. This region of -
catenin interacts with Adenomatous polyposis coli (Apc), Axin, E-cadherin and
Lymphoid enhancer factor (Lef)/T cell factor (Tcf). Blue indicates the C-terminal
region of approximately 110 amino acids containing the potent transactivation
domain. This region of B-catenin interacts with Creb binding protein (Cbp).
(Adapted from Oving 2002 and the Wnt homepage http;//www.Stanford.edu/musee/
wntwindow.html)
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(Harada et al. 1999). Moreover, an inducible B-catenin knockout mouse, which
undergoes deletion of P-catenin by Cre-mediated recombination in response to
administration of B-napthoflavone, demonstrates crypt ablation, increased apoptosis,
decreased goblet cell differentiation, and deficient enterocyte-matrix attachment upon
loss of -catenin (Ireland et al. 2004).

Target genes of B-catenin transactivation have been implicated as having key
roles in oncogenesis. He et al. identified c-MYC as a B-catenin target gene, showing it to
be repressed by wildtype APC and activated by B-catenin through Tcf-4 binding sites in
the c-Myc promoter (He et al. 1998). This study explains previous reports that c-MYC is
overexpressed in colorectal cancers, despite the lack of any genetic modifications in c-
MYC itself (Sikora et al. 1987; Imaseki et al. 1989; Smith et al. 1993). B-catenin was
shown to activate transcription of CyclinD1 (Tetsu and McCormick 1999), also
upregulated in colorectal cancers (Bartkova et al. 1994; Arber et al. 1996). PPARS was
identified as an APC-regulated target of the Wnt signaling pathway and its expression is
likewise elevated in colorectal cancer cells (He et al. 1999). This study demonstrated that
repression by APC was mediated by f-catenin/Tcf-4 responsive elements in the PPARS
promoter. Mmp7 is expressed in colonic adenocarcinomas as well as in intestinal
adenomas, indicating a role in the early stages of colorectal cancer (Newell et al. 1994;
Takeuchi et al. 1997; Fingleton et al. 1999). The Mmp-7 promoter contains a single
optimal Tcf-4 binding site (Korinek et al. 1997). In overexpression studies, Mmp-7 was
upregulated by P-catenin, identifying it as a target gene for P-catenin/Tcf-4
transactivation (Crawford et al. 1999). Importantly, genetic ablation of Mmp-7 in Min

mice reduces adenoma formation by 60% (Wilson et al. 1997), suggesting that regulation
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of Mmp-7 by B-catenin contributes to intestinal tumor establishment and growth. Each of
these genes is important in cell cycle progression, transcriptional regulation or tissue

remodeling, normal cellular functions that become dysregulated in cancer.

Lymphoid Enhancer Factor/T Cell Factor

The downstream effectors of the Wnt/B-catenin signaling pathway are the Lef/Tcf
transcription factors (Behrens et al. 1996; Huber et al. 1996; Molenaar et al. 1996;
Brunner et al. 1997; Cadigan and Nusse 1997; Clevers and van de Wetering 1997; van de
Wetering et al. 1997). The Lef/Tcf family of HMG box transcription factors includes Lef-
1, Tef-1, Tef-3, and Tcf-4. Tcf-4 is expressed in the developing and adult intestinal
epithelium (Korinek et al. 1998b; Barker et al. 1999; Brittan and Wright 2002). Lef/Tcf
transcription factors bind directly to DNA through their HMG domains, but are incapable
of activating gene transcription alone (Eastman and Grosschedl 1999; Roose and Clevers
1999). In the absence of signaling, Lef/Tcf transcription factors repress transcription of
Wnt/B-catenin target genes by interaction with transcription corepressors like Groucho or
with Cbp (Cavallo et al. 1998; Roose ct al. 1998; Waltzer and Bienz 1998). However,
signaling through this pathway results in the formation of nuclear Lef/Tct/B-catenin
complexes (Korinek et al. 1997; Morin et al. 1997). In these complexes, B-catenin
supplies the transactivation domain required for transcriptional activation (Molenaar et al.
1996; van de Wetering et al. 1997).

As previously described, mutations in Apc or B-catenin induce constitutive
formation of nuclear B-catenin/Tcf complexes, resulting in activated transcription of

target genes. Thus, Tcf-4 can mediate hyperproliferation of intestinal epithelial cells.
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Because Tcf-4 is required for maintenance of the proliferative stem cell compartment
(Korinek et al. 1998a), it has been proposed that constitutive activation of Tcf-4 by
accumulated P-catenin leads to retention of cells in the crypt that would normally
undergo differentiation and migration out of the crypt. The result of these cells remaining
in the crypt is an abnormal increase in size of the crypt compartment, leading to
formation of a polyp (Oshima et al. 1997; Korinek et al. 1998a).

An additional mechanism by which Tcf transcription factors may contribute to
cancer is through its activation of Tcf-1, a target gene in epithelial cells. Mice
homozygous for mutations in Tcf-1 develop intestinal adenomas (Roose et al. 1999). The
most abundantly expressed isoforms of Tcf-1 lack a B-catenin binding site (Castrop et al.
1995; Van de Wetering et al. 1996) but retain their Groucho binding site. Further, the
HMG box DNA binding domains of the four Lef/Tcf proteins are essentially identical
(Cadigan and Nusse 1997; Clevers and van de Wetering 1997), suggesting that they may
regulate the same target genes. Therefore, Tcf-1 may act as a feedback repressor of f3-
catenin/Tcf target genes (Roose et al. 1999). Crossing Tcf-17" mice with Min mice
heterozygous for mutant Apc markedly enhanced the number and size of intestinal
polyps. This study indicates that Tcf-4 activation of Tcf-1 maintains the tumor suppressor
activity of Tef-1 in intestinal epithelial cells.

Thus, the key regulators in the Wnt signaling pathway, Apc, Axin, and -catenin,
are mutated in colorectal cancer and all of these mutations result in the accumulation of
B-catenin by preventing its degradation in the absence of a Wnt signal. Through Tcf-4,
these mutations lead to constitutive activation of target genes involved in cellular

proliferation and morphology.
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Regulation of the Intestinal Stem Cell

While the Wnt/B-catenin signaling pathway and its downstream molecules are
strongly implicated in polyp formation, its role in regulating the activity and fate of the
intestinal stem cell has been only initially explored. Studies by Korinek et al.
demonstrated that mice with targeted homozygous deletion of Tcf-4 had no proliferating
cells within their small intestinal IVRs and die shortly after birth (Korinek ct al. 1998a).
The neonatal epithelium of these mice was composed entirely of differentiated, non-
dividing cells, indicatating that Tcf-4 is necessary for establishing and maintaining the
proliferative stem cell compartment in the IVRs of the small intestine. The authors
propose that the mesenchymal cells underlying the crypts secrete a Wt signal to activate
Tcf-4. The loss of the “stem cell phenotype” of the nascent crypts, defined by
characteristics like cell cycling and longevity, suggests that the developing intestinal stem
cell requires Wnt/B-catenin signaling for maintenance of its niche. Other reports confirm
this differentiated phenotype in the TVRs of Tcf-4”" developing mice (van de Wetering et
al. 2002) and in Dkk1 transgenic adult mice (Pinto et al. 2003). Wong and colleagues
showed that high levels of (-catenin signaling in the intestine influence stem cell
selection during crypt morphogenesis (Wong et al. 2002). In this study, chimeric mice
mosaically express a transgenic protein designed to constitutively stimulate B-catenin
signaling in the intestinal epithelium. These mice undergo induction of an apoptotic
response specifically in the transgenic cells during intestinal development. This apoptotic
response resulted in a complete loss of all transgene-expressing stem cells and their

progeny by completion of crypt formation, P14. The failure of those stem cells to become
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established indicates that overexpression of B-catenin during development is detrimental
to intestinal stem cell survival. However, in the adult, activated B-catenin signaling in the
intestine results in unregulated proliferation and ultimately polyp formation (Kinzler and
Vogelstein 1996; Polakis 2000). More research is needed to understand Whnt/pB-catenin’s

signaling role in intestinal stem cell regulation.

Reagents to Study the Effects of Activated B-catenin Signaling

The Rationale

Colorectal cancer is the second leading cause of all cancer deaths in the United
States. Because mutations causing disease of the intestinal epithelium most likely occur
in the stem cell for propagation of the disease, it is ultimately the intestinal stem cell that
gives rise to intestinal carcinomas (Wright 2000; Brittan and Wright 2002). Although at
present there are no known markers for intestinal stem cells (Potten 1998; Booth and
Potten 2000; Brittan and Wright 2002), they can be evaluated functionally by their ability
to populate crypts and villi (Fuller et al. 1990; Park et al. 1995; Novelli et al. 1996).
Numerous studies show clearly that Wnt/B-catenin signaling influences the intestinal
stem cell’s proliferative potential. However, many other aspects of intestinal stem cell
regulation remain to be elucidated. During development, the shape of the intestinal stem
cell niche undergoes morphogenesis, a single stem cell is selected, and the gradient of
proliferation to differentiation is established. Throughout adulthood, the gradient of

proliferation to differentiation is maintained, differentiated cells migrate up and out of the
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crypt or to the base of the crypt, and the intestinal stem cells remain anchored to the mid-
crypt region. Regulation of the intestinal stem cell and the cells in its niche during
development and throughout adulthood is complex and likely involves a coordinated
series of cues controlled by Wnt/B-catenin signaling.

In order to gain insight into how the intestinal stem cell is regulated, future
studies will focus on identifying and characterizing the immediate molecular and cellular
response of the intestinal stem cell to activated B-catenin signaling in both adult and
developing intestinal epithelium. Similarly, to prevent polyp formation in adults, the early
changes in gene expression upon activated B-catenin signaling must be identified. Such
studies will require animal models that provide temporal control over the activation of B-

catenin signaling.

The Approach

In this thesis, I report the generation of multiple ES cell lines that will be used in
the generation of two mouse reagents that will provide temporal control of [-catenin
signaling; a novel inducible Lef-1/B-cat transgenic mouse, and a novel inducible Lef-1/B-
cat knockin ROSA mouse. These mice will harbor a fusion molecule made from the
required signaling domains of Lef-1 and B-catenin (Lef-1/B-cat) that can be induced
specifically in the intestine to activate Wnt/B-catenin signaling. Activation of [-catenin
target gene expression requires both binding of B-catenin to a Lef-1/Tcf transcription
factor and binding of Lef-1/Tcf to DNA. The Lef-1/-cat fusion molecule is composed of

the DNA binding domain of Lef-1, residues 33-368 of human Lef-1 encompassing a
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functional HMG box and nuclear localization signal, coupled to the last Armadillo repeat
and C-terminal transactivation domain of human B-catenin (see Figure 4). Fusion of these
two domains obviates the need for the B-catenin binding site of Lef-1. Also missing from
this molecule are the N-terminal region of B-catenin, which contains the phosphorylation
sites important for its targeted degradation, and the Armadillo repeats, which mediate the
binding of B-catenin to other proteins like Apc, Axin, and E-cadherin. Lacking these two
regions allows the fusion protein to escape being targeted for degradation or recruited to
adherens junctions, allowing for separation of B-catenin’s signaling and adhesive
functions. Thus, the Lef-1/B-cat protein translocates directly to the nucleus and activates
target gene expression.

In vitro studies have demonstrated the effective signaling capacity of Lef-1/B-cat
in cultured mouse ITAL6 B cells cotransfected with a reporter plasmid for Wnt/B-catenin
target gene activation (see Figure 5, Wong et al. 2002). This cell line lacks endogenous
Lef-1 mRNA and contains very low levels of B-catenin. ITAL6 cells were transfected
with a reporter plasmid containing seven tandem repeats of the consensus Lef-1/Tcf DNA
binding site (CTTTGTT) upstream of a chloramphenicol transferase (CAT) genc along
with plasmids encoding wildtype Lef-1, wildtype B-catenin, Lef-1/B-cat, a mutant Lef-1
incapable of binding to f-catenin, or a mutant B-catenin lacking its transactivation
domain. Expression of Lef-1/B-cat stimulated induction of CAT activity above that
observed in cells transfected with wildtype Lef-1 and B-catenin, confirming that the
fusion protein is capable of transactivating transcription of target genes. Lef-1/B-cat is

also capable of transactivating target genes in vivo, as demonstrated by a 4-fold induction
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Figure 4. The Lef-1/B-cat Fusion Molecule. The Lef-1/B-cat fusion molecule is
composed of the DNA binding domain of Lef-1 with its nuclear localization signal
(NLS) coupled to the transactivation domain of B-catenin. Excluded from the fusion
molecule are the N-terminal phosphorylation sites and armadillo repeats of B-catenin,
and the B-catenin binding site of Lef-1.
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Figure 5. In Vitro Transactivation Potential of Lef-1/B-cat. Cultured mouse
ITAL6 B cells were cotransfected with a Wnt/B-catenin reporter plasmid containing
seven tandem repeats of the Lef-1 DNA binding site (CTTTGTT) linked to a
thymidine kinase promoter and a bacterial chloramphenicol transferase (CAT)
gene, and one of the following plasmids encoding: (i) wildtype Lef-1, (i) wildtype
Lef-1 and B-catenin, (ii7) wildtype B-catenin and mutant Lef-1 lacking a B-catenin
binding domain, (iv) wildtype Lef-1 and mutant B-catenin lacking a transactivation
domain, or (v) Lef-1/B-cat. Transactivation potential was measured as CAT
activity relative to cells containing the Lef-1 and reporter plasmid.
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of the known PB-catenin target gene, E-cadherin, in a real time quantitative reverse
transcriptase-polymerase chain reaction (QRT-PCR) study of E18.5 small intestines from
mice expressing Lef-1/B-cat under the control of an intestine specific promoter (Wong et
al. 2002). In both of the novel inducible Lef-1/B-cat mice, Let-1/p-cat fusion molecule
sequence will be downstream of marker genes flanked by loxP sites.

Expression of Lef-1/B-cat will be intestine specific and under temporal control of
doxycycline-induced Cre recombinase by mating the Lef-1/B-cat transgenic mice and the
Lef-1/B-cat knockin ROSA mice into an inducible, intestine-specific Cre mouse system
(Saam and Gordon 1999; Wong et al. 2000). This system combines Cre/loxP technology
with reverse tetracycline-controlled transactivator (rtTA) responsive regulatable gene
expression to induce Cre recombinase expression in the intestinal epithelium upon
administration of doxycycline (see Figure 6, Abremski and Hoess 1984; Gossen and
Bujard 1992; Gossen et al. 1995). 1tTA is a fusion protein consisting of the DNA binding
domain of a mutant E. coli Tnl0 tetracycline resistance operon repressor linked to the
acidic activating domain of herpes simplex virus VP16. When the rtTA binds tetracycline
analogs, such as doxycycline, it can bind to et operator sequences (tefO) from the E. coli
tet operon and activate transcription of a gene under the control of 7efQ linked to a
minimal promoter (Gossen et al. 1995), such as the human cytomegalovirus immediate
early gene 1 promoter (Pycmy). In the inducible, intestine-specific Cre system, the rtTA
gene is under the control of modified transcriptional regulatory elements derived from a

[ X2 132y that drive gene expression in the

rat fatty acid-binding protein gene (Fabp
multipotent intestinal stem cell of epithelium in the small intestine, cecum, and colon of

adult mice (Fabpl ** * . tTA) (Simon et al. 1997; Saam and Gordon 1999), and
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Figure 6. Reverse Tetracycline Transactivation in the Inducible, Intestine-
specific Cre Mouse System. Transcription from the modified rat liver fatty acid
binding protein promoter (Fabpl *X * 3%y results in a transcript encoding the
reverse tetracycline transactivator (rtTA) fusion protein, which consists of the
reverse tet repressor (rfefR) coupled to the VP16 transactivator (VP16) and is
restricted to the intestinal epithelium. In the absence of doxycycline (Dox), tTA
canmot bind to the zet operator sequences (tetO) and transcription of Cre
recombinase (CRE) is not activated. In the presence of Dox, rt'TA binds fetO and
promotes transcription from the cytomegalovirus (CMV) minimal promoter of a
transcript encoding CRE only in those cells where Fabpl ¥ 132 {5 active. Thus,
CRE will only be expressed in intestinal epithelial cells.
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Cre recombinase is under the control of tetracycline operator sequences and a minimal
promoter from human cytomegalovirus (¢e0-Pucmy-Cre) (Saam and Gordon 1999; Wong
et al. 2000). The P1 bacteriophage Cre recombinase catalyzes recombination between
two 34-bp consensus sequences called loxP sites, oriented as direct repeats, resulting in
the excision of intervening DNA sequence (Sternberg and Hamilton 1981; Abremski and
Hoess 1984). Therefore, mice with tetracycline regulatable Cre, intestine-specific rtTA,
and a floxed marker allele will undergo Cre-mediated recombination restricted to the
intestine upon administration of doxycycline. This system has been thoroughly
characterized (Saam and Gordon 1999; Wong et al. 2000). In the absence of doxycycline,
no recombination is detectable in the intestine of adult tri-transgenic mice containing
Fabpl ** * 2 4TA, tetO-Ppemy-Cre, and a floxed reporter gene. Four days after oral
administration of doxycycline, mosaic recombination of the reporter is apparent in the
epithelium of the small intestine, the cecum, and the colon. Furthermore, the recombined
locus persists for at least 60 days after the withdrawal of doxycycline. Because Paneth
cells are phagocytosed in ~ 20 days and stem cell descendents are apoptosed or extruded
into the lumen at the villus tip in 3-5 days, this data indicates that recombination has
taken place in the intestinal stem cell, the only cell that is retained in the crypt for such an

extended period of time.

The Reagents

The Lef-1/B-cat transgenic mouse will harbor an inducible Lef-1/B-cat transgene

inserted randomly into the mouse genome by electroporation of ES cells. Thus, upon
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crossing to the inducible, intestine-specific Cre mouse system, tri-transgenic mice will
mosaically express Lef-1/B-cat in the intestine upon administration of doxycycline, with
wildtype control tissue juxtaposed induced tissue.

The Lef-1/B-cat knockin ROSA mouse will harbor an inducible Lef-1/B-cat
transgene targeted to the ROSA26 locus by homologous recombination. When mated into
the inducible, intestine-specific Cre mouse system, these tri-transgenic mice will
mosaically express a robust level of Lef-1/B-cat in the intestine upon administration of
doxycycline.

These mice will serve as valuable tools for studies of intestinal stem cell
regulation, the carly molecular and cellular events involved in polyp formation, and the
identification of transcriptional targets for future therapeutic and diagnostic approaches to

intestinal disease.
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MATERIALS AND METHODS

Lef-1/f-cat Transgene Cloning

Plasmids: p3021 (Wong et al. 2002) encodes a fusion protein consisting of an N-terminal
15-residue c-Myc epitope tag, amino acids 33-368 of human Lef-1, and the C-terminal
124 residues of human B-catenin (Lef-1/B-cat). pBS:L1/L2loxP2 is the pBluescript I1:KS
(pPBS:KS) vector (Stratagene) modified to contain two loxP sites (5-
ATAACTTCGTATAGCATACATTATACGAAGTTAT-3’) flanking an optimal Kozak
consensus sequence (5’-GCCACC-3") (Kozak 1987) immediately upstream of the ATG
in the Ncol site. The multiple cloning site (MCS) was modified to contain a BamHI-Pstl-
Ncol-Mfel-Bglll-Xbal linker. pEGFP contains coding sequence for enhanced green
fluorescent protein (GFP, Cormack et al. 1996) and the SV40 poly(A) tail sequence in a
pBS:KS backbone. pCAhGH contains the enhanced chicken B-actin promoter (CA,
Miyazaki et al. 1989, from the pCALSL plasmid, a kind gift from Dr. Jie Shen, Harvard)
upstream of nucleotides +3 to +2152 of the human growth hormone (hGH) gene, and a
phosphoglycerate kinase-neomycin resistance selection cassette (PGK-neo, Hermiston et

al. 1996).

Generating an inducible Lef-1/B-cat transgene: To create the CA-loxP-GFP-polyA-loxP-

Lef-1/B-cat-hGH-PGK-neo construct, a 1581-bp Ncol-EcoRI fragment from p3021

containing the Lef-1/B-cat sequence was subcloned into Ncol-Mfel sites in

pBS:L1/L2loxP2, yielding pBS:L1/L2loxP2/3021. A 1035-bp EcoRV-BamHl GFP-
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polyA tail fragment was excised from pEGFP and then subcloned into EcoRV-BamHI
sites of pBS:L.1/1.210xP2/3021. A 2.7 Kb Bglil fragment containing loxP-GFP-polyA-
loxP-Lef-1/B-cat was excised from this plasmid and subcloned into the BamHI site of

pCAQGH, yielding pCA3021hGH, which contains the CA-loxP-GFP-polyA-loxP-Lef-

1/B-cat-hGH-PGK-neo transgene.

Lef-1/p-cat Transgene In Vitro Assays

2.5 X 10° COS-7 cells (ATCC) were transfected with 1 pg (i) pCA3021hGH or (ii)
pCA3021hGH plus 1 pg pMC-Cre [a kind gift from Dr. John Adleman, OHSU, (Gu et al.
1994); this plasmid uses the thymidine kinase promoter to direct Cre expression] using
Lipofectamine (Invitrogen, Luttrell et al. 1995). Cells were evaluated for GFP expression
48-hours after transfection by fluorescence microscopy. Cells were evaluated for B-
catenin or c¢-Myc expression 72-hours after transfection by immunohistochemical
analysis using affinity-purified rabbit antibodies to the C-terminal 14 residues of
human/mouse B-catenin (1:500, Sigma) or the c-Myc epitope tag (1:500, Upstate
Biotechnology). Antigen-antibody complexes were detected with indocarbocyanine
(Cy3)-conjugated  donkey anti-rabbit secondary antibodies (1:500,  Jackson
ImmunoResearch Laboratories). This assay was performed in triplicate in three separate
experiments. The number of B-catenin positive staining nuclei was scored for 2,050 total

cells counted per experiment.
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Electroporation of ES Cells

A 10.3 Kb fragment containing the CA-loxP-GFP-polyA-loxP-Lef-1/8-cat-hGH-PGK-
neo transgene was excised from pCA3021hGH with Xbal, purified by gel electrophoresis
and [-agarase digestion, then electroporated into D3 129/Sv ES cells (Potter et al. 1984;
Wurst and Joyner 1993). Approximately 5 X 107 ES cells were electroporated with 15 pg
of lincar DNA at 200 V and 960 pF, in a Bio-Rad Gene Pulser. A second round of
electroporation using 2 X 107 ES cells and 20 pg linear DNA was also performed.
Electroporated ES cells were propagated on monolayers of primary mouse embryonic
fibroblast cells mitotically inactivated by 6,000 rads of gamma irradiation. ES cells were
expanded in Dulbecco’s Modified Eagle’s Medium high glucose (Gibco) supplemented
with 15% defined fetal bovine serum (DFBS; HyClone), 0.1 mM non-essential amino
acids (Gibco), 2 mM nucleoside stock (Sigma), 10° M B-mercaptoethanol (Sigma), 2
mM L-glutamine (Gibco), 1000 U/ml Leukemia Inhibitory Factor (Chemicon), and 50
ug/ml penicillin and streptomycin (Gibco) at 37°C and 5% CO,. Two days after
electroporation, ES cells were grown in 400pug/ml Geneticin (Calbiochem) for transgene
selection. After four to seven days, seventy-five single drug-resistant colonies were
identified, picked and expanded in 24- and 6-well plates. Cells from each colony were
frozen in cryovials using 25% DFBS and 10% dimethyl sulfoxide (Gibco). Cells from
each colony were expanded further into 15 60-mm dishes for genomic DNA, RNA, and
protein isolation. ES cells were tested for Mycoplasma contamination using the

Mycoplasma Detection Kit (ATCC, Tang et al. 2000).
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Screening of ES Clones for Presence of Transgene

Sixty-six stably transfected ES cell clones were identified by visualization of GFP
fluorescence in live cells using a Leica DMIRE/2 model inverted microscope. Fifty-six of
those clones were confirmed to contain the Lef-1/B-cat transgene by polymerase chain
reaction (PCR) using genomic DNA isolated according to standard methods (Wurst and
Joyner 1993). Primers to hGH (forward, 5’-AGGTGGCCTTTGACACCTACCAGG-3’
and reverse, 5’-TCTGTTGTGTTTCCTCCCTGTTGG-3’) amplified a 360-bp product,
and primers to actin (forward, 5’-CACCACACCTTCTACAATGAGCTG-3’ and reverse,
5’-TCATCAGGTAGTCAGTGAGGTCGC-3") amplified a 450-bp product. Cycle

conditions were as follows: denaturation, 94°C for 1 min; annealing, 55°C for 1 min;

extension, 72°C for 1.5 min, for a total of 30 cycles.

Screening of ES Clones for Single Copy Transgene Insertion by Southern Blot Analysis

Probes: A GFP-specific fragment was generated using primers designed to amplify a 691-
bp amplicon in the 3’ region of GFP (forward, 5’-GCTACCCCGACCACATGAAG-3’
and reverse, 5-CCCTGAACCTGAAACATAAAATGAA-3’) and subcloned into the
pCR2.1 TA Cloning Kit (Invitrogen). The GFP fragment was excised from the pCR2.1
TA cloning vector by sequential restriction digestion with EcoRI and Eagl. A 484-bp
fragment containing the 5’ region of the neomycin resistance gene was excised with Spel
and Mscl from the pGT28 plasmid (New England Biosciences; a kind gift from Dr.

Richard Maurer, OHSU). Fifty ng of DNA was used to generate [32P]—dCTP labeled



random primed probes using the Ready-To-Go-DNA Labeling Bead Kit (Amersham
Biosciences). The GFP probe hybridizes to the 3’ end of the GFP gene in the Lef-1/B-cat
transgene and yields a >7 Kb band on genomic ES cell genomic DNA carrying a single
transgene copy cut with Sacl and a >4.8 Kb band cut with BamHI. The neo probe
hybridizes to 5” end of the neomycin resistance gene in the Lef-1/B-cat transgene and
yields a >5.7 Kb band on genomic ES cell genomic DNA carrying a single transgene
copy cut with Sacl and a >7.8 Kb band cut with BamHI.

DNA _preparation: Genomic DNA was isolated from the fifty-six candidate ES cell

clones. Cells from five overgrown 60-mm dishes were lysed (50 mM Tris at pH 8.0, 100
mM NaCl, 10 mM EDTA, 1% SDS, 1mg/ml proteinase K), pooled, transferred to a 15 ml
tube, and incubated at 56°C overnight. DNA was extracted using phenol:chloroform,
precipitated with ethanol, spooled out on the tip of a Pasteur pipette, and resuspended in
water.

Hybridization: Ten pg of genomic DNA was digested with either BamHI or Sacl and
then resolved by electrophoresis on a 0.8% agarose gel. Gels were denatured in 0.25 M
HCl at 25°C for 10 min, then neutralized in 0.4 M NaOH at 25°C for 30 min. DNA was
then transferred to positively charged nylon membrane (GeneScreen Plus; Perkin Elmer)
following standard procedures (Southern 1975; Ausubel 1993; Sambrook and Russell
2001). Hybridization with the neo-specific probe was carried out for 18 hours at 68°C in
15 ml hybridization buffer (6X SSC, 5X Denhardt’s reagent, 0.5% SDS, 100 pg/ml
denatured salmon sperm DNA) containing approximately 4 X 10’ cpm/ml of labeled
probe. The hybridized membranes were washed twice with 30 ml buffer T (2X SSC/0.1%

SDS) at 25°C for 5 min each, then twice with 30 ml buffer II (0.2X SSC/0.1% SDS) at
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25°C for 5 min each, and finally twice with 30 ml buffer III (0.2X SSC/0.1% SDS pre-
warmed) at 42°C for 15 min each. Membranes were exposed to film at -80°C for 16-24
hours. Membranes were stripped at 78-98°C for 30 minutes with buffer S (10 mM Tris-

HCl at pH 7.5, 1 mM EDTA, 1% SDS) and re-probed with the GFP-specific probe.

Towards Assessing Transgene Expression Level in ES Clones

For determining mRNA expression level:
c¢DNA synthesis: RNA was isolated from 30 candidate ES cell clones. Cells from five

overgrown 60-mm dishes were lysed [600 ul Buffer RLT (Qiagen)/B-mercaptoethanol
per 60-mm dish], pooled, transferred to a 1.5 ml RNase-free tube, and homogenized
using a 20-gauge needle. Total RNA was then isolated using the RNeasy RNA isolation
Kit (Qiagen) and treated with 0.2 U DNasel (Roche) at 37°C for 15 min to remove
contaminating genomic DNA. cDNA was synthesized using oligo(dT) primers and
Superscript 11 Reverse Transcriptase (Invitrogen). Briefly, 1.5 ug of DNase-treated total
RNA was incubated with 250 ng oligo(dT) primers in a 10 ul reaction at 70°C for 5 min
and then cooled to 42°C. The reverse transcription reaction was carried out with 200 U
teverse transcriptase in the presence of 250 mM Tris-HCI at pH 8.3, 375 mM KCl, 15
mM MgCl,, 100 mM DTT, 40 U RNase inhibitor, and 10 mM dNTPs at 42°C for one
hour. PCR using actin primers spanning an intron/exon junction and designed to produce
a 300-bp amplicon from B-actin cDNA and 450-bp amplicon from B-actin genomic DNA

was used to confirm cDNA synthesis and the absence of genomic DNA contamination.
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Primer design: Two sets of primers for use with SYBR Green-based qRT-PCR to Let-
1/B-cat were designed using Primer Express Software (Applied Biosystems). To
eliminate amplification of endogenous Lef-1 or B-catenin, one primer pair produces a
111-bp amplicon spanning the Lef-1/B-catenin junction and the other primer pair
produces a 116-bp amplicon including the Lef-1/B-catenin junction. Primer pairs were
tested to establish a single specific amplicon by PCR using genomic DNA, positive
control ¢cDNA, and water. Cycle conditions were as follows: denaturation, 94°C for 2
min; annealing, 55°C for 1 min; extension, 72°C for 2 min, for a total of 35 cycles.
Melting curves for each set of primers were determined by qRT-PCR on positive control
cDNA and water to identify amplicon melting temperatures. Lef-1/B-cat primer pairs
were also tested for linear amplification with primers to the endogenous reference gene
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) by qRT-PCR using serial dilutions
of positive control cDNA (undiluted, 1:2, 1:4, 1:8) and water. The threshold cycle, Cr,
indicates the fractional cycle number at which the amount of amplified target reaches a
fixed threshold. Fluorescence data were collected at 0.5°C lower than the identified
amplicon melting temperature for each primer pair and plotted as the ratio of target gene
Cr to Gapdh Cr against the log of sample cDNA concentration. A slope equal to or less
than 0.1 indicated acceptable linear amplification efficiencies. qRT-PCR was carried out
in triplicate using SYBR Green and a 7900HT Sequence Detector (Applied Biosystems).
Each 25 pl reaction contained 2X SYBR Green master mix (Applied Biosystems), 0.25
units UDP-N-glycosidase (Life Technologies), 900 nM forward and reverse primers, and

2-4 ul of sample cDNA (see Table 1).
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Primer Name Primer Sequence T Length | Ty m

111-bp amplicon spanning 5’-CGACTTCAGGTACAGGTCCCA-3’ | 21 81.4°C | 0.08
Lef-1/B-catenin junction

Forward Primer |
111-bp amplicon spanning 5’-TCAGCTCAACTGAAAGCCGTT-3’ | 21 f
Lef-1/B-catenin junction
Reverse Primer

116-bp amplicon including 5’-CAGCTGCCTACATCGGAGATC-3" | 21 81.8°C | 0.10
Lef-1/B-catenin junction
Forward Primer |
116-bp amplicon including 5’-AGCCATTGGCTCTGTTCTGAA-3” | 21
Lef-1/B-catenin junction
| Reverse Primer _ |

Table 1. Primer Pairs for Use with SYBR Green-based qRT-PCR to Assess Lef-1/p-
cat Transgene Expression Level in ES Clones. Both primer pairs were designed to Lef-
1/B-cat fusion molecule sequence to yield amplicons of ~150 base pairs spanning or
including the Lef-1/B-catenin junction. Amplicon melting temperatures (Tm) were
determined by melting curve analysis. Linearity slopes (m) equal to or less that 0.1

indicated acceptable linear amplification efficiencies between primers to Lef-1/B-cat and

Gapdh.
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For determining protein expression level: Protein was isolated from 30 candidate ES cell

clones. Cells from five overgrown 6-mm dishes plates were lysed (100 mM NaPO, at

pH7.8, 0.1% NP40), then frozen and thawed five times. Lysates were centrifuged at

13,200 rpm for 2 min and supernatants pooled.

Detection of Wnt/p-catenin Target Gene Expression

Paraffin embedded tissue preparation: The small intestine and colon were removed en

bloc from adult mice, linearized, and gently flushed with ice-cold phosphate buffered
saline (PBS). Intestines were divided into proximal, mid, and distal regions, flushed with
fixative [paraformaldehyde-lysine-periodate (McLean and Nakane 1974), 4%
paraformaldehyde (PFA), 2% PFA or 10% basic normal formalin], opened
longitudinally, and pinned onto wax. Intestines were then fixed for 2 hours at 25°C,
washed with PBS, and incubated overnight in 70% ethanol at 25°C. Intestinal regions
were embedded in 2% agar, subdivided into 3 ¢cm strips, and cut down the midline. Half-
strips were aligned side by side to preserve the cephalo-caudal orientation and the crypt-
villus orientation, and the entire stack was embedded in agar. Excess agar was trimmed
and the stack transferred to a cassette for paraffin embedding and sectioning by the
OHSU Cancer Institute Histology Core Facility under the supervision of Dr. Christopher
Corless.

Immunohistochemistry: Fixed, paraffin-embedded sections were deparaffinized (xylenc

for 5 min X 3; 100% isopropanol for 3 min X 3; ddH,O for 5 min), washed (PBS for 3
min X 3), and incubated in blocking buffer (1%BSA, 0.3% Triton X-100 in 1X PBS) for

30 min at 25°C. Sections were then incubated with affinity purified rabbit polyclonal
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antibodies to Ppard (1:250, Alexis Biochemicals) for 1 hour at 25°C. Antigen-antibody
complexes were detected with Cy3-conjugated donkey anti-rabbit secondary antibodies
(1:500, Jackson ImmunoResearch Laboratories). Stained sections were viewed with a

Leica DC500 model microscope.

Lef-1/p-cat Knockin ROSA Cloning

Plasmids: pBS:L1/L2 is the pBS:KS vector modified to contain a BamHI-PstI-Ncol-
Mfel-Bglll-Xbal linker in its MCS with an optimal Kozak consensus sequence (5°-
GCCACC-3") immediately upstream of the ATG in the Ncol site. pBigT (a kind gift
from Dr. Shankar Srinivas, Columbia, Srinivas et al. 2001) is the pBS:KS vector
modified to contain a PGK-neo cassette flanked by loxP sites upstream of a MCS and the
bovine growth hormone (bGH) gene, and downstream of an Adenovirus splice acceptor
(SA) site. The loxP-PGK-neo-loxP-gene-of-interest-bGH transgene is flanked by Pacl
and Ascl restriction digestion sites. pROSA26PA (a kind gift from Dr. Shankar Srinivas,
Columbia, Zambrowicz et al. 1997; Srinivas et al. 2001) contains the genomic sequences
with which to target the ROSA26 locus. Immediately adjacent Pacl and Ascl restriction
digestion sites are situated between the ROSA26 5° fragment and the ROSA26 3’

fragment,

Subcloning an inducible Lef-1/B-cat gene into the ROSA targeting vector: To create the

ROSA26 genomic sequence-ROSA promoter-loxP-PGK-neo-polyA-loxP-Lef-1/B-cat-

bGH-ROSA26 genomic sequence construct, a 1581-bp Ncol-EcoRI fragment from p3021
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containing the Lef-1/B-cat sequence was subcloned into Ncol-Mfel sites in pBS:L1/1.2,
yielding pBS:L1/L2/3021, with Lef-1/B-cat directly following an optimal Kozak
consensus sequence (5’-GCCACC-3’) immediately upstream of the ATG in the Ncol site.
This plasmid was then digested with HindIIl and Xbal to yield a 1645-bp fragment of
pBS:L1/L2/3021containing Lef-1/B-cat. The DNA overhangs of this fragment were filled
in with Klenow to create blunt ends and subcloned into the cut and filled-in Xkol site of
pBigT, yielding pBigT/3021. A 4.8 Kb Pacl-Ascl fragment from pBigT/3021 containing
loxP-PGK-neo-polyA-loxP-Lef-1/B-cat-bGH was then subcloned into the Pacl-Ascl site

of pPROSA26PA, yielding pRT3 which contains the ROSA26 genomic sequence-loxP-

PGK-neo-polyA-loxP-Lef-1/B-cat-bGH-ROSA26 genomic sequence transgene. Thirty pg

of pRT3 was linearized with XAol and prepared for ES cell electroporation by the OHSU

Transgenics/Gene Targeting Facility under the supervision of Dr. Manfred Baetscher.

Screening of Lef-1/f-cat Knockin ROSA ES Clones for Homologous Recombination

Stably transfected ES cells were identified by PCR using Immomix Red (Bioline).
Genomic DNA was isolated from ES cell clones. One hundred and ninety two unique ES
cell clones grown in triplicate 96-well plates were lysed (10 mM Tris at pH 7.5, 10 mM
EDTA at pH 8.0, 10 mM NaCl, 0.5% Sarcosyl, and 1 mg/ml proteinase K) overnight at
60°C in a humidified chamber. DNA was precipitated with 75 mM NaCl in ethanol for
30 min at 25°C, washed with 70% ethanol using a multichannel pipettor, resuspended in
30 pl water/well, and transferred to a 1.5 ml tube. Primers to the endogenous ROSA

promoter (forward, 5’-CCTAAAGAAGAGGCTGTGCTTTGG-3’) and to the SA of
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BigT (reverse, 5’-CATCAAGGAAACCCTGGACTACTG-3’, a kind gift from Dr.
Stefan Lanker, OHSU) amplified a 1.2 Kb product. Cycle conditions were as follows:
denaturation, 95°C for 30 sec; annealing, 53°C for 30 sec; extension, 72°C for 1 min, for

a total of 30 cycles.
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RESULTS

Lef-1/B-cat Transgene Cloning

The inducible Lef-1/B-cat transgene contains the Lef-1/B-cat gene downstream of a
floxed GFP gene under the control of the chicken B-actin promoter (see Figure 7). The
GFP gene is followed by a stop codon and a poly A tail to prevent expression of the
downstream Lef-1/B-cat sequence. GFP is constitutively expressed and serves as a
negative marker for the recombination event in that GFP identifies cells that have not
undergone Cre-mediated recombination. The Lef-1/B-cat sequence contains a c-Myc
epitope tag for tracking expression of the fusion protein. The hGH gene contains intron-
exon structure and a poly A tail, and thus provides message stability for the entire
transgene. A neomycin resistance cassette is included for the selection of ES cells that
express the transgene. Antibodies to the c-Myc epitope tag or to the junction of the Lef-
1/B-cat fusion protein can be used as positive markers for recombination. Both GFP and
Lef-1/B-cat sequences contain optimal Kozak consensus sequences. Because the two loxP
sites flanking the GFP gene lie in the same orientation, the presence of Cre recombinase
will catalyze recombination between the loxP sites, excising the intervening GFP

sequence, and result in the expression of Lef-1/B-cat.
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PGK-neo —

Figure 7. Schematic Representation of the Inducible Lef-1/B-cat
Transgene. The inducible Lef-1/B-cat transgene contains the enhanced
chicken B-actin promoter (CA), the enhanced green fluorescent protein
(GFP), the Lef-1/B-cat fusion protein (Lef-1/B-cat), the human growth
hormone (hGH) and a phosphoglycerate kinase-neomycin resistance
selection cassette (PGK-neo). Triangles represent loxP sites.
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Figure 8. In Vitro Activity of the Inducible Lef-1/B-cat Transgene. (A) Mock
transfected COS-7 cells expressed no GFP and only endogenous membrane-
specific-B-catenin. (B) COS-7 cells transfected with the Lef-1/B-cat construct
expressed GFP in the absence of Cre recombinase. (C) COS-7 cells cotransfected
with Lef-1/B-cat and a CMV-Cre plasmid express robust nuclear-specific f3-
catenin in the presence of Cre recombinase. Upon expression of Cre recombinase,
floxed GFP sequences were excised, allowing expression of the Lef-1/B-cat fusion
protein. Live cells were evaluated for GFP expression 48 hours after transfection
by fluorescence microscopy. Permeabilized cells were evaluated for B-catenin
expression 72 hours after transfection by immunohistochemical analysis using
rabbit anti-B-catenin primary antibodies and indocarbocyanine (Cy3)-conjugated
donkey anti-rabbit secondary antibodies. Bars = 25 pm.
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Figure 9. Quantitative Analysis of the In Vitro Assay Results for Inducible Lef-
1/B-cat Trangene Activity. COS-7 cells were evaluated for B-catenin expression by
immunohistochemical analysis 72-hours after transfection with or without plasmids
encoding Lef-1/B-cat and Cre recombinase. A total of 2,050 cells were counted. The
number of B-catenin positive staining nuclei was reported as per 500 cells counted.
The number of B-catenin positive nuclei showed a >10 fold difference between
transfected and mock transfected cells.
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Lef-1/p-cat Transgene In Vitro Assays

The Lef-1/B-cat transgene is designed to express GFP prior to Cre-mediated
recombination and the Lef-1/B-cat fusion protein after Cre-mediated recombination. In
vitro testing of this transgene in COS-7 cells revealed that cells transfected with the Lef-
1/P-cat construct express GFP in the absence of Cre recombinase (see Figure 8B). Cells
cotransfected with Lef-1/B-cat and a CMV-Cre plasmid express robust and nuclear-
specific B-catenin, dramatically higher than levels seen for endogenous pB-catenin
expression, indicating Lef-1/B-cat fusion protein expression (see Figure 8A and C). A
total 2,050 cells were counted per experiment. The number of B-catenin positive nuclei
was >10-fold higher in transfected as compared to mock transfected cells (see Figure 9).
Staining for c-Myc yielded similar results. This data confirmed that Lef-1/p-cat
expression is inducible with Cre recombinase and that the transgene functions as

designed.

Electroporation of ES Cells

Because expression of the Lef-1/B-cat transgene is induced by Cre-mediated
recombination, it is critical that only a single copy of the transgene be incorporated into
the mouse genome. Insertion of multiple transgene copies can yield multiple
recombination  derivatives,  potentially  eliminating  Lef-1/B-cat  expression.
Electroporation into ES cells provides a greater chance of single copy transgene

integration into the mouse genome than the more traditional approach of pro-nuclear
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injection (Andreason and Evans 1988; Lewandoski and Martin 1997; Lobe et al. 1999).
Therefore, to generate the Lef-1/B-cat transgenic mouse with only a single copy inserted
into its genome, the transgene was electroporated into ES cells. A total of seventy-five
colonies were identified in two rounds of electroporation using ratios of DNA

concentration per number of cells adjusted to enhance single copy insertion.

Screening of ES Clones for Presence of Transgene

ES cell clones were screened for presence of the transgene by GFP visualization (see
Figure 10) and by PCR using primers to hGH and actin (see Figure 11). These data

identified fifty-six clones that express GFP and contain the Lef-1/B-cat transgene.

Screening of ES Clones for Single Copy Transgene Insertion by Southern Blot Analysis

Probes to the GFP and neo genes were generated for use in Southern blot analysis. The
neo probe recognizes a single >5.7 Kb fragment from Sacl digested ES cell genomic
DNA carrying a single copy of the transgene. A double transgene insertion is expected to
yield multiple bands or a single 11.3 Kb band, depending upon the orientation and
configuration of the multiple transgene copies. To distinguish between a single insertion
displaying an 11.3 Kb band and a double insertion, membranes were re-evaluated with
the GFP probe. The GFP probe recognizes a single 14 Kb fragment if two transgene
copies are present. Analysis of banding patterns identified two clones as having single

copy insertion (see Figure 12).
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Figure 10. Identification of ES Clones Containing the Lef-1/pB-cat
Transgene by GFP Visualization. Individual neomycin resistant ES cell
colonies were picked and expanded for eight days. Clones containing the
inducible Lef-1/B-cat transgene were then identified by visualization of GFP
fluorescence. (A) GFP expression in Lef-1/B-cat transfected ES cell clone
indicating presence of the transgene (FITC channel). (B) Lack of GFP
expression in Lef-1/B-cat transfected ES cell clone indicating absence of the
transgene (Phase and FITC channels). Bars =3 mm.
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Figure 11. Identification of ES Clones Containing the Lef-1/B-cat
Transgene by PCR with Primers to hGH and Actin. Templates of
genomic DNA from 27 ES cell clones (1-27), genomic tail DNA (g), Lef-
1/B-cat containing plasmid DNA (+) and water (w) were used in PCR
reactions. (A) Primers to hGH amplified a 360-bp product and identified
clones containing the inducible Lef-1/B-cat trangene. (B) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>