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SUMMARY

The canonical Wnt/B-catenin signaling pathway is classically thought to
function through formation of Tcf/Lef-B-catenin complexes for activation of target
gene transcription. In this model, B-catenin binding acts as a switch, turning
Tcf/Lefs from transcriptional repressors to transcriptional activators. My thesis work
shows that mouse Tcf7I1 (formerly named Tcf3) plays a distinct and novel role in
the Wnt/B-catenin pathway. Instead of switching Tcf7I1 into a transactivator,
B-catenin binding to Tcf7I1 results in its removal from chromatin and subsequent
degradation in a proteasome-dependent manner. Experiments using mouse
embryonic stem cells (ESCs) show that recombinant Wnt3a, GSK3-inhibition, or
increasing B-catenin levels are all sufficient to reduce Tcf7I1 protein independent
of mMRNA levels. This effect does not occur in Tcf7ILAN/AN ESCs, which lack nine
Tcf711 residues necessary for B-catenin binding. Interestingly, Tcf7I1AN/AN mice
exhibit severe morphogenetic defects, including exencephaly, poor vascular
integrity, open eyelids at birth and oligodactyly. However, Tcf7I1-/AN mice
develop into viable and ostensibly normal adult mice, suggesting that reducing the
amount of Tcf7I1 replaces the requirement for Tcf711-B-catenin interaction. Thus,
Wnt/B-catenin signaling regulates Tcf711 activity through a fundamentally different
mechanism as compared to other Tcf/Lefs, independent of Tcf/Lef-B-catenin
transactivator activity. These findings impact understanding of the mechanisms
whereby Wnt/B-catenin mediates its effects, especially in the self-renewal

capabilities of Tcf7I1-expressing stem cells and tumor cells.

Xi
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Introduction



1.Wnt signaling

Wnt ligands function in canonical and non-canonical pathways, which share
the common features of using the seven-pass transmembrane Frizzled (Fz)
receptor, its coreceptor, single-pass transmembrane low density lipoprotein
receptor-related protein 5/6 (Lrp5/6), and Dishevelled proteins to transduce
signaling. Various Dishevelled proteins are thought to uniquely interpret Wnt
activation by recruiting different downstream effectors (1). Of these pathways,
canonical Wnt/B-catenin signaling is the best characterized, while less is
understood about Whnt-signaling that induces a biological response independent
of B-catenin.

Of the non-canonical Wnt pathways, the Wnt/planar cell polarity pathway
controls developmental process that affects cell polarity within an epithelial plane,
including neural tube closure, eyelid closure, and cochlear hair cell orientation in
inner ear (1). This pathway requires activation of small GTPases, Rho and Rac, to
induce cytoskeletal rearrangement. Rho activates Rho-associated protein kinase
(ROCK) to regulate cytoskeleton, while Rac activates c-Jun N-terminal kinase
(JNK) to induce actin polymerization (2,3). ROCK and JNK reorganize the
cytoskeleton to coordinate cell polarity and control cell migration (2,3).

The Whnt/calcium pathway plays an important role in the development of
dorsoventral polarity, somite patterning, and formation of various organs (4-6).
This pathway involves the release of calcium from the endoplasmic reticulum

through heterotrimeric G-protein activation of phospholipase C (5,7). Subsequent



calcium fluxes can activate several mediator proteins including
calcium/calmodulin-dependent protein kinase Il (CaMKIl), protein kinase C (PKC),
and the protein phosphatase, calcineurin (8,9). Both CaMKIl and PKC go on to
activate NF-kB and CREB transcription factors, while calcineurin activates nuclear

factor of activated T cell (NFAT) transcription factor (10).

1.1 The function of canonical Wnt/B-catenin signaling

Canonical Wnt/B-catenin signaling controls many biological activities
throughout embryonic development and tissue homeostasis. Through mouse
loss-of-function genetic experiments, Wnt/B-catenin signaling has been shown to
be required at multiple stages of mouse development, including gastrulation and
limb development (11-13). Furthermore, aberrant Wnt/B-catenin signaling has
been implicated in many cancers, providing an axis for discovery of potential

therapeutic targets (14).

1.2 Wnt signaling during development

1.2.1 Gastrulation

Gastrulation occurs early in development when the epiblast, a single layer of
cells derived from the inner cell mass, divides and differentiates into three primary

germ layers consisting of ectoderm, mesoderm and definitive endoderm. The



epiblast is symmetrical and maintained in a pluripotent state while surrounded by
visceral endoderm. Gastrulation begins with formation of the primitive streak (PS),
a transient structure that defines the posterior of the embryo (11).

PS formation is triggered by a break in epiblast symmetry. Visceral endoderm
at the distal tip of the embryo migrates to the anterior to form the anterior visceral
endoderm (AVE). The AVE acts as a signaling center, expressing ligands like
Cerl, Leftyl, and DKK which antagonize Nodal and Wnt signaling. A second
signaling center in the extraembryonic ectoderm (EXE) is formed adjacent to the
proximal epiblast. EXE-secreted ligands, such as Nodal, Wnt3, and BMP4,
promote PS formation. Thus, ligands secreted by the AVE and EXE establish
opposing morphogen gradients, which break epiblast symmetry and initiate PS
formation (12).

During PS formation, epiblast cells ingress through the primitive streak to
give rise to the mesoderm and definitive endoderm via epithelial-to-mesenchymal
transition. Epiblast cells, which do not enter through the primitive streak, go on to
form ectoderm. Thus, three primary germ layers establish a basic body plan,

eventually developing into all tissues types of the organism (12).

1.2.2 Wnt, Nodal, and BMP signaling during gastrulation

Mouse genetic experiments have shown that several signaling pathways are

required for gastrulation. p-catenin-null, Wnt3-/-, and Lrp5-/-Lrp6-/- mutants have



defects in primitive streak formation, resulting in a gastrulation block (15-17).
Genetic ablation of Nodal, its cofactor, Cripto, or BMP receptor 1 also block PS
formation (18-20). In congruence, double knockout of Nodal antagonists, Cerl
and Leftyl, result in PS expansion or formation of multiple PS (21). Thus,
Wnt/B-catenin, Nodal, and BMP signaling pathways are each required for PS

formation.

1.2.3 Limb bud formation

The early limb bud first protrudes from the lateral embryo body wall, and is
comprised of mesenchyme and overlying ectoderm. As the limb bud develops,
specialized signaling centers are formed which are required for outgrowth and
patterning of the vertebrate limb. The anatomy of the limb can be divided into
three axes: proximal-distal (from shoulder to finger tip), anterior-posterior (from
thumb to little finger), and dorsal-ventral (from back of hand to palm) (22).

The apical ectodermal ridge (AER) is an ectodermal structure that runs along
the distal tip of the limb bud. Microsurgical removal of the AER from the
developing chick limb bud results in loss of limb structure, demonstrating a
requirement of the AER for limb development (23). Fibroblast growth factor (Fgf)
expressed in the AER is the major protein required for limb bud outgrowth (24-26).

The posterior region of the limb mesenchyme is called the zone of polarizing

activity (ZPA). Sonic hedgehog (Shh) expression in the ZPA is required to



determine the anterior-posterior axis of the limb bud. Heterotopic transplantation
of the ZPA to the anterior of the developing chick limb bud produces a limb with
double number of digits and posterior digits on both sides. This demonstrates the
ability of the ZPA to specify posterior identity in the limb bud (27).

Coordination between these signaling centers determines the size and shape
of the limb bud. Genetic experiments in mice and manipulation of chick limb buds
indicate that Fgf8 in the AER induces Shh expression in the ZPA (24,28). Shh
promotes the expression of Fgf4 in the AER by inducing the BMP antagonist,
Gremlin (29,30). Therefore, signals from the AER and ZPA co-potentiate a

positive feedback loop of Shh and Fgfs.

1.2.4 Wnt signaling during limb development

Members of the Wnt family and their downstream effectors are differentially
expressed either within the ectoderm and/or mesenchyme of the limb bud,
suggesting that they may play a number of different roles during limb
development (13). For instance, Wnt3 is expressed ubiquitously in limb bud
ectoderm. Conditional knockout of Wnt3 in limb bud ectoderm disrupts AER
formation and results in severe limb deformation (31). Wnt5a is expressed in both
ventral limb ectoderm and mesenchyme. Gene inactivation of Wnt5a in mice
results in a shortening of the limb, reflecting an overall retardation in development

(32). Wnt7a is expressed in the dorsal ectoderm of the limb bud, and loss of



Wnt7a results in mice lacking both dorsal structures and posterior digits. In
addition, Shh expression is decreased in Wnt7a’ limbs in a manner that
corresponds with loss of posterior digits (33). The role of B-catenin in the
ectoderm and mesoderm of limb bud has also been investigated via conditional
knockout mice. Loss of B-catenin in limb ectoderm causes defects in AER
formation (31). Furthermore, loss of mesenchymal B-catenin activity results in
limb truncations due to defects in AER maintenance, while overactivation of

B-catenin in limb mesenchyme causes premature AER regression (34).

1.3 Wnt/B-catenin signaling molecular pathway

Activity of the Wnt/B-catenin pathway is controlled through regulation of
B-catenin protein stability (35). In the absence of Wnt ligand, B-catenin is
constitutively targeted for ubiqutination and proteasome-mediated degradation by
phosphorylation at serine (Ser) and threonine (Thr) residues near its amino
terminus (36,37). Mutagenesis experiments have shown that substitution of Ser33,
Ser37, Thr4l, and Ser45 with alanine in B-catenin inhibit its ubiquitination and
resulted in its stabilization (36). Phosphorylation of (B-catenin occurs within a
polyprotein destruction complex that includes adenomatous polyposis coli (APC),
scaffolding protein Axin, Dishevelled, and the kinases, casein kinase l1a (CKla)
and glycogen synthase kinase 3 (GSK3) (37-39). Using a panel of antibodies that
specifically recognizes different B-catenin phosphorylation sites on Ser and Thr

residues, CK1la was identified and found to first phosphorylate 3-catenin at Ser45,



which is required for subsequent GSK3 phosphorylation of B-catenin at Ser33,
Ser37, and Thr4l (37). B-TrCP E3 ubiqutin ligase binds to phosphorylated
B-catenin, targeting it for ubiquitylation and proteasome-mediated degradation
(36,40). Thus, without Wnt ligands, free, cytoplasmic (-catenin is kept at a low
level. When Wnt ligands bind to the Fz-Lrp5/6 receptor complex, a signaling
cascade is initiated which inhibits the B-catenin destruction complex. Free
B-catenin accumulates in the cytoplasm and translocates into the nucleus to
stimulate the expression of Wnt/p-catenin target genes.

B-catenin is a multifunctional protein. Besides its functions in transcription
factor regulation in the nucleus, B-catenin also serves as an essential cell
adhesion molecule to maintain adherens junctions. Interestingly, B-catenin
contains no intrinsic DNA binding ability, relying instead on interactions with
DNA-binding proteins to regulate target genes (41-43). Luciferase reporter assays
have shown that -catenin protein can stimulate transcription of target genes
when it binds to a Tcf/Lef (41,42). Deletion mutagenesis experiments have
localized the primary transactivation activity of B-catenin to its carboxy-terminal
portion (43).

Tcf/Lefs are DNA-binding transcription factors which depend on interaction
with co-activators or co-repressors to exert their effect on target gene expression.
In the absence of Wnt/B-catenin signaling, Tcf/Lefs interact with co-repressor
proteins, Groucho and CtBP, to repress target genes (44-46). In vitro analysis of

protein-protein interactions using purified proteins show that B-catenin binding to



Tcf/Lefs directly disrupts Tcf/Lef-Groucho complexes to form Tcf/Lef-B-catenin
complexes (47). Tcf/Lef-B-catenin complexes subsequently recruit transcriptional
co-activators like BCL9, Pygopus, Brg-1, and CBP to activate Wnt target genes
(48-52). Thus, Wnt activation stimulates a B-catenin-mediated switch of Tcf/Lefs

from transcriptional repressors to transcriptional activators of Wnt target genes.

1.4 Evolving models of B-catenin destruction complex inhibition

Since the discovery of B-catenin’s role as a nuclear transcriptional activator
(41,42), several models have been proposed to explain how Wnt ligand binding
results in B-catenin stabilization. The research elucidating these models have
focused on the molecular dynamics associated with disassembly of the
destruction complex and inhibition of B-catenin phosphorylation. The details of
models have changed over time, which has led to a good understanding of

several cytoplasmic events which occur downstream of Wnt ligand binding.

1.4.1 Membrane sequestration of Axin

To understand how the Wnt coreceptor, LRP5/6, transduces Wnt/B-catenin
signaling, yeast two-hybrid systems were used to identify factors that interact with
LRP5/6’s intracellular domain. In this manner, Axin was identified (53). In addition,
the amount of Axin bound to plasma membranes was found to synergistically
increase with combined LRP5/6 overexpression and in vitro treatment of 3T3 cells

with Wnt-3a conditioned medium (53). After stimulation with Wnt-3a, GSK3 and
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CK1y induce several phoshorylations of the cytoplasmic domain of LRP5/6,
creating docking sites for Axin (54,55). Mutagenesis and in vitro kinase assay
experiments show that GSK3 phosphorylates serines in five PPPSPXS
Axin-binding motifs (55), while CK1y phosphorylates two adjacent Ser/Thr
clusters (54). Thus, it is possible that Wnt stimulation results in membrane
sequestration of Axin by LRP5/6, resulting in the disruption of the B-catenin

destruction complex and accumulation of free B-catenin.

1.4.2 Axin degradation

Wnt/B-catenin signaling leads to a decrease in Axin striping pattern
expression in Drosophila embryos, suggesting Wnt/B-catenin negatively regulates
Axin levels in vivo (56). In addition to Wnt-activated phosphorylation of the
LRP5/6 cytoplasmic domain to sequester Axin away from the [(-catenin
destruction complex, Poly-ADP-ribosylating enzymes tankyrase 1 and tankyrase
2 also interact with Axin and stimulate its degradation via the

ubiquitin-proteasome pathway (57).

1.4.3 Protein phosphatase dephosphorylation of Axin

In addition to B-catenin and LRP5/6, Axin and APC are also substrates for
CKI and GSK3. Phosphorylation of Axin and APC enhances their binding affinity
for GSK3 and B-catenin, shifting equilibrium to favor [B-catenin destruction

complex formation. While the role of CKI and GSK3 phosphorylation activity has
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been implicated in regulating Wnt signaling, the role of phosphatases is less clear.
Protein phosphatase 1 (PP1) was identified in an RNAI screen targeting catalytic
subunits of protein phosphatases as an activator of Wnt/B3-catenin signaling (58).
In addition, protein phosphatase 2Ca (PP2Ca) was identified in a yeast two-hybrid
screen for factors that interact with Dishevelled protein (59). Immunoprecipitation,
in vitro phosphastase, and electrophoretic mobility assays showed that PP1 and
PP2Ca can bind to and dephosphorylate Axin (58,59). Thus, Axin
dephosphorylation by PP1 and PP2Ca leads to less [B-catenin destruction

complexes.

1.4.4 Inhibition of GSK3 kinase activity

Overexpression of LRP6’s intracellular domain is sufficient to inhibit
GSK3-mediated phosphorylation of B-catenin independent of Axin degradation
(60). In addition, introduction of phosphorylated PPPSPXS motif peptides results
in inhibition of GSK3 phosphorylation of B-catenin in vitro (61). Furthermore, in
vitro recombinant protein experiments show that phosphorylated PPPSPXS
motifs inhibit GSK3 phosphorylaton of p-catenin at Ser33/Ser37/Thr4l, but not
CK1 phosphorylation of B-catenin at Ser45 (62). These experiments suggest a
dual role of LRP5/6-mediated stimulation of Axin degradation and inhibition of

GSK3 activity upon Wnt activation.
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1.4.5 Current model: Wnt signaling blocks B-catenin ubiquitination

Unlike previous studies of the B-catenin destruction complex, which utilized
overexpression or in vitro analysis, Hans Clevers’ group analyzed the
endogenous complex via immunoprecipitation of Axin (63). Their work showed
that B-catenin is phosphorylated, ubiquitinated and degraded by proteasome
within the intact complex. They have proposed that Wnt signaling blocks
B-catenin ubiquitination by dissociating B-TrCP E3 ligase from the destruction
complex, resulting in saturation of the Axin complex with phospho-B-catenin (63).
This allows newly synthesized B-catenin to accumulate in the cytosol and
translocate into the nucleus. Furthermore, Clevers’ group was unable to find
evidence that supports models of destruction complex disassembly or
Wnt-mediated inhibition of phospho-B-catenin. Thus, the current model shows
that Wnt activates (3-catenin through inhibition of B-catenin ubiquitination in the

destruction complex.

2. Tcf/Lef transcription factors

T-cell factor/lymphoid enhancer factor (Tcf/Lef) transcription factors are the
downstream effectors of the Wnt/B-catenin signaling pathway. In mouse, there are
four Tcf/Lefs, originally named Tcfl, Tcf3, Tcf4 and Lefl. Recently, the
nomenclature of mouse Tcf/Lefs was updated to match human Tcf/Lefs. Thus,

they were renamed Tcf7 (Tcfl), Tcf7I1 (Tcf3), Tcf712 (Tcf4) and Lefl.
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2.1 Shared characteristics of Tcf/Lefs

As downstream regulators of the canonical Wnt/B-catenin pathway, the four
mammalian Tcf/Lef factors share several important characteristics. All Tcf/Lefs
have a highly conserved B-catenin binding domain near the amino terminus,
which is required for their modulation of Wnt target genes in response to
Whnt-stabilized p-catenin (41,42,64,65). All Tcf/Lefs also possess nearly identical
high-mobility group (HMG) domains which bind DNA in a sequence-specific
manner, as well as highly similar nuclear localization signals (NLS) recognized
directly by importin a subunits for nuclear import (66). In addition, all Tcf/Lefs bind
to the same consensus sequence (*/1"/tTCAAAG) and can regulate transcription of
target genes (67-69). The nearly identical DNA-binding and [-catenin-binding
domains of Tcf/Lef factors support the idea that they similarly regulate a common

set of target genes.

2.2 Diverse characteristics of individual Tcf/Lefs

In addition to highly conserved domains, Tcf/Lefs also have less conserved
regions which suggest that there may be unique functions specific to each Tcf/Lef.
Between the B-catenin-binding and DNA-binding domains, each Tcf/Lef contains
a context-dependent regulatory domain (CRD). The CRD is the least conserved

domain with sequence similarity as low as 15~20%. However, all Tcf/Lefs have
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been shown to recruit Groucho/TLE for transcriptional repression via their CRD
(70).

The carboxyl terminal is another region that varies significantly between
Tcf/lLefs. Tcf7 and Tcf712 each have an E tail domain, which interacts with
transcriptional p300 in a non-sequence specific manner. Interestingly, Tcf7 and
Tcf712 can activate Lefl and Cdx1 promoters, while Tcf7l1 and Lefl, without E tail
domains, cannot activate Lefl and Cdx1l promoters (71). This suggests that
presence or absence of an E tail domain influences how each Tcf/Lef interacts
with various DNA regulatory regions.

At the end of the carboxyl terminal, Tcf7I1 and Tcf712 contain two
CtBP-binding motifs. CtBP is a non-DNA-binding protein that recognizes the
PLSLXXK motif in Tcf7l1 and Tcf712. CtBP was first identified to function as a
Tcf/Lef corepressor during Xenopus development (46). Luciferase reporter
assays showed that CtBP-binding motifs in the carboxy-terminal of Tcf/Lefs are
important for the repressor activity of Tcf/Lefs. However, in mouse skin and
embryonic stem cells, CtBP-binding motifs are not required for Tcf7I1-mediated

repression (72,73).

2.3 Unique function of individual Tcf/Lefs during development

Tcf/lLefs are expressed in a tissue- and temporally-specific manner
throughout development. Genetic ablation of individual Tcf/Lefs in mice has

suggested unique roles of each Tcf/Lef throughout embryogenesis and in adult
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tissue function. For example, Lefl-knockout mice have defects in the formation of
multiple tissues, such as teeth, mammary glands, and hair follicles (74). Loss of
Lefl results in postnatal lethality, indicating that Lefl is essential for several tissue
formations.

Tcf7 knockout mice develop normally but deteriorate progressively in
thymocyte proliferation and differentiation after birth (75,76). Thus, Tcf7 is
essential for thymocyte expansion but is not absolutely required for the formation
of other developing tissues it is expressed in.

Tcf712 knockout mice die shortly after birth. Tcf712 knockout mice show a
decrease in villi number and amount of epithelial cells in the intervillus regions of
the small intestine (77). Thus, Tcf7I2 is required for small intestine epithelial cell

development.

2.4 Tcf711 function as arepressor during development

Tcf711 function has been genetically examined in zebrafish, Xenopus, and
mouse (78-80). In these organisms, Tcf711 appears to function as a transcriptional
repressor during development. The headless mutant in zebrafish was confirmed
to have a mutation, which produces a truncated form of the Tcf7I1 protein which
cannot bind DNA (79). Genetic complementation of headless mutation with
different forms of Tcf7l1 demonstrates that interaction with B-catenin is not
required to rescue the mutant phenotype. Xenopus embryos depleted of XTcf3

showed ectopic expression of dorsal genes in the ventral embryo, indicating that
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XTcf3 is required to repress dorsal genes ventrally (78). Genetic ablation of Tcf711
in mouse alters gastrulation to produce embryos with ectopic and partially
duplicated axes (80). This phenotype is similar to APC-hypomorphic (81),
Axin-knockout (82) and Wnt8c-transgenic mice (83), suggesting that loss of

Tcf711 is similar to over-activation of Wnt/B-catenin signaling during gastrulation.

2.5 Shared function of Tcf/Lefs

Each Tcf/Lef has unique essential functions in addition to redundant roles
during development. Double-knockout mice show how different Tcf/Lefs can
compensate for each other. Tcf7 and Lefl have much overlap in expression
patterns during early mouse development. Interestingly, knockout of Lefl or Tcf7
individually results in no obvious defects during these stages. However, when
Lefl and Tcf7 are both ablated, the resulting mouse embryos display defects in
paraxial mesoderm development, leading to ectopic formation of neural tubes (84).
This phenotype resembles that of Wnt3a-deficient mice (85). In addition, Lefl and
Tcf7 double knockout embryos exhibit defects in limb development and placenta
formation, which mimic defects observed in Wnt7a- and Wnt2-knockout mice,
respectively (33,84,86). The observation that Lefl and Tcf7 double knockout mice
possess severe defects in stages unaffected in Lefl and Tcf7 single knockouts
suggests that there are functional redundancies of Lefl and Tcf7 during mouse

development.
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In adult mouse skin, Tcf7I1 and Tcf712 are both expressed in slow-cycling
hair follicle stem cells (87). When Tcf7I1 or Tcf712 is individually knocked out in
mouse, there is no overt phenotype. However, Tcf7I1 and Tcf712 skin-specific
conditional double knockout mice show defects in hair follicle down-growth and
have much thinner epidermis compared to wild-type mice (87). These results
indicate functional redundancy between Tcf7I1 and Tcf7I2 in hair follicle stem cell

homeostasis.

3. Wnt/B-catenin asymmetry pathway in C. elegans

In C. elegans, the Wnt/B-catenin asymmetry pathway is widely used to
specify cell fates during most asymmetry cell divisions. For example, at the
four-cell embryo stage, the EMS blastomere asymmetrically receives a
Wnt/B-catenin asymmetry signal from the neighboring P2 blastomere (88). This
triggers the EMS cell to undergo asymmetric cell division, resulting in an anterior
MS (mesoderm) daughter cell and a posterior E (endoderm) daughter cell. The
MS cell will then go on to receive low Wnt activation, resulting in development of
mesoderm, while the E cell will receive robust Wnt ligand binding, subsequently
forming endoderm. The endoderm determining gene, end-1, is activated by Wnt
activation of the posterior E cell, while it is repressed in the anterior MS cell.

The Wnt/B-catenin asymmetry pathway results in asymmetric expression of
POP-1, the single Tcf/lLef homolog in C. elegans, and SYS-1, one of four

B-catenin homologs in C. elegans. Pop-1 was first thought to function only as a
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transcriptional repressor. However, analysis of Pop-1 mutant embryos at the
four-cell embryo stage show higher expression of end-1, an
endoderm-determining gene, in the MS cell but lower expression of end-1 in the E
cell, as compared to wildtype embryos (89). This indicates a role for Pop-1 not
only in repression of E-specific lineage genes in the MS cell, but also in their
activation in the E cell.

The dual functions of B-catenin in cell adhesion and canonical Wnt signaling
occur through four B-catenin homologs in C. elegans (90). HMP-2 functions
specifically as a structural protein in adherens junctions, BAR-1 acts as a
coactivator in canonical Wnt/B-catenin signaling, while WRM-1 and SYS-1 are
involved in Wnt/B-catenin asymmetry pathway. Immunoprecipitation and deletion
assays demonstrate that WRM-1 binds to POP-1 at its carboxy-terminal domain
instead of its B-catenin-binding domain at the amino terminal (91). In addition,
immunoprecipitation assays show WRM-1 forms a stable complex with LIT-1, a
Nemo-like kinase (NLK) homolog in C. elegans (92). In addition, in vitro
phosphorylation assays show that coexpression of LIT-1 with WRM-1 results in
POP-1 phosphorylation. Phosphorylated POP-1 is subsequently exported to the
cytoplasm, decreasing the level of nuclear Pop-1 (93). Nuclear Pop-1 levels are
low and can bind SYS-1 to act as a coactivator in Wnt-activated asymmetrical cell
division (94). Thus, Pop-1 must be reduced to activate Wnt target genes (89). In
conclusion, the posterior E cell receiving Wnt/B-catenin asymmetry signaling has

lower levels of Pop-1 and higher levels of Sys-1. Conversely, the anterior MS cell
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without Wnt/B-catenin asymmetry signaling has higher levels of Pop-1 and lower
levels of Sys-1. The current model of the Wnt/B-catenin asymmetry pathway
indicates that high levels of Pop-1 functions as a transcriptional repressor, while

low levels of Pop-1 acts as a transcriptional activator when is bound to SYS-1

coactivator (88).
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1. Abstract

The canonical Wnt/B-catenin signaling pathway classically functions through the
activation of target genes by Tcf/Lef-B-catenin complexes. In contrast to
B-catenin-dependent functions described for Tcf7, Tcf712 and Lefl, the known
embryonic functions for Tcf7I1 in mice, frogs and fish are consistent with
B-catenin-independent repressor activity. In this chapter, | genetically define
Tcf711-B-catenin functions in mice by generating a Tcf7ILAN knock-in mutation
that specifically ablates Tcf7I1-B-catenin. Mouse embryos homozygous for the
knock-in mutation (Tcf7I2AN/AN) progress through gastrulation without apparent
defects, thus genetically proving that Tcf7I1 function during gastrulation is
independent of B-catenin interaction. Tcf7ILAN/AN mice were not viable, and
several post-gastrulation defects revealed the first in vivo functions of
Tcf711-B-catenin interaction affecting limb development, vascular integrity, neural
tube closure and eyelid closure. Interestingly, the etiology of defects indicated an
indirect role for Tcf7I1-B-catenin in the activation of target genes. Tcf7I1 directly
represses transcription of Lefl, which is stimulated by Wnt/B-catenin activity.
These genetic data indicate that Tcf7I1-B-catenin is not necessary to activate
target genes directly. Instead, my findings support the existence of a regulatory
circuit whereby Wnt/B-catenin counteracts Tcf7I1 repression of Lefl, which
subsequently activates target gene expression via Lefl-B-catenin complexes. |

propose that the Tcf/Lef circuit model provides a mechanism downstream of
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B-catenin stability for controlling the strength of Wnt signaling activity during

embryonic development.
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2. Introduction

The canonical Wnt signaling pathway is required for morphogenesis of many
organs, and its activity is necessary in adults through the regulation of stem cell
properties. Overactivation of Wnt/B-catenin signaling causes cancer (95), which
demonstrates a need to regulate the pathway through adulthood. Activity of the
pathway is controlled through the regulation of B-catenin protein stability (35). In
the absence of a Wnt ligand, B-catenin is targeted for ubiquitin- and
proteasome-mediated degradation by phosphorylation at serine and threonine
residues near the N-terminus (36,37). Phosphorylation of B-catenin occurs within
a polyprotein complex that includes adenomatous polyposis coli (APC), Axin, and
the kinases casein kinase 1 and glycogen synthase kinase 3 (GSK3) (37-39). Wnt
ligands bind to Frizzled-Lrp5/6 receptor complexes and initiate a downstream
cascade that inhibits GSK3 phosphorylation of B-catenin. This effect stabilizes
B-catenin and stimulates its interaction with DNA-binding transcriptional
regulators, of which Tcf/Lef proteins are the best characterized (41,42). When
bound to Tcf/Lef proteins, B-catenin can function as a transcriptional co-activator
by recruiting several nuclear factors to chromatin, such as BCL9, Pygopus, Brg-1
and CBP (48-52).

Mammals have four Tcf/Lef factors: Tcf7 (Tcfl), Tcf7I1 (Tcf3), Tcf712 (Tcf4)
and Lefl. They possess nearly identical DNA binding domains that allow them to
bind the same consensus sequence (*/+*/tCAAAG) and regulate the transcription

of target genes (67-69). All Tcf/Lefs also possess conserved 3-catenin interaction
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domains near the N-terminus, which are necessary for Tcf/Lef proteins to
stimulate target gene transcription in response to Wnt-stabilized B-catenin
(41,42,64,65). Fulllength Tcf/Lef proteins also have B-catenin-independent
activities as transcriptional repressors. Although all Tcf/Lef proteins have been
reported to interact with co-repressor proteins such as Groucho (70), the extent to
which the embryonic function of Tcf/Lefs depends on [B-catenin-independent
activities appears to be different for each Tcf/Lef protein (96). Lefl sits at one end
of the spectrum, as knockout and transgenic mouse models predominantly show
Wnt/B-catenin dependent functions for Lefl (74,97).

At the other end of the spectrum, Tcf711 appears to function primarily as a
transcriptional repressor. Transgenic mice showed that full-length wild-type Tcf711
and B-catenin interaction-defective ANTcf7I1 cause essentially identical
phenotypes when ectopically expressed in the epidermis (72). Importantly,
transgenic mice engineered to overexpress repressor-defective mutant forms of
Tcf711 did not exhibit an abnormal phenotype (72). Subsequently, through the use
of inducible Tcf7I1 expression in the skin, the Tcf7I1 overexpression phenotype
was shown to be caused by a reversion of adult cells to an embryonic like state,
and analysis of downstream transcriptional effects showed that Tcf7I1 did not
require Wnt/B-catenin (98). Genetic ablation of Tcf7I1 affected gastrulation to
produce embryos that display ectopic and partially duplicated axes, which
ostensibly phenocopies several embryos engineered for overactivation of

Wnt/B-catenin signaling during gastrulation (81-83,99). In frogs and fish,
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loss-of-function experiments showed that Tcf7l1 acts as a transcriptional
repressor in its first necessary function in embryos (78,79,100).

Despite the lack of direct evidence of a physiological requirement for
Tcf711-B-catenin interaction in vivo, all Tcf7l1 homologs encode a conserved
B-catenin-binding domain. Analysis of Tcf7I1 overexpression has focused on
effects of Tcf711 in cells that do not endogenously activate Tcf/Lef-B-catenin target
genes (72,98). Thus, a potential role for the Tcf7I1-B-catenin interaction in vivo
seemed plausible; however, the predominant repressor activity of Tcf7I1 obscured
elucidation of any in vivo processes that require the Tcf7I1-B-catenin interaction.

| set out to determine genetically whether the Tcf711-B-catenin interaction is
necessary for mouse embryogenesis or viability. | generated a Tcf7ILAN knock-in
mutation and examined Tcf7I1AN/AN mice, which specifically lack the
Tcf711-B-catenin interaction. | show that Tcf7ILAN/AN embryos progress through
gastrulation without the defects associated with Tcf711-/- embryos, demonstrating
that the first requirement for Tcf7l1 in the mouse is independent of
Tcf711-B-catenin interaction. After gastrulation, Tcf7ILAN/AN embryos exhibited a
diverse array of phenotypes. Interestingly, Tcf7l1-B-catenin is needed for
Tcf/Lef-B-catenin activation of target genes; however, the mechanism of target
gene activation is indirect and involves Wnt-B-catenin inhibiting Tcf711 repression
of Lefl, followed by Lefl-B-catenin activation of transcription in the eyelid.

The findings presented here indicate a novel Tcf/Lef circuit through which

Tcf711-expressing cells respond to Wnt/B-catenin signaling. Given the expression
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of Tcf7I1 in stem cells (73,101,102) and poorly differentiated tumors (103), this
work impacts not only developmental contexts but has the potential to be

important for the manipulation of stem cells and treatment of aggressive cancers.
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3. Results

3.1 Tcf7121AN KI mutation demonstrates the requirement for Tcf7l1 during
gastrulation is independent of B-catenin interaction

Knockout mouse experiments have shown that Wnt3 and B-catenin are
required for induction of the primitive streak and specification of mesoderm
(15,17). Subsequently, Wnt3a and the combined effects of Tcf7 and Lefl specify
paraxial mesoderm in a process characterized by activation of Tcf/Lef target
genes (84,104,105). Overactivation of Wnt/B-catenin signaling stimulated ectopic
mesoderm and partial duplication of the anteroposterior axis (81-83,99). Ablation
of the Tcf7I1 gene product caused a remarkably similar phenotype to
overactivation of Wnt/B-catenin signaling, with partial axis duplication and ectopic
mesoderm, but Tcf7l1-/- mutants also displayed reduced paraxial and lateral
mesoderm (80). Thus, it was not clear whether the requirement for Tcf7I1 during
gastrulation reflected a combination of Tcf7l1 repressor and Tcf7l1-B-catenin
activities.

To determine the function of Tcf7l1-B-catenin interaction in vivo, we
engineered a Tcf7ILAN mutation that replaced ten Tcf7I1 residues necessary for
B-catenin binding with a single alanine (Figure 1A) (106). When wild-type (WT)
Tcf711 was transiently expressed in Cos-7 cells, binding to endogenous [3-catenin
was detected by immunofluorescence (Figure 1B) and immunoprecipitation
(Figure 1C) assays. By contrast, Tcf7I1AN was unable to relocalize endogenous

B-catenin (Figure 1B), was deficient in co-immunoprecipitation of [-catenin
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Figure 1. Tcf7I1-B-catenin interaction is required after gastrulation for
survival.

(A) Three-dimensional structure of the Tcf7l1-B-catenin interaction. Amino acid
sequence of Tcf7I1 proteins from Xenopus and Mouse are aligned atop the
structure. Red denotes the Tcf7l1 residues constituting the core
B-catenin-interaction domain in the structure from Graham et al (106).

(B) Immunofluorescent staining detects nuclear co-localization of endogenous
B-catenin (green; all panels) in Cos-7 cells and transiently transfected Tcf711 (red,
top panels only). Expression of the Tcf7/I1AN mutant protein (+Tcf7I1AN, right
panels) failed to cause nuclear -catenin localization.

(C) Co-immunoprecipitation (IP) using a Tcf7I1-specific antibody and total cell
lysate (TCL) from Cos-7 cells transiently transfected with the Tcf7I1 expression
plasmid for wild-type (Tcf711), a mutant lacking the first 71 residues (Tcf7I1AN71),
or the Tcf711AN knock-in mutation.

(D) Whole mount in situ hybridization with a labeled Brachyury cRNA probe and
Tcf711+/+ (WT), Tcf7I1AN/AN (KI) or Tcf711-/- (KO) embryos. Expression patterns
and morphology of KI embryos were unremarkable relative to WT embryos, and
Kl embryos did not display defects observed in KO embryos.

(E) Recovery of embryos with indicated genotypes obtained from time
pregnancies of Tcf7I1+/AN x Tcf711+/AN matings.
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(Figure 1C), and blocked B-catenin activation of the TOPFlash luciferase reporter
(Figure 2A). The Tcf7I1AN mutation and a more extensive Tcf7ILAN71 mutation
caused similar defects (Figure 1C). Previously, homologous recombination in
ESCs incorporated the Tcf7ILAN mutation into the genome (80,107), and
Tcf711+/AN ESCs were used to generate new Tcf7I1+/AN lines of mice. The
Tcf711AN allele generated a stable Tcf7ILAN mRNA (Figure 2B) and Tcf7I1AN
protein (Figure 2C) in mice. Tcf7I1+/AN mice did not display any detectable
abnormalities during development or as adult mice. Thus, the Tcf7ILAN knock-in
mutation provided an excellent means of determining the role of Tcf711-B-catenin
interaction in vivo.

Tcf7ILAN/AN embryos, hereafter referred to as knock-in (KI) embryos, were
first examined between E7.5 and E9.0. All embryos exhibited a normal
morphology (Figure 1D), and genotyping revealed the expected Mendelian ratios
of Tcf7I1+/+, Tcf711+/AN and Tcf7ILAN/AN embryos (not shown). Whole-mount in
situ hybridization using cRNA probes to detect brachyury (Figure 1D) and Foxa2
(not shown) mRNAs revealed normal patterns of expression in KI mutants through
E9.0 (Figure 1D). By contrast, Tcf7l1-/- mutants displayed characteristic ectopic
and expanded brachyury expression when stained alongside KI and control
embryos (Figure 1D). Normal viability of KI embryos was observed through E11.5
(Figure 1E), which is well past the point of lethality in Tcf711-/- embryos (80). This

result demonstrates genetically that the first requirement for Tcf7I1 in mouse is
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Figure 2. Gene product from the Tcf7I1AN Kl allele.

(A) Tcf/Lef-p-catenin Luciferase reporter assay showing effects of expressing
combinations of B-catenin, Tcf7I1, Lef1, and Tcf7I1AN gene products by transient
transfection in Cos-7 cells. Relative SuperTOPFlash activity is shown compared
to Renilla Luciferase control for each transfection. Values represent the mean of
biological triplicates +/- standard deviation.

(B) Reverse Transcriptase-PCR analysis of TCF7L1 5’ region of TCF7L1"" and
TCF7L1"*N heart, lung, and liver cDNA samples. The KI mutation introduces an
Eagl site in PCR amplified region. Eagl digested RT-PCR amplicons shows
Eagl-containing cDNA only in TCF7L1"“N samples.

(C) PCR genotyping of a litter of €8.5 embryos from mating two Tcf711+/AN mice
(top). Western blot shows expression of WT and Tcf7I1AN proteins in TCF7L1"N
ESCs (bottom). Increased mobility of Tcf7ILAN protein reflects correct
incorporation of AN mutation.
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independent of Tcf7I1-B-catenin activity, indicating that Tcf7I1 is needed to

function exclusively as a repressor during gastrulation.

3.2 Tcf7l1-B-catenin interaction is necessary for viability

To determine whether Tcf7I1-B-catenin interaction is necessary for any stage of
development in mice, | examined the frequency and morphology of KI embryos
after gastrulation. A drop in the frequency of KI embryos was first observed at
E15.5 and was maintained at E18.5 and postnatal day (P) 1 (Figure 1E). No
viable Kl mice survived past P1, demonstrating that the Tcf7I1-B-catenin
interaction is necessary for viability.

Mutant Kl embryos displayed a variety of phenotypes with variable
penetrance (proportion of mutants affected) and expressivity (extent of phenotypic
defect). Neural tube defects in the form of exencephaly were observed in Ki
embryos (Figure 3A); the low frequency (less than 5% of embryos were affected)
indicated that exencephaly was not the primary cause of Kl lethality (Figure 3B).
Edema occurred at high frequency between E12.5 and E15.5 (76% of KI
embryos), and was not detected at later stages (Figure 3A,B). Vascular integrity
defects and hemorrhages were externally visible in 50% of embryos between
E15.5 and E18.5 (Figure 3A,B). The vascular integrity defects after E15.5
developed multiple presentations as telangiectasia (Figure 3A) or rupture of major
blood vessels including the internal carotid artery (Figure 3C-F’). Since the

frequency of Kl inviability (100%) was greater than that of externally visible
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Figure 3. Diverse requirements for Tcf7l1-B-catenin interaction during
mouse embryogenesis.

(A) Representative images showing externally visible abnormal phenotypes of
e15.5 to e18.5 Kl embryos.

(B) Penetrance of abnormal phenotypes observed in KI mutants.

(C,C’) Images of intact WT (C) and KI (C’) e18.5 embryos. Arrow in (C’) points to
externally visible hemorrhage.

(D,D’) Higher magnification view of the neck region of same embryos shown in
(C,C’). Arrow in (D’) points to externally visible hemorrhage.

(E-F’) H&E stained tissue sections from the neck region of the embryos shown in
(C-D’). Boxed region contains the internal carotid artery (arrow) and is shown at
higher magnification in (F,F’). Chevrons in (E’) point to abnormal accumulation of
blood in the KI embryo at the site of the externally visible embryo.

(G,H) H&E strained tissue sections from a submandibular salivary gland (G) and
liver (H) of separate Kl e18.5 embryos show abnormal red blood cell
accumulation.
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vascular integrity defects, | subjected E18.5 KI embryos lacking externally visible
signs of defects to a comprehensive histopathological examination. Upon internal
examination, each Kl embryo displayed vascular integrity defects in organs such
as the submandibular salivary gland (Figure 3G) and liver (Figure 3H). Based on
the frequency and severity of the vascular integrity defects in KI embryos, |

suggest that they are the primary cause of lethality in the mutants.

3.3 Tcf711-B-catenin interaction in early limb buds is necessary to specify
posterior digits

In contrast to the variable expressivity of vascular integrity defects, two
phenotypes exhibited consistent expressivity and high penetrance in KI embryos,
simplifying elucidation of the etiology of the morphogenetic defects. First, distal
limb morphogenesis was defective in 62% of Kl embryos, which displayed
oligodactyly characterized by the absence of the most posterior digit (digit #5)
(Figure 3A,B; Figure 4A,A’). Four KI mutants also lacked digit #4 (not shown), and
defects always manifested only in the forelimbs. Alizarin Red staining of
mineralized tissue revealed the complete absence of digit #5 and the
mineralization of bone tissue in other digits in Kl limbs (Figure 4B,B’).

To determine the etiology of the oligodactyly, | sought to identify the earliest
defect affecting morphogenesis of Kl limbs. Tcf711 mRNA is expressed in the
mesenchyme of the WT limb bud prior to E10.5 (Figure 4C) and becomes

restricted to digit condensates by E11.5 (Figure 4C’). By E11.5, Thx2 expression
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Figure 4. Tcf7I1-B-catenin interaction is required for post-axial digit
formation.

(A-B’) Gross morphology of autopod limb segment in WT (A,B) and affected Ki
(A’B’) limbs at e16.5 (A,A’) and P1 (B,B’). Limbs were stained with Alizarin red
(B,B’) and numbers correspond anterior (#1) to posterior (#5) digits.

(C,C") In situ hybridization of limb buds from €10.5 (C) and e11.5 (C’) wild-type
embryos using a labeled cRNA probe for Tcf7I1.

(D-E’) Whole mount in situ hybridization using a cRNA probe specific for Thx2
mRNA and e11.5 (D,D’) and e12.5 (E,E’) embryos. The posterior edge of Thx2
expression (arrows) in WT (D,E) limb buds was absent in KI (D’,E’) limb buds.
(F,F’) Tcf-B-catenin activity was detected with the BAT-Gal transgene in WT (F)
and Kl (F’) limb buds at €10.0 (31ss). Arrows point to the high BAT-Gal activity in
the posterior mesenchyme region of in WT limb buds (F) that is absent from Ki
limb buds (F’).
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was reduced specifically at the distal posterior of the Kl limb bud compared with
control limb buds (arrows, Figure 4D,D’), indicating that the defect occurred prior
to E11.5. By E12.5, loss of the posterior limb bud became apparent, the
visualization of which being aided by the pattern of Tbx2 expression, which
outlines the forming digit #5 (Figure 4E,E’).

The BAT-Gal transgene, in which Tcf/Lef binding sites drive the expression of
lacZ, was used here to determine the pattern of Tcf/Lef-B-catenin-dependent
transactivation in the limb bud (108). BAT-Gal was active in several
compartments of the forming limb bud, including the apical ectodermal ridge
(AER), the proximal mesenchyme and the posterior mesenchyme (Figure 4F).
When BAT-Gal was examined in Kl embryos, it was slightly diminished
throughout the limb, but showed a substantial loss of activity specifically in the
posterior mesenchyme at E10.0 (arrows, Figure 4F’). Furthermore,
phospho-histone H3 and cleaved caspase 3 staining did not reveal a significant
difference in proliferation or cell death, respectively, between WT and Kl limb
buds (Figure 5A-B’). These suggest that the loss of fifth digit is not caused by a
decrease number of posterior mesenchymal cells in the limb bud but caused by
alteration of signaling pathways during limb development. Immunofluorescent
staining for each Tcf/Lef factor in WT E10.0 limb buds showed Tcf7I1 throughout
the mesenchyme, Lefl and Tcf7 in anterior and posterior mesenchyme, and
Tcf712 in central mesenchyme (Figure 5C,D,E,F). In KI limb buds, there was a

small but reproducible decrease in Lefl and Tcf7 expression in the central and
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Figure 5. Proliferation, apoptosis and Tcf/Lef expression during limb
morphogenesis.

(A,A”) Immunofluorescence staining for phospho-histone H3 (green) and nuclei
(red) in €10.0 limb buds from WT (A) and Kl (A’) embryos. A representative near
the dorsoventral center is shown.

(B,B’) Immunofluorescence staining for cleaved caspase 3 (green) and nuclei
(red) in €10.0 limb buds from WT (B) and Kl (B’) embryos. A representative near
the dorsoventral center is shown.

(C-F’) Immunofluorescence staining for Tcf711 (C,C’), Lef1 (D,D’), Tcf7 (E,E’) and
Tcf712 (F,F’) in €10.0 limb buds from WT (C,D,E,F) and Kl (C’,D’,E’,F’) embryos.
Solid lines indicate Lef1 and Tcf7 decrease expression in Kl (D’,E’) embryos and
dashed lines indicate regions where Lefl and Tcf7 expression is similar to WT
(D,E).
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distal mesenchyme, and Lefl was reduced in the distal posterior mesenchyme
(Figure 5C'.D’,E',F’). These observations indicate that the Tcf7I1-B-catenin
interaction has a direct effect on the posterior mesenchyme of the limb bud during
early stages of morphogenesis.

The posterior mesenchyme of the limb bud is the location of an important
organizer called the zone of polarizing activity (ZPA). The ZPA is necessary for
posterior digit identity through Shh signaling and for maintenance of the AER
(30,109,110). In addition to Shh, reciprocal signaling between the AER and ZPA
involves the activity of other signaling pathways, including Fgf, Bmp and Whnt.
Among the important interactions, Fgf and Wnt induce and maintain the
expression of Shh (30,33,109), whereas Bmp inhibits Shh signaling (111,112).
Wnt7a has been shown to maintain Shh expression, but this effect was suggested
to be independent of Tcf/Lef-B-catenin because it was not inhibited by ANLefl
expression in chicken (111).

| tested the role of Tcf7l1-B-catenin interaction in regulating the relationship
between the signaling pathways during early limb morphogenesis. Shh
expression was induced normally in KI limb buds at E9.5 compared with WT limb
buds (Figure 6A,A’), but it did not increase after E10.0 in Kl limb buds in contrast
to WT limb buds (Figure 6B-D’). The reduced Shh expression in Kl limb buds
reduced the activity of the pathway as detected by expression of the Shh target
gene patched 1 (Figure 6E-F’). Reduction of Shh occurred prior to reduction of

Fgf8 (Figure 6G-H’), indicating that reduced Shh activity led to a reduction of Fgf8
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Figure 6. Maintenance of Shh expression in the ZPA requires
Tcf7I1-B-catenin interaction.

(A-B’) Whole mount in situ hybridization using cRNA probe specific for Shh
mRNA and €9.5 (A,A’) and e10.0 (B,B’) embryos. Higher magnification views of
the limbs are shown in Figure 4 C-D’.

(C-N’) Whole mount in situ hybridization of WT (C,D,E,F,G,H,I,J,K,L,M,N) and KI
(C,DE.FG.H,IJK,LMN) limb buds using labeled cRNA probes for Shh
(C-D’), Patched1 (E-F’), Fgf8 (G-H’), Gremlinl (I-J’), Msx1 (K-L’) and Msx2 (M-N’)
genes. Two stages of development observed in el0 embryos are shown and
correspond to 30-31 somite stage (ss) (C,C’,E,E’,G,G’,I,I''K,K’M,M’) and 33-34ss
(D,D’,F,F H,HJ,J,LLN,N).
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in the AER (Figure 6H’). Expression of gremlin 1, a Bmp antagonist important for
maintenance of Shh in the ZPA (29), was decreased in KI compared with WT limb
buds (Figure 61-J’). To test whether Shh reduction in Kl limb buds could be due to
increased Bmp signaling, | examined expression of the Bmp target genes Msx1
and Msx2 (Figure 6K-N’). The decreased levels of Msx1 and Msx2 in KI limb buds
indicated that decreased Shh was not caused by increased Bmp activity.
Therefore, | suggest that the Tcf7I1-B-catenin interaction is necessary for the
Wnt/B-catenin mediated maintenance of high levels of Shh in the ZPA. The
partially decreased activity in the ZPA leads to secondary effects reducing

signaling throughout the limb bud.

3.4 Tcf7l1-B-catenin interaction in the mucocutaneous junction is necessary
for eyelid closure

A second highly penetrant and consistent morphogenetic defect was
incomplete eyelid closure, which occurred in 54% of KI mutants (Figure 3A,B).
Mice are normally born with fused eyelids, which stay closed until P12-14 (113).
Closure occurs between E15 and E16, stages when periderm cells at the tips of
eyelids migrate towards the center of the eye (Figure 7A) (113). The eyelid
primordia follow the periderm projections until the upper and lower eyelids meet
and fuse to form a conjunctival sac necessary for corneal development (Figure 7B)
(113). Closure requires actin polymerization and activation of Fgfl0, Shh, Tgfa

and Mekk1/INK kinases (Figure 8A,B,C,D) (114-117) and does not occur when
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Figure 7. Discrete requirement for Tcf711-B-catenin interaction in the eyelid.
(A-B’) Hematoxylin and eosin (H&E) staining of the eye and eyelids in WT (A,B)
and Kl (A’,B’) embryos at €15.5 (A,A’) and e16.5 (B,B’).

(C,C’) Tissue sections of el4.5 eyelids from BAT-Gal transgenic mice were
stained with X-gal. The mucocutaneous junction (MCJ) stains positively for
BAT-Gal activity (dotted line) in WT (C) and is reduced in size in Kl (C’) eyelids.
Solid lines at the basement membrane denote palebral epidermis (PE) and
palebral conjunctiva (PC) regions (C).

(D,D’”) Immunofluorescence staining for B-galactosidase (red) and Ki67 (green) in
el4.5 eyelids from BAT-Gal+ WT (D) and Kl (D’) embryos. The BAT-Gal activity
(bar) is in Ki67-negative cells and its size is reduced in Kl eyelids.

(E-F””) Immunofluorescence staining for Lefl (E,F; red), Tcf711 (E’,F’; green), and
B-galactosidase (E”,F”; blue) in e14.5 eyelids from BAT-Gal transgenic WT (E-E™)
and Kl (F-F’) embryos. Arrows point to Lef1 positive nuclei with low levels of
Tcf711. Arrowheads point to Tcf7l1 and Lefl double positive nuclei, which were
observed in WT (E-E’”) but not KI (F-F’”’). The dotted demarcates the BAT-Gal
positive region of the MCJ.
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Figure 8. Signaling in the Kl eyelid.

(A-C’) Immunofluorescent staining of eyelids from WT (A,B,C) and Kl (A’,B’,C’)
el14.5 embryos. Antibodies detected phosphorylated-ERK (A,A’), phosphorylated-
JNK (B,B’), and phosphorylated-c-Jun (C,C’).

(D,D’) FITC-phalloidin (green) staining of filamentous actin is abundant in the
periderm tip of the eyelid in WT (D), but not KI (D’), eyelids at e15.5.
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Tcf711 is overexpressed in the skin epidermis (72). In Kl eyelids, the projection of
migrating periderm cells was severely diminished at E15.5 (Figure 7A’) and
remained incomplete at E16.5 (Figure 7B’). Signaling detected by phospho-ERK,
phospho-JNK and phospho-c-Jun antibody staining did not appear to be defective
in Kl eyelids prior to closure (Figure 8 A',B’,C’,D’). By contrast, whereas
filamentous actin was increased in the migrating cells in the WT, it was not
increased in the KI periderm cells (Figure 8D,D’), indicating that Kl defects
occurred during or prior to periderm cell migration.

To identify the cells requiring Tcf711-B-catenin interaction, the activity of
Tcf-B-catenin reporter transgenes was examined. In WT eyelids, BAT-Gal and
TOPGal activity was present in a band of cells at the forming mucocutaneous
junction (MCJ) (Figure 7C; Figure 9A,B,C,D). The MCJ is positioned at the
transition between two epithelia: the palpebral conjunctiva on the eyelid surface
facing the eye and the palpebral epidermis on the eyelid surface at the exterior of
the embryo (118,119). Intriguingly, based on their slow cycling, cells from the MCJ
have been suggested to be the stem cells for conjunctival epithelia in primates
and rabbits (120,121). The slow cycling of the mouse MCJ cells was made
apparent by the lack of immunofluorescent staining for the Ki67 cell proliferation
marker in the MCJ patch compared with the highly proliferative cells throughout
the growing eyelid (Figure 7D). Double immunofluorescent staining for
B-galactosidase showed that the Ki67-negative MCJ cells were also the

BAT-Gal-positive cells in the eyelid epithelium (Figure 7D). Immunofluorescent
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Figure 9. TOPGal activity in WT and Kl eyelids.

(A-B’) Whole mount X-gal staining of TOPGal-positive WT (A,B) and Kl (A'B’)
embryos at e14.5 (A,A’) and e15.5 (B,B’). U - upper eyelid; L - lower eyelid.
(C-D’) X-gal staining of coronal sections through the eye and eyelid of WT (C,D)
and Kl (C',D’) embryos at e14.5 (C,C’) and €15.5 (D,D’).
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staining at E12.5 and E13.5 indicated that the onset of slow cycling coincided with
BAT-Gal activation (Figure 10C,D).

In KI eyelids, BAT-Gal activity was detectable in both the mesenchyme and
MCJ region; however, the domain of activity in the KI MCJ region was less than
half that in the WT (Figure 7C’). Compared with BAT-Gal, TOPGal displayed
weaker activity in WT MCJ, and TOPGal activity was effectively undetectable in Kl
eyelids at E14.5 and E15.5 (Figure 9). The reduction of Tcf-B-catenin reporter
activity in the Kl perfectly coincided with the reduced size of the slow-cycling
(Ki67- negative) band of cells at the MCJ region (Figure 7D’). Considering the
three-dimensional structure of the band of MCJ cells lining the edge of the eyelid,
| suggest that the reduction observed on the KI eyelid is substantial and
represents the source of initial defects leading to the open eyelid at birth
phenotype observed in KI mice.

The observation that BAT-Gal activity was reduced, but not completely
absent, in Kl eyelids indicated a potentially interesting effect of Tcf7I1-B-catenin
on target gene activation. Since Tcf7ILAN cannot directly activate Tcf-B-catenin
reporters, BAT-Gal activity in Kl eyelids indicated the presence of another Tcf/Lef
protein. Immunofluorescent staining for each Tcf/Lef factor showed Lefl in eyelid
epithelium from E12.5 to E14.5 (Figure 7E; Figure 10A,B); Tcf7 was only present
in underlying mesenchyme and Tcf712 was not detected (Figure 10E,F).
Interestingly, Lefl (Figure 7E) and Tcf7I1 (Figure 7E’) proteins were expressed in

opposing gradients over the typically 10- to 15- cell-wide zone of BAT-Gal activity
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Figure 10. Tcf/Lef and BAT-Gal expression during eyelid morphogenesis.
(A-B’’) Immunofluorescent staining of coronal section through the eyelid
primordia of a BAT-Gal-positive WT embryo at e12.5 (A-A™’) and e13.5 (B-B™”).
Antibodies specific for Lefl (red; A,B), Tcf7I1 (green; A’,B’), and B-galactosidase
(blue; A”,B”) were used simultaneously on each tissue section.

(C,D) Immunofluorescent staining of coronal section through the eyelid primordia
of a BAT-Gal-positive WT embryo at e12.5 (C) and e€13.5 (D). Antibodies specific
for B-galactosidase (red) and Ki67 (green) were used simultaneously on each
tissue section.

(E) Immunofluorescent staining of coronal section through an e14.5 eyelid with an
antibody specific for Tcf7.

(F) Immunofluorescent staining of coronal section through an e14.5 eyelid with an
antibody specific for Tcf712.
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(Figure 7E”) at the WT MCJ region (dotted line, Figure 7E-E’”). Tcf7I1 was most
highly expressed at the epidermal side (Figure 7E’) and Lefl was most highly
expressed at the conjunctival side of the MCJ (Figure 7E). BAT-Gal was active in
both Tcf7l1-high (arrowheads, Figure 7E-E) and Tcf7l1-low (arrows, Figure
7TE-E’) cells, but only in cells with high levels of Lefl (Figure 7E-E’’). Instead of
the overlapping, opposing gradients of Tcf7I1 and Lefl seen in WT, Kl eyelids
displayed an abrupt transition from Tcf7I1-high/Lefl-low (Figure 7F’) to
Tcf711-low/Lefl-high expression (arrows, Figure 7F). BAT-Gal was active only in
Tcf711-low/Lefl-high cells (arrows, Figure 7F-F’”). Thus, in Kl eyelids, the domain
of BAT-Gal activity was reduced in size, and this restriction directly corresponded
with a restriction of Lefl expression. | interpret the observation that BAT-Gal was

active only in Lefl-expressing cells to suggest that Lefl-B-catenin, and not

Tcf711-B-catenin, is necessary for the activation of downstream target genes.

3.5 Wnt/B-catenin stimulates Lefl levels by inhibiting Tcf711 repression
Since Lefl expression is lost in Tcf7I11-positive cells in the KI, | examined the
possibility that B-catenin inhibits Tcf7l1 repression of Lefl transcription. ESCs
were used to test this possible relationship because they had been previously
found to express high levels of Tcf7I1 and other Tcf/Lef proteins (73,122).
Treating ESCs with recombinant Wnt3a for 24 hours increased Lefl mRNA levels
2.5-fold (Figure 11A), demonstrating that they were a good system with which to

examine Wnt regulation of Lefl expression. Chromatin immunoprecipitation
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Figure 11. Wnt3a stimulates gene expression through regulation of Tcf711
and Lefl levels in ESCs.

(A) Quantitative real-time PCR (gPCR) analysis of cDNA made after treating WT
ESCs with 50ng/ml Wnt3a for 12hrs. Values represent fold-changes to the mRNA
levels of Tcf7I1 and Lefl factor relative to starting levels.

(B,C) Quantitative ChIP-qPCR analysis of Tcf7I1 binding to target genes Axin2
and Cdx1 in ESCs chromatin from WT (B) or Kl (C) ESCs treated with control or
Wnt3a-conditioned media for 24 hours. Values represent the mean of five
biological replicates £ s.d. Neg: negative control sites not bound by Tcf7I1.

(D) SuperTOPFlash luciferase reporter assay in ESCs. Tcf7l11 KO ESCs were
transiently transfected with expression plasmids for ANB-catenin, Lefl, and/or
Tcf711. SuperTOPFlash activity is shown compared to Renilla luciferase control
for each transfection. Values represent the mean of biological triplicates + s.d.

(E) Schematic showing the human Lefl promoter constructs used for
transfections. Numbers refer to base pairs from the Lefl translation start site.
Numbers in parentheses refer to the equivalent sites in the mouse Lefl gene.

(F) Quantitative ChIP-qgPCR analysis of Tcf7I1 binding to different regions of the
mouse Lefl promoter. Chromatin from KO ESCs (gray bars) was used as a
negative control. Values represent mean of three biological replicates + s.d.

(G) Quantitative ChlIP-gPCR analysis of B-catenin binding to different regions of
the mouse Lefl promoter. WT ESCs were treated with 50 ng/ml Wnt3a for 24
hours. Values represent the mean of three biological replicates * s.d.

(H,D) Lefl promoter luciferase reporter plasmids were transiently transfected into
ESCs with a Tcf7I1-expression plasmid or its empty vector control. Cells were
treated with Wnt3a conditioned media or control conditioned media for 24 hours.
(J,K) Lefl promoter luciferase reporter constructs were cotransfected with three
concentrations of Tcf7I1 expression constructs and treated for 24 hours with three
concentrations of Wnt3a-conditioned media.

(L) Model illustrating the role of balancing Tcf7I1 and Lefl levels in mediating
Wnt/B-catenin signaling. Genes are boxed; proteins are in ovals. Wnt/B-catenin-
responsive target genes (WRG) are repressed (red line) by Tcf7I1 and activated
(green line) by Lefl—B-catenin. Wnt inhibits Tcf7I1 repression of WRG and Lefl
gene expression in a B-catenin-dependent manner.
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followed by quantitative PCR showed that Wnt3a decreased the occupancy of
Tcf711 on endogenous target genes in a Tcf7l1-B-catenin-dependent manner
(Figure 11B,C). As described previously, Tcf7I1 functioned as a transcriptional
repressor in ESCs, whereas Lefl functioned as a B-catenin-dependent activator
of target gene transcription (Figure 11D) (107).

To determine whether Tcf711 directly represses Lefl transcription, the Lefl
upstream regulatory region was examined. Several potential Tcf/Lef binding sites
were noted based on the consensus sequence (“/v"/tCAAAG), including a
previously identified Wnt responsive element (WRE) (Figure 11E) (69). Tcf7I1
occupied positive control sites (Axin2, Cdx1) (123,124) and the -5.3 kb Lef1 site,
but not the previously described WRE in ESCs (Figure 11F).

A DNA fragment consisting of -6713 to -1 bp of human LEF1 was inserted
upstream of a luciferase reporter gene to generate a Lefl reporter plasmid active
in ESCs (Figure 11H) (125). To test the effects of Wnt and Tcf7I1, the Lefl
reporter was transfected into Tcf711-/- ESCs with and without Wnt3a stimulation
and with and without cotransfection with a Tcf7I1 expression plasmid. Wnt3a
stimulated Lefl reporter activity, whereas Tcf711 repressed activity (Figure 11H,1).
Comparing Lefl reporter activity in WT and Tcf7I1 knockout (KO) ESCs indicated
that endogenous Tcf7I1 protein acted only as a repressor and that Tcf7I1 did not
contribute to Wnt3a activation of the Lefl reporter (Figure 12). Wnt3a stimulated
B-catenin occupancy at the -5.3 kb site (Figure 11G). Removing the Tcf711 binding

site at -5.3 kb prevented Wnt3a-mediated activation and Tcf7l1-mediated
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Figure 12. Endogenous Tcf7I1 represses a Lefl reporter.

(A) -6713/-1 Lef1 reporter plasmid was transiently transfected into WT and KO
ESCs. Cells were co-transfected with myc-Tcf7l1 expression plasmid or its empty
vector control and treated with Wnt3a-conditioned media or control conditioned
media for 24 hours prior to processing for luciferase activity. Values represent
mean of biological triplicates * s.d.

(B) Same experiment as A except the —6713/-879 Lef1 reporter plasmid was
used.
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repression of the Lefl reporter (Figure 11H,l). Further truncation of the Lefl
reporter did not restore significant responsiveness to Wnt3a or Tcf7I1 (Figure
11H,1). Tcf7I1 repression and Wnt3a activation of the Lefl reporter displayed a
competitive concentration dependence (Figure 11J,K).

Taken together, these data indicate that Tcf7I1 represses Lefl and that
endogenous Tcf7 and Lefl mediate Wnt3a stimulation of Lefl transcription. They

support the existence of the circuit illustrated in Figure 11L.

3.6 Transgenic overexpression of Tcf7l1 represses endogenous Tcf/Lef-
B-catenin activity

| hypothesized that Tcf711-B-catenin is not required to activate target genes
but instead must alleviate Tcf7I1 repression of genes, particularly Lefl (Figure
11L). Results from previous Tcf7I1 overexpression experiments in mouse skin
ostensibly support this hypothesis (98); however, it must be noted that the
transgenic mouse experiments focused on cells lacking endogenous
Tcf/Lef-B-catenin transcriptional activity (72,98). Thus, it was not known whether
Tcf711 would repress or activate transcription when it was transgenically
expressed in a cell type that both endogenously expresses Tcf7l1 and
endogenously activates Tcf/Lef-B-catenin targets. Owing to the Tcf7I1 expression
and BAT-Gal activity in the MCJ region, it provided a perfect context in which to

test whether Tcf711-B-catenin activates target genes in vivo.
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Tcf7l11 was overexpressed in the MCJ using a bi-transgenic doxycycline-
inducible system (98). The expression of Tcf7I1 occurred in a mosaic pattern
(Figure 13A), which was useful for distinguishing cell-autonomous from non-cell
autonomous effects. In cells with overexpressed Tcf7I1, BAT-Gal activity was not
detected (Figure 13A’), indicating that full-length Tcf7I1 functioned as a
transcriptional repressor and not an activator in these cells. Moreover, Tcf7I1
overexpression in the MCJ repressed Lefl expression (Figure 13A”). Both the
repression of BAT-Gal and Lefl occurred in a cell-autonomous manner, as
neighboring cells that did not overexpress Tcf7I1 displayed Lefl expression and
BATGal activity. The mosaic expression of Tcf7l1 and the mosaic repression of
Lefl in the transgenic mice were sufficient to recapitulate the eyelid closure defect
observed in KI mice (Figure 13C,C’). Given that the MCJ cells activate BAT-Gal in
cells without Tcf711 overexpression, these data indicate that Tcf7I1 only represses
target genes. Instead, B-catenin interaction with Tcf7l1 derepresses Lefl
expression, leading to the formation of Lefl-B-catenin activator complexes (Figure

11L).
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Figure 13. Full length Tcf7I1 represses Lefl and BAT-Gal in the MCJ.
(A-B’”’) Immunofluorescent staining of e14.5 eyelids from Tcf7l1-overexpressing
double-transgenic (A-A”’) and control single-transgenic (B-B’’) embryos.
Transgenic Tcf7I1 (A; green) was expressed in a mosaic pattern in double
transgenic embryos. BAT-Gal activity (A’; blue) and Lef1 expression (B”; red) was
low in Tcf711-overexpressing cells (arrowheads). In neighboring cells that did not
overexpress Tcf7I1 (arrows), BAT-Gal activity and Lefl expression was similar to
levels in control embryo (B’,B”).

(C,C’) Image of the eye region for a control single transgenic embryo (C) and a

Tcf711-overexpressing bitransgenic littermate (C’) at €16.5.
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4. Discussion

The core components of the canonical Wnt/B-catenin signaling pathway have
been evolutionarily conserved from cnidaria to chordates, and the pathway
classically functions by B-catenin binding to Tcf/Lef proteins and converting them
to transcriptional activators (41,42,65). Although Tcf711-B-catenin interaction has
been well characterized (106,126), fitting Tcf7l1 into this model has been
somewhat problematic. This is primarily because Tcf7I1 appeared to act as a
transcriptional repressor in loss-of-function experiments in diverse organisms
(78-80,100). In addition, overexpression experiments in mice showed that Tcf711
affected cell fates in vivo independently of B-catenin interaction (72,98). We
investigated this paradox by performing a powerful and direct test of genetically
ablating B-catenin binding from Tcf7I1 with a Tcf7I1AN knock-in mutation. The
morphogenetic defects in KI embryos and lethality of KI mice provide formal
genetic proof that Tcf7I1-B-catenin interaction is necessary for embryogenesis
and viability. To my knowledge, the limb morphogenesis, vascular integrity and
eyelid closure defects in the Kl mice identify the first locations where Tcf7I1
functions in animals have been genetically proven to require B-catenin interaction.

The phenotype of oligodactyly observed in Kl embryos suggests that
Tcf711-B-catenin interaction controls the level of Wnt target gene expression in the
posterior mesenchyme of the limb bud. Wnt3, Wnt5a and Wnt7a have been
implicated in limb bud development (31-33). Furthermore, B-catenin in the

ectoderm and mesoderm of limb bud has been investigated via conditional
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knockout in mice (31,34). In addition, Lefl and Tcf7 double knockout embryos
exhibit severe limb defects (84). However, in each of these cases, distal limb
elements did not form, a more severe limb development phenotype as compared
to KI mutants. Interestingly, varying severity of oligodactyly was previously
observed with an allelic series of LRP6 and Lefl alleles. LRP6+/-Lef1-/- produces
an average of four digits in forelimb, while LRP6-/-Lefl+/+ resulted in two or three
digits in forelimb. LRP6-/-Lefl1+/- gave the most severe phenotype with one or two
forelimb digits (127). These experiments suggest that Tcf7|1-B-catenin interaction
may contribute to fine-tuning of canonical Wnt signaling during limb development.

It remains unclear whether Wnt7a specifies posterior digits through canonical
or noncanonical Wnt signaling. The expression of Wnt7a in the dorsal ectoderm
specifies dorsal pattern by inducing Lmx1b expression in the dorsal mesenchyme.
In Wnt7a knockout mice, Lmx1b expression was lost in the distal mesenchyme
(128). In chicken, a dominant active form of (3-catenin cannot activate Lmx1b
expression, suggesting that Wnt7a acts through a noncanonical pathway (111).
However, in mice, a conditional knockout of B-catenin in the limb mesenchyme
results in a reduced Lmxlb expression (34), suggesting Wnt7a acts through
canonical signaling in mice. However, there is currently no direct evidence that
proves Wnt7a acts through 3-catenin in mice. The similar defects in posterior digit
patterning in Wnt7a knockout and KI mutant mice suggest that they may act in the
same pathway. More mouse genetic experiments are required to determine if

Wnt7a acts through Tcf711-B-catenin interaction in patterning posterior digits.
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Upon examination of these defects in the KI embryos, it became clear that
although Tcf711-B-catenin interaction was necessary, the function of Tcf7I11 did not
fit well into the classical model that suggests transcriptional activator activity for
Tcf711-B-catenin. One potential explanation for the poor ability of Tcf711 to activate
target genes involves a requirement for an unknown cell-specific co-factor that
other Tcf/Lef-B-catenin complexes do not require. This possibility is indirectly
supported by the differentiation that occurs upon overexpression of Tcf7I1 in
ESCs but not upon overexpression of ANLefl, ANTcf7 or ANTcf7I2, indicating
that Tcf7I1 possesses a unique biochemical property not shared by other Tcf/Lefs
(107,122). This would explain why most cells activate Tcf/Lef reporters when
co-expressing Lefl and B-catenin, but very few cell types activate Tcf/Lef
reporters when co-expressing Tcf7I1 and B-catenin (41,72).

To test whether a putative Tcf711-B-catenin activator activity was required for
normal development, | focused on the eyelid MCJ region. | reasoned that the MCJ
provided an ideal in vivo test because Tcf7l1-expressing MCJ cells displayed
strong BAT-Gal and TOPGal activity in WT but not KI embryos. As such, MCJ
cells should express the complement of factors essential for
Tcf711-B-catenin-mediated transactivation. When full-length Tcf711 with a
functional B-catenin-binding domain was overexpressed in MCJ cells, it sharply
repressed BAT-Gal activity instead of activating it. | interpret this result to suggest

that Tcf7l1 does not directly activate target genes.
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As an alternative to the conventional roles ascribed to mammalian Tcf/Lef
factors in the canonical Wnt/B-catenin pathway, | present a model in which
Tcf711-B-catenin interaction has an important function that is independent of
transactivator activity. Wnt3a-stimulated reduction of Tcf7I1 occupancy on target
genes supports this model by providing a mechanism of inhibiting repression. The
Tcf/Lef circuit model suggests that Tcf7I1 represses an overlapping set of
Wnt-responsive genes that Lefl-B-catenin activates (Figure 11L). The
DNA-binding HMG domains of Tcf7I1 and Lefl are nearly identical and bind the
same consensus sequence, supporting their potential to regulate the same genes
(67-69). Moreover, the model includes a switch from Tcf7I1 repressor to
Lefl-B-catenin activator through Wnt/B-catenin release of Tcf7l1- mediated
repression of Lefl expression. My data indicate that Wnt3a stimulates Lefl
expression directly through Tcf/Lef binding sites upstream of its transcription start
site.

Several observations support a broad usage of the Tcf/Lef circuit model in
embryos. Interestingly, the Lefl WRE (at -5.3 kb) that | identified in ESCs is the
third WRE shown to regulate Lefl expression in cells. Previously, a Lefl WRE (at
-0.9 kb) was shown to be responsive to Wnt/B-catenin signaling in Jurkat T
lymphocytes (129), and another Lefl WRE (at -0.8 kb) was shown to be
responsive in HEK293 cells (130). Like Lefl, Tcf7 gene expression is stimulated
directly by Wnt/B-catenin activity (131); Tcf7 acts similarly to Lefl as a

transactivator in Tcf7l1-expressing cells (107). In colorectal cancer,
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Tcf/Lef-B-catenin appears to stimulate the expression of endogenous ANTcf7 and
full-length Lefl isoforms, which provide feedback on Tcf/Lef-B-catenin activity
(129,131,132). In limb buds, the expression of Tcf7 and Lefl was affected in K
mutants (Figure 5). In ESCs, endogenous Tcf7 effectively opposed Tcf7I1
repressor activity in Wnt3a-treated ESCs in terms of self-renewal and target gene
expression (107). Although Tcf7 is not included in the model shown in Figure 11L,
it is likely to function similarly to Lefl in most contexts. Thus, | note that previous
work supports a high level of regulation of Tcf/Lef gene product expression by
multiple WREs, and | suggest that the Tcf7I1-Lefl relationship elucidated here
provides a model for additional Tcf/Lef circuits robustly integrated into a single
network.

It is also notable that the morphogenetic defects in KI mice bore significant
similarity to those of other mutations that cause a decrease, but not complete loss,
of Wnt/B-catenin signaling activity. In particular, the constellation of defects in Ki
mice and their variable penetrance are reminiscent of some effects caused by
Lrp5 and Lrp6 mutations. By acting redundantly as co-receptors for Wnt ligands,
either Lrp5 or Lrp6 is necessary for activation of Wnt/B-catenin signaling, and their
effects are sensitive to gene dosage (133). Since Lrp5 and Lrp6 are each
ubiquitously expressed, some allelic combinations of Lrp5 and Lrp6 null mutations
cause widespread, but partial, reduction of Wnt/B-catenin activity in embryos
(16,134). Interestingly, a relatively weak combination of alleles, Lrp5+/+ Lrp6+/-,

causes tail kinks that | also observed, but did not count, in KI mutants (134). A
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slightly stronger combination, Lrp5+/- Lrp6+/-, causes an oligodactyly phenotype
essentially identical to that observed in KI mutants (16). Finally, Lrp6+/- and
Lrp6-/- embryos each display exencephaly similar to that in KI embryos (134,135).
Only the combinations of Lrp5/6 alleles that cause partial reduction of
Wnt/B-catenin activity resemble Kl phenotypes, and more substantial loss of
Wnt/B-catenin activity causes more severe defects that were not observed in Ki
embryos. | suggest that this similarity supports a role for Tcf7I1-B-catenin in
attenuating the output of signaling through the Tcf/Lef circuit, as opposed to a role

as a direct activator of target gene expression.
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1. Abstract

Wnt/B-catenin signal transduction requires direct binding of B-catenin to Tcf/Lef
proteins, an event that is classically associated with stimulating transcription by
recruiting coactivators. This molecular cascade plays critical roles throughout
embryonic development and normal postnatal life by affecting stem cell
characteristics and tumor formation. Here, | show that this pathway utilizes a
fundamentally different mechanism to regulate Tcf7I1 (formerly named Tcf3)
activity. B-catenin inactivates Tcf7I1 without a switch to a coactivator complex by
removing it from DNA, which leads to Tcf7I1 protein degradation. Mouse genetic
experiments demonstrate that Tcf7I1 inactivation is the only required effect of the
Tcf711-B-catenininteraction. Given the expression of Tcf711 in pluripotent
embryonic and adult stem cells, as well as in poorly differentiated breast cancer,
these findings provide mechanistic insights into the regulation of pluripotency and

the role of Wnt/B-cateninin breast cancer.
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2. Introduction

Canonical Wnt/B-catenin signaling impacts a wide range of biological
activities, including stem cell self-renewal, organ morphogenesis, and tumor
formation (136,137). Regulation of the pathway centers on the stability of
B-catenin, which is targeted for proteasome-mediated degradation by a complex
containing adenomatous polyposis coli (APC), Axin structural proteins, and
glycogen synthase kinase 3 (GSK3) (138). Phosphorylation of B-catenin by GSK3
stimulates degradation dependent upon APC, Axin, and the B-TrCP E3 ligase
(36,139,140). Wnt signaling inhibits degradation of B-cateninby blocking its
ubiquitination (63). Pharmacological GSK3 inhibitors similarly inhibit p-catenin
degradation by blocking B-catenin phosphorylation.

An important downstream mechanism of the Wnt/B-catenin pathway occurs
as B-catenin binds to the amino terminal of Tcf/Lef proteins, thereby displacing
corepressor proteins bound to the Tcf/Lef (44,45,47). Tcf-B-catenin binding
subsequently recruits transactivator proteins to the genomic sites that were
previously occupied by corepressors (41,42,65). This accepted model of
canonical Wnt/B-catenin signaling is consistent with observed effects of Tcf/Lef
proteins in many contexts (141); however, it is not consistent with recent
observations for mammalian Tcf7I1 (formerly Tcf3). In cells where Lefl and Tcf7
(formerly Tcfl) act as B-catenin-dependent transactivators, only transcriptional
repressor activity for Tcf711 was detected (72,142). Here, | show that B-catenin

binding to Tcf7I1 does not form a transactivation complex, but instead initiates a
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fundamentally distinct mechanism. B-catenin binding inactivates Tcf7l1 by
reducing its chromatin occupancy and secondarily stimulates its protein
degradation. Mouse genetic experiments demonstrate that this inactivation is the
only necessary function of the Tcf7I1-B-catenin interaction. These molecular and
genetic findings provide insights into the role of Wnt/B-catenin signaling in cells
where Tcf711 expression is prominent, including embryonic stem cells (ESCs) and

poorly differentiated breast cancer.
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3. Results

3.1 PB-catenin reduces Tcf7l1 protein levels by stimulating protein
degradation

Molecular support for a conversion into transactivators by -catenin includes
the ability of a B-catenin-Tcf7 fusion protein to activate target genes without Wnt
pathway stimulation (143). If Tcf711 were switched to a transactivator by B-catenin,
one would expect a B-catenin-Tcf7I1 fusion protein to similarly activate target
genes. In ESCs, the B-catenin-Tcf711 fusion was unable to activate TOPFlash and
LRH-1 reporters, and instead repressed Wnt3a-stimulation of reporter genes
(Figure 14A). Rather than converting Tcf7I1 to a transactivator, Wnt/B-catenin
stimulation notably decreased Tcf7I1 protein in ESCs treated with recombinant
Wnt3a or the GSK3 inhibitor, Chiron99021 (CHIR; Figure 14B). These results
indicate a significant difference in the downstream effects of Tcf7-3-catenin and
Tcf711-B-catenin interaction.

To elucidate the transactivation-independent effects of -catenin on Tcf7I1,
we investigated how Tcf7l1 protein levels were reduced. Wnt3a- and
CHIR-treated ESCs displayed increased Lefl and Tcf7 messenger RNA (mRNA)
levels that correlated with increased protein levels (Figure 14B), consistent with
Lefl and Tcf7 being Wnt/B-catenin target genes (130-132,144). In contrast,
decreased Tcf7l1 protein was not paralleled by a significant change in mRNA
levels (Figure 14B), indicating that 3-catenin regulation of Tcf7l1 does not occur

transcriptionally. Because Dgcr8 is a required component of the microprocessor
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Figure 14. Wnt/B-catenin stimulates Tcf7I1 protein degradation.

(A) Transient transfection of Tcf711-/- ESCs with B-catenin-Tcf fusion plasmids
and SuperTOPFlash (top) or LRH1 promoter (bottom) luciferase reporter
plasmids. Values represent mean +/- standard deviation for triplicate
transfections.

(B) Western blot (top) and Quantitative RT-PCR (bottom) analyses of ESCs
treated with 50ng/ml recombinant Wnt3a (left) or 3uM CH (right) for the indicated
time.

(C-E) Western blot analysis of ESCs treated with 3uM CH for 24 hrs in DGCR8
mutant cells (C), for 6 hrs together with MG-132 (5uM) in Tcf7I1 +/+ and
Tcf711An/AN mutant cells (D), and for 12 hrs together with leptomycin B (E)

(F) Distribution of relative levels of nuclear Tcf7I1 immunoreactivity in Tcf711+/+
(top) and Tcf7MAN/AN (bottom) cells expressing either GFP (red bars) or
ANB-catenin (blue bars). A total of 200 nuclei were counted for each condition.
Data are representative of three separate experiments.
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complex, which is necessary for biogenesis of microRNAs (145), the CHIR-
stimulated reduction of Tcf7I1 in Dgcr8-/- ESCs showed that reduction of Tcf711
protein was also not microRNA mediated (Figure 14C). Treatments with the
proteasome inhibitors MG-132 and MG-115 effectively blocked the CHIR-
stimulated reduction of Tcf7I1 protein (Figures 14D and 15A), demonstrating that
reduction of Tcf7I1 required protein degradation. Finally, reduction of Tcf7l1 was
blocked by leptomycin B, indicating that it required Exportinl-mediated nuclear
transport (Figure 14E).

To determine the role of B-catenin binding to Tcf7I1, | used Tcf7ILAN/AN
knock-in ESCs. In contrast to wild-type Tcf711, Tcf7ILAN was not degraded in
response to CHIR or Wnt3a (Figures 14D and 15B), indicating that the
Tcf7I1-B-catenin interaction was necessary for degradation. To determine
whether the interaction was sufficient for degradation, | expressed ANB-catenin in
ESCs and measured the Tcf7I1 levels by quantitative immunofluorescence.
ANpB-catenin expression was sufficient to reduce nuclear Tcf711 levels in Tcf711+/+
but not in Tcf7ILAN/AN cells (Figures 14F and 15C). Interestingly, several recent
studies showed that a mutant form of B-catenin (B-cateninAC) supported
self-renewal of mouse ESCs and complemented defects caused by ablation of
B-catenin despite the lack of the C-terminal transactivation domain in the
B-cateninAC mutant (122,146,147). Therefore, it is notable that expression of
ANB-cateninAC was also sufficient to reduce nuclear Tcf7l1 protein levels in

ESCs (Figure 15D). Given the substantial effects of altering Tcf7I1 levels in ESCs,
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Figure 15. ANACB-catenin is sufficient to reduce nuclear Tcf7l1 protein
levels in ESCs.

(A) Western blot analysis of Tcf7I1 protein levels in ESCs treated for 6 hours +/-
3uM CHIR and/or 5 pM MG115.

(B) Western blot analysis and quantitation of Tcf7I1 protein levels in Tcf7I11AN/AN
ESCs treated for 12 hours +/- 50 ng/mL recombinant Wnt3a.

(C) Transient transfection of GFP or ANp-catenin expression plasmids was
performed in  Tcf7l1+/+ (top) and Tcf7I1AN/AN  (bottom) ESCs.
Immunofluorescent detection of Tcf711 protein (cyan), GFP (green) or B-catenin
(magenta), and DNA (blue) was measured in nuclei of transfected cells. Images
were processed for quantitative immunofluorescence to generate data for graphs
(Figure 14F).

(D) Quantitative immunofluorescence for Tcf7I1 protein in ESCs transiently
transfected with ANB-catenin (blue), ANACB-catenin (green), or GFP only (red)
expression plasmids. Bars indicate number of cells (of a total of 200 counted)
display the indicated relative intensity of Tcf7I1 immunoreactivity.
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the reduction of Tcf7I1 protein provides a mechanism for the poorly understood

pro-self-renewal effects of B-cateninAC in ESCs.

3.2 Reduction of Tcf7l1 is sufficient to replace the Tcf7I1-B-catenin
interaction

If a principal mechanism of Wnt/pB-catenin signaling functions through
inactivation of Tcf711, and not conversion to a Tcf7l1-B-catenin transactivator
complex, reducing the level of Tcf7l1 should be sufficient to replace the
Tcf711-B-catenin interaction. | first tested this hypothesis in ESCs, where reducing
the amount of Tcf7ILAN by small interfering RNA (siRNA) stimulated the reporter
gene response to Wnt3a (Figures 16A and 16B). To examine the broader effects
of reducing Tcf7I1 in mice, | reduced the level of Tcf7I1 by breeding for
hemizygous mice (i.e., Tcf7I1+/- or Tcf711-/AN; Figure 16C). It is important to note
that Tcf711-/- mice die shortly after gastrulation (80). Tcf7ILAN/AN embryos
progress normally through gastrulation, but later develop a constellation of
morphogenetic defects that result in death for all Tcf7ILAN/AN mice at or before
birth (142,148). Mating Tcf711+/- with Tcf7I1+/AN mice produced the
Mendelian-expected ratio of Tcf711-/AN offspring, despite the genetic absence of
a Tcf7I1 protein capable of interacting with B-catenin (Figures 17A and 16D).
Moreover, Tcf7l1-/AN mice did not display any of the morphogenetic defects
observed in Tcf7I11AN/AN mice, including poor vascular integrity, edema,

oligodactyly, and opened eyelids (Figures 17C-17D”, 16E, and 16F). Indeed,
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Figure 16. Reduction of Tcf711AN rescues Wnt activation.

(A) Transient transfection of Tcf7l1+/+ (WT) or Tcf7I1AN/AN (KI) ESCs with
SuperTOPFlash Luciferase reporter and various concentrations (0.04nM to 5nM)
of sSiRNA compounds. Control siRNAs (SCRM) and two independent
Tcf711-specific (#1, #2) siRNAs were used. Reporter activity was stimulated by
treating with Wnt3a-conditioned media or control conditioned media for 24hrs.
Values represent means +/- standard deviations of biological triplicates.

(B) (top) Western blot showing degree of Tcf7I1 protein knockdown caused by
SsiRNA used for reporter assay (A) and (bottom) coomassie stained gel showing
even loading of protein lysates samples.

(C) Western blot analysis (top, middle) of whole €8.5 mouse embryos determined
to have Tcf7I1+/+ and Tcf711+/- genotypes based on PCR genotyping reactions
(bottom).

(D) Recovery of offspring with the indicated genotypes from mating Tcf7I1+/- and
Tcf711+/AN mice. Note the normal viability of Tcf711-/AN mice.

(E) Images of whole e15.5 embryos of the indicated genotype. Note the lack of
edema exhibited by Tcf7I1-/AN mice.

(F) Images of whole e€18.5 embryos of the indicated genotype. Note the lack of
hemorrhage in the Tcf711-/AN mice.

(G,H) BAT-Gal transgenic mice harboring the Tcf/Lef-B-catenin reporter
transgene were X-gal stained to identify Tcf/Lef-B-catenin activity. (G) In the limb
buds of €10.5 embryos, the intense domain of activity at the posterior region
(arrows) is absent in Tcf7I1AN/AN embryos and returns in Tcf711-/AN embryos. (H)
In 8um thin cryosections of the eyelids from el4.5 embryos, the domain of
BAT-Gal activity at the mucocutaneous junction (dotted line) is reduced in
Tcf711AN/AN and restored to normal in Tcf711-/AN embryos.
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Figure 17. Reducing Tcf7l1 levels replaces the requirement for B-catenin
interaction in mice.

(A-D”’) Tcf711-/AN mice appear normal at birth (A) and through adult stages (B)
(see also Figure S2D-F). Phenotypes observed in Tcf7I1AN/AN embryos,
including oligodactyly (C-C”) and opened eyelids at birth (D-D”), were not
observed in Tcf711-/AN embryos. (See also Figure S2E,F).

(E-G’”) Tcf/Lef-B-catenin activation of BAT-Gal reporter is restored in the
Tcf711-/AN eyelid. Immunofluorescence for Tcf7I1 (green), Lef1 (red), and
B-galactosidase (blue) displayed for e14.5 eyelids from BAT-Gal transgenic
Tcf711+/+ (E-E), Tcf7I1AN/AN (F-F”’), and Tcf711-/AN (G-G™”’) embryos. Arrows
point to Lefl positive nuclei with low levels of Tcf7I1. Arrowheads point to Tcf7I1
and Lefl double positive nuclei, which were observed in Tcf711+/+ (E-E™) and
Tcf711-/AN (G-G™”) but not Tcf7I1AN/AN (F-F’”’). The dotted line denotes the
BAT-Gal-positive region. Asterisks in (F) mark Tcf7I1 positive cells in the nearby
cornea.
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Tcf711-/AN mice advanced to adulthood and appeared indistinguishable from
Tcf711+/+ littermates throughout their ostensibly normal lifetimes (Figure 17B).
Thus, removing one copy of Tcf7ILAN genetically rescued the defects caused by
ablating the Tcf711-B-catenin interaction. These results demonstrate that
inactivation of Tcf7I1 by B-catenin is the necessary effect downstream of Tcf711-
B-catenin interaction for mouse embryogenesis and postnatal viability.

To determine the effects of reducing Tcf711 at the target gene level in mice,
tissues that were previously shown to be affected in Tcf7ILAN/AN embryos were
examined in Tcf7I1-/AN embryos harboring the BAT-Gal reporter. Compared with
Tcf711+/+ embryonic day 14.5 (el4.5) eyelids (Figures 17E-E™), Tcf7I1AN/AN
displayed a restricted domain of BAT-Gal activity and decreased expression of
Lefl, a Wnt/B-catenin target, in the mucocutaneous junction of the eyelid (Figures
17F-17F’;(142)). The domain of Lefl expression and BAT-Gal activity was
increased in Tcf7I1-/AN relative to Tcf7ILAN/AN, and BAT-Gal activity was
detected only in cells expressing Lefl (Figures 17F-17G’”, 16G, and 16H). Given
the inability of Tcf7ILAN to respond to B-catenin, the rescue of BAT-Gal activity in
Tcf711-/AN embryos shows that activation is mediated by Lefl, and attenuation of

this activation depends on the level of Tcf7I1 repressor.
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Figure 18. Inhibition of chromatin occupancy is upstream of Tcf7l1 protein
degradation.

(A) Quantitative chromatin immunoprecipitation using anti-Tcf7I1 antibody.
Chromatin was isolated from ESCs treated for 12 hours with 3uM CH and/or 5uM
MG-132. gPCR measurement of Tcf7I1 bound DNA is shown for regions near
AXIN2, CDX1, and MYCN genes. Values represent the mean plus standard
deviation of percent of precipitated DNA relative to input for duplicate technical
measurements of five biological replicates.**p<0.01; ***p<0.001; NS p>0.05.

(B) (top) Western blot analysis of Tcf7l1 protein from lysates of Tcf711-/- ESCs
stably expressing either wild-type Tcf711 (WT) or the mutant Tcf711 HMG * (HMG*)
protein. Cells were treated with 30ug/ml cyclohexamide to block new translation,
and the stability of the two proteins was compared, relative to tubulin internal
control, over a 12 hour periods. (bottom) Quantitation of Western blot and
normalization of Tcf7I1 protein levels was calculated for WT (blue) and HMG* (red)
proteins. Each data point represents the mean of biological triplicates.

(C) Western blot analysis comparing the CH-mediated reduction WT and HMG*
Tcf711 proteins using same ESCs as (B).

(D) Co-IP experiments using anti-Tcf7I1 (top) or anti-B-catenin (middle). Protein
was immunoprecipitated from lysates of cells treated +/- 3 uM CHIR99021 and +/-
5 uM MG-132 (bottom).

(E) Quantitative chromatin immunoprecipitation using anti-B-catenin antibody.
Chromatin was isolated from ESCs treated for 12 hours with 3uM CH and/or 5uM
MG-132. qPCR measurement of 3-catenin bound DNA is shown for regions near
AXIN2 and CDX1 genes. Values represent the mean plus standard deviation of
percent of precipitated DNA relative to input for duplicate technical measurements
of three biological replicates.

(This figure was contributed by Brian Shy, Merrill lab)
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3.3 Reduction of chromatin occupancy provides the critical upstream point
of Tcf7I1 regulation

To elucidate how the reduction of chromatin occupancy is causally linked to
protein degradation, we conducted quantitative chromatin immunoprecipitation
(ChIP) experiments to measure Tcf7l1 chromatin occupancy following the
combined CHIR + MG-132 treatment. As expected from the changes in Tcf7I1
protein levels (Figure 14B), CHIR reduced Tcf7I1 occupancy on target genes
(Axin2, Cdx1, and Mycn), and MG-132 increased occupancy (Figure 18A).
Importantly, CHIR treatment reduced chromatin occupancy even when
destabilization of Tcf7l1 was blocked by MG-132 (Figure 18A), indicating the
reduction in DNA binding was upstream of degradation.

To examine the role of chromatin occupancy in regulating Tcf7I1 stability, we
used the Tcf711 HMG* mutation, which affects the DNA-binding HMG domain and
disrupts DNA binding (72). The HMG* mutation was sufficient to reduce Tcf7I1
protein stability in the absence of CHIR (Figure 18B). Moreover, stability of the
mutant Tcf711 HMG* protein was not substantially decreased by CHIR (Figure
18C), indicating that destabilization of Tcf7I1 requires a change in chromatin
occupancy. In support of the model focused on reduction of chromatin occupancy,
coimmunoprecipitation (colP) experiments showed that Tcf7l1-B-catenin
interaction was stimulated by CHIR + MG-132 (Figure 18D), and [B-catenin
chromatin occupancy increased (Figure 18E) while Tcf7I1 occupancy decreased

(Figure 18A). Together, these data are most consistent with the notion that the
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primary effect of the Tcf7l1-B-catenin interaction is to inhibit chromatin occupancy.
The secondary effect of Tcf7l1 degradation provides an additional mechanism by
lowering Tcf7I1 levels, which further reduces the amount of Tcf7I1 available to
bind to chromatin. Thus, the combination of reduced DNA binding and Tcf7I1
degradation leads to an additive reduction of Tcf7I1 repression in response to

Wnt/B-catenin activity.
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4. Discussion

The molecular effects of Wnt/pB-catenin and GSK3 inhibition on Tcf7I1 described
here indicate that Tcf7I1 primarily functions outside of the classic model of
canonical Wnt/B-catenin signaling. In ESCs, B-catenin was sufficient to reduce
Tcf711 levels without exogenous pathway stimulation. These results are
consistent with a mechanism of inactivation wherein B-catenin binding inhibits
Tcf711-repression by reducing chromatin occupancy, consequently stimulating its
degradation.

Pro-self-renewal effects in [B-cateninAC mutant ESCs are controversial
(122,146,147). Doble’s group generated GSK3a/B double knockout mouse ESCs
that experienced complete blockage of neurectodermal differentiation (122).
Overexpress stabilized B-catenin in WT mouse ESCs is able to phenocopy the
phenotype of GSK3a/f double knockout mouse ESCs. In addition,
overexpression of B-cateninAC, which lacks the carboxy terminal domain
necessary for Tcf/Lef-B-catenin transactivation activity, results in a similar
phenotype to GSK3a/B double knockout mouse ESCs. In addition, it was shown
that stabilized B-catenin forms a complex with Oct4 and enhances Oct4 activity,
suggesting that B-catenin maintains pluripotency by enhancing Oct4 activity
instead of through interaction with Tcf/Lefs.

Both Hartmann and Smith’s groups independently generated [(-catenin
conditional knockouts in ESCs and found that ESCs self-renewal is maintained in

the absence of B-catenin (146,147). Hartmann’s group discovered through
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embryoid body differentiation assays that B-catenin-deficient ESCs possess
defects in mesendoderm formation and neuronal differentiation (146).
Reintroduction of B-cateninAC rescued endoderm and neuronal differential
defects, leading to the conclusion that 3-catenin’s cell-adhesion functions may be
critical during these processes.

Smith’s group also showed elimination of B-catenin removes the ability of
GSK3 inhibition to promote ESCs self-renewal (147). Reintroduction of
B-cateninAC restored effects of GSK3 inhibition on ESCs self-renewal. In addition,
they suggest that B-catenin directly reduce Tcf7I1 repression function. Thus,
GSKa3 inhibition may promote self-renewal through removal of Tcf7I1 repression
on the pluripotency network.

Wnt reduces Tcf7I1 protein mechanism provides a simple explanation for the
controversial pro-self-renewal effects of the B-cateninAC mutant in ESCs
(122,146,147): the critical effect of inactivating Tcf7I1 is stimulated by the
B-cateninAC form, thus making B-catenin’s carboxy-terminal transactivation
domain dispensable in ESCs.

The results from mouse genetic experiments indicate that inactivation of
Tcf711 is the predominant mechanism whereby Wnt/B-catenin signaling interacts
with this mammalian Tcf/Lef protein. The viability of Tcf7I11-/AN mice genetically
demonstrates that inactivation of Tcf7I1 is the only effect of Tcf7I1-B-catenin
binding that is required for normal mouse development and life. That said,

additional activities downstream of Tcf711-B-catenin interaction likely exist. Indeed,
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reporter gene assays support rare Tcf7I1-B-catenin transactivator activity in some
cell types (e.g., 293T, COS7, and human keratinocytes; (72,142,149)); however,
the biological significance of this effect remains to be determined.

The effects of B-catenin on Tcf7l1 are most parsimoniously explained by a
mechanism of B-catenin directly inhibiting Tcf7I1 binding to chromatin.
Experiments examining the effects of B-catenin on the Tcf/Lef interaction with
naked DNA showed little or no effect on binding in vitro, whereas [B-catenin
interaction significantly affected binding to chromatin by Lefl (150). Interestingly,
mutational analysis of Lefl indicated that an amino terminal region provides
intramolecular inhibition of chromatin binding. B-catenin binding blocks the
intramolecular inhibition, thereby stimulating Lefl binding to chromatin (150).
Although the effect of B-catenin on Lefl is different from that predicted for Tcf7I1,
these previous findings demonstrate both positive and negative regulation of
chromatin binding via the B-catenin interaction region of Tcf/Lef proteins. Further
research is necessary to elucidate the biophysical and biochemical nature of

B-catenin’s effects on the chromatin binding properties of Tcf7I1.
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Activation of Wnt/B-catenin target genes classically occurs through bipartite
transactivator complexes formed by B-catenin binding to a member of the Tcf/Lef
family of DNA binding proteins. B-catenin is believed to function as a switch,
turning Tcf/Lefs from transcriptional repressors to transcriptional activators. All
Tcf711 homologs encode a conserved B-catenin binding domain, suggesting that
B-catenin might also switch Tcf7I1 from a repressor to an activator. Here, | show
that instead of switching Tcf7I1 into a transactivator, B-catenin binding to Tcf7I1
leads to Tcf7l1 degradation. Furthermore, mouse genetic experiments showed
that this Tcf7I1-B-catenin interaction is required for mouse viability, which is
rescued when the level of Tcf7I1 is genetically reduced. Mouse ESCs
experiments showed that B-catenin inhibits Tcf711 repression of Wnt target gene
transcription by removing Tcf711 from chromatin for proteasome-mediated
degradation. Thus, Whnt/B-catenin signaling regulates Tcf7l1 through a
fundamentally different mechanism as compared to other Tcf/Lefs.

Wnt-mediated reduction of Tcf7I1 protein is a novel mechanism in mouse
development, but it shares some salient features with regulation of Tcf/Lef
orthologs in C. elegans. In C. elegans, Pop-1, like mouse Tcf7I1, must be reduced
to activate Wnt signaling; however, Pop-1 is required to function as an activator at
low concentrations, at which its high affinity for B-catenin orthologs overrides its
low affinity for co-repressors (88). Furthermore, Wnt-mediated reduction of Tcf711
and Pop-1 both require nuclear export machinery (93,151). However, some

differences do exist between Tcf7l1 and Pop-1 regulation. While Pop-1 functions
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as an activator upon binding to a B-catenin ortholog, the ostensibly normal
phenotype of Tcf7I1-/AN mice indicates that there is no requirement for
Tcf711-B-catenin activator activity in mice. As there are four Tcf/Lefs in mice
compared to only one Tcf/Lef, Pop-1, in C. elegans, the requirement of Pop-1’s
activator function is likely substituted by other Tcf/Lefs in mice. Also, while NLK
phosphorylation of Pop-1 promotes its nuclear export, our data shows that the
Tcf711 phosphorylation by HIPK2 and NLK at conserved residues is not necessary
for its degradation (93,151). In addition, the amino terminal B-catenin binding
domain is required for Tcf7l1 degradation in mouse, while Pop-1 regulation
depends instead on a carboxy-terminal domain (91,151). Still, similarities between
canonical Wnt regulation of Tcf7l1 and Pop-1 suggest that this mechanism may
be more broadly conserved than previously appreciated.

It is worth mentioning that some Kl defects such as open eyelids at birth and
open neural tubes are also phenotypes ascribed to defects in the Wnt/planar cell
polarity pathway. For instance, DvI1l/2 double mutant embryos display open
neural tubes (152), while Fzd3 and Fzd6 double mutant embryo have defects in
neural tube closure, eyelid closure and the planar orientation of hair bundles on
auditory and vestibular sensory cells (153). Eyelid and neural tube closure both
involve a process in which two flanking epithelial sheets converge medially. The
fact that KI mice have similar defects in eyelid and neural tube closure as those
observed in DvI1/2 and Fzd3/6 mutant mice suggests that both Wnt/B-catenin and

Whnt/planar cell polarity signaling are required at this stage to regulate either
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different or overlapping downstream effectors. More experiments are required to
understand how defects in these two different Wnt pathways produce similar
phenotypes. It is possible that canonical and noncanonical Wnt signaling
pathways are not as divided as previously thought.

Aberrant Wnt/B-catenin signaling has been implicated in many cancers (14).
Tcf/Lef-B-catenin complexes are downstream factors in Wnt/B-catenin signaling
which may serve as potential targets for cancer therapy. Several groups have
screened for potential small molecule inhibitors of Tcf/Lef-B-catenin complexes.
One identified molecule, diterpenoid derivative 15-oxospiramilactone (NC043),
was found to inhibit Wnt3a-induced TOPFlash activity in HEK293T cells (154).
NCO043 also decreases Tcf712-p-catenin interaction and inhibits growth of colon
cancer cell lines, SW480 and Caco-2. Furthermore, NC043 also inhibits xenograft
tumorigenesis after injection of SW480 cells into nude mice. In addition, a
chemical library screening of Drosophila cells using dTF12 Wnt-responsive
luciferase reporter identified three small molecule inhibitors, ICRT3, iCRT5 and
ICRT14 (155). Each of these three compounds can inhibit Tcf712-B-catenin
interaction in HEK293 cells. In addition, all compounds block Wnt-induced cell
invasion of MCF7 human breast adenocarcinoma cell lines. Furthermore, iCRT3
has been shown to reduce the growth of human colon cancer cells derived by
patient biopsy, while iCRT14 inhibits xenograft tumorigenesis of HCT116 and
HT29 colon cancer cell lines. Additionally, an in vitro screening assay was

designed to search for natural compounds to disrupt Tcf7I2-B-catenin interaction.
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Three compounds identified, PKF115-584, CGP049090, and PKF118- 310, could
each inhibit B-catenin-induced axis duplication in Xenopus embryos and reduce
proliferation of HCT116 and HT29 colon cancer cell lines (156). All three
compounds could also inhibit growth of HepG2 hepatocellular carcinoma cells in
mouse xenograft models.

Whereas several small molecules have been confirmed to block
Tcf712-B-catenin interaction, they have not been tested on the Tcf7l1-B-catenin
interaction even though Tcf7l1 may be the more relevant target for several cell
types. Tcf7I1 is expressed in a variety of stem cells affected by Wnt-stabilized
B-catenin, including ESCs (107,147), neural stem cells (157,158), hematopoietic
stem cells (159), and hair follicle stem cells (72,98,101). In addition, high levels of
Tcf711 mRNA have been detected in poorly differentiated mammary tumors, most
notably in triple negative mammary gland tumors (103). Comparison of Tcf711 and
B-catenin protein levels and localization in breast cancer biopsy samples indicate
that stabilized B-catenin reduced Tcf7I1 protein in triple negative cancers (151).
The discovery that Wnt/B-catenin utilizes a novel mechanism in Tcf711 regulation
provides an understanding of how Wnt/B-catenin signaling functions at the
molecular level in Tcf7l1-expressing stem cells and tumor cells. Additional
experiments are needed to confirm if small molecule inhibitors of Tcf712-B-catenin
interaction may also disrupt Tcf711-B-catenin interaction and how Wnt target gene

expression is subsequently affected.



Materials and methods

Generation and genotyping of Tcf7ILAN/AN mice

Two independent Tcf711+/AN ESCs clones from Yi et al (107) were injected
into C57BL/6 blastocysts to produce male chimeras selected for mating with
wildtype C57BL/6 females. Tcf7I1+/AN heterozygotes were backcrossed ten
times to C57BL/6 mice background prior to analysis of viability, penetrance of
phenotypes, and expressivity of phenotypes. Tcf711+/- and Tcf711+/AN mice were
maintained on a C57BL/6 background throughout the study. Primers used for
genotyping are: ‘forward’, 5’-agtcgtccctggtcaacgaat-3’, ‘reverse’, 5’-acagagtagctat

ctggagctcgg-3’.

Embryo whole mount in situ hybridization

Embryos were dissected in 1x PBS, fixed in 4% paraformaldehyde in PBS at
4 °C overnight. Next day, embryos were washed in cold PBST (PBS + 0.1%
Tween 20) for three times, dehydrated in a series of graded methanol/PBST (5
minutes each in 25%, 50%, 75% and twice in 100% methanol) and stored at -20
°C in 100% methanol. Embryos can be stored in -20 °C in 100% methanol for
months. When whole mount in situ hybridization was performed, fixed embryos
were rehydrated in a series of graded methanol/PBST (5 minutes each in 75%,

50%, and 25% methanol/PBST), bleached in methanol/30% H,O, (4:1) for 1 hour,

100
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and washed in PBST for three times. Embryos were then treated with proteinase
K (8-10 minutes E10.0, 10-12 minutes E10.5, 12-14 minutes E11.5), washed with
2mg/ml glycine in PBST, and post-fixed in 4% paraformaldehyde/0.2%
glutaraldehyde. Next, embryos were treated with prehybidization solution for five
hours at 70 °C and hybridized with digoxigenin-labeled cRNA probes at 70 °C
overnight. Each hybridized cRNA probes were detected using anti-digoxigenin AP
antibody (Roche). After using NBT/BCIP (Roche) to develop signal, embryos
were dehydrate in a series of graded methanol/PBST (5 minutes each in 25%,
50%, 75% and twice in 100% methanol) to develop the purple colored precipitate.
Embryos were then rehydrated in a series of graded methanol/PBST (5 minutes
each in 75%, 50%, and 25% methanol/PBST) and cleared in 50% glycerol/PBST
for imaging. Genotypes of embryos were determined by digesting embryos in
proteinase K and using lysates for PCR reactions. Probes used in this thesis were
specific for Tcf711 (Merrill Lab), Brachyury (D. Wilkinson), Shh (A. P. McMahon),
Patchedl (M. P. Scott), Fgf8 and Gremlinl (G. Martin), Msx1 and 2 (R. Harland

and P. Sharpe) and Thx2 (V. Papaioannou).

Eyelid and limb immunofluorescence staining

All immunofluorescent staining was performed on 8-uym frozen sections of
tissue embedded in OCT. Frozen sections were fixed in 4% paraformaldehyde.
For immunofluorescent detection of proteins in mouse eyelid and limb using

mouse primary antibodies, the Mouse on Mouse kit (MOM kit; Vector Laboratories)



102

was used according the manufacturers’ protocol. Immunofluorescent detection of
proteins was performed with the following antibodies: guinea pig anti-Tcf711(72),
rabbit anti-Lefl (Cell Signaling), rabbit anti-Tcf7 (Cell Signaling), rabbit anti-Tcf712
(Cell Signaling), mouse anti-B-galactosidase (Developmental Studies Hybridoma
Bank), rabbit anti-Ki67 (Abcam), fluorescent phalloidin (Invitrogen), rabbit
anti-phospho-ERK (Cell Signaling), rabbit anti-phospho-JNK (Cell Signaling) and
rabbit anti-phospho-c-Jun (Cell Signaling). Cy5, FITC and Texas Red-conjugated
secondary antibodies (Jackson Labs) were used at 1:100 dilution. All fluorescent

images were taken with a Zeiss LSM 5 Pascal system.

Embryonic stem cell culture

Feeder-free mouse ESCs were maintained using standard ESCs culture
conditions with LIF as described previously (160). ESCs were propagated on
gelatinized (15 minutes at room temperature) 10 cm tissue culture dishes (Falcon)
in Knockout-DMEM (Gibco) supplemented with 15% fetal bovine serum (Atlanta
Biologicals), 10 mM HEPES (Thermo Scientific), 100 U/ml penicillin (Gibco), 100
mg/ml streptomycin (Gibco), 2 mM L-glutamine (Gibco), 0.1 mM nonessential
amino acids (Gibco), 0.1 mM B-mercaptoethanol (Gibco), and 1000 U/ml LIF
(Chemicon). ESCs media were replaced daily. Every two days, ESCs were
treated with trypsin (0.25% trypsin-EDTA; Gibco) for 5 minutes in 37 °C,
suspended in single cells and passaged onto new gelatinized plates. For Wnt

signaling activation, ESCs were culture with either 50ng/ml rmwWnt3A (R&D
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System) or Wnt3a conditioned media from transgenic L-cells. Conditioned media

from non-transgenic L-cells were used for control experiments.

Lefl promoter luciferase assays

ESCs were trypsinize and resuspended in ESCs media without antibiotics.
Human Lefl promoter luciferase constructs were transfected at the time of plating
on 24-well plates coated with 0.1% gelatin. For each experiment, 100,000 cells
per well were combined with Lipofectamine 2000 transfection complexes following
the manufacturer's protocol (Invitrogen). After 6 hours, ESCs were culture with
Wnt3a conditioned media from transgenic L-cells. Conditioned media from
non-transgenic L-cells were used for control experiments. After 30 hours, ESCs
were washed with PBS twice and lysed in 1x passive lysis buffer for 30 minutes at
room temperature following the manufacturer's protocol (Promega). Luciferase
activity was measured using a dual luciferase reporter assay system (Promega)
with a Clarity luminometer (Bio-Tek). Each transfection experiment was done in
duplicate and repeated twice. The relative luciferase activity was determined by
the ratio of the reporter plasmid to the control Renilla luciferase activity

(PRL-CMV).

Chromatin immunoprecipitation (ChlP)
Approximately 2 x 10" ESCs were used for each ChIP experiment as

described previously (107). ESCs were chemically crosslinked by adding
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one-tenth of total volume of fresh formaldehyde solution (11% formaldehyde,
0.1M NaCl, 1mM EDTA, 0.5mM EGTA, 50mM HEPES at pH 8) and incubated at
room temperature for 10 minutes. One-twentieth of total volume of 2.5M glycine
(0.125M final concentration) was added to quench formaldehyde and incubated at
room temperature for 10 minutes. ESCs were rinsed twice with cold 1x PBS,
harvested using a silicon scraper and frozen in liquid nitrogen. ESCs were then
stored at -80 °C.

ESCs were suspended in lysis buffer 1 with protease inhibitors (50mM
HEPES at pH 7.5, 140mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP-40 and
0.25% Triton X-100), incubated on ice for 20 minutes and centrifuged at 4 °C for
10 minutes. The cell pellet was resuspended in lysis buffer 2 with protease
inhibitors (200mM NaCl, 1mM EDTA, 0.5mM EGTA and 10mM Tris at pH 7.5),
incubated on ice for 10 minutes and centrifuged at 4 °C for 10 minutes. Finally, the
cell pellet was suspended in lysis buffer 3 with protease inhibitors (1ImM EDTA,
0.5mM EGTA, 10mM Tris at pH 7.5, 100mM NaCl and 0.1% Na-deoxycholate)
and sonicated to shear crosslinked DNA. Sonication was done using a Branson
sonicator for 20 cycles of 30 seconds pulses each (60 seconds pause between
pulses) at 60% amplitude. After sonication, Triton X-100 was added to the lysates
to a final concentration of 1%, and cellular debris was removed by centrifugation.

Gel analysis shows that the resulting chromatin extract containing an
average size of 500 bp DNA fragments. Chromatin extract was

immunoprecipitated at 4 °C overnight using magnetic beads (Protein G
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Dynabeads, Invitrogen) that had been pre-incubated with 10 ug of the Tcf7I1
antibody. Beads were then washed three times with wash buffer (50mM HEPES
at pH 7.6, 1ImM EDTA, 0.7% Na-deoxycholate, 1% NP-40 and 0.5M LiCl) and
washed once with Tris-buffered saline (TBS; 50mM Tris and 150mM NacCl at pH
7.6). Elute DNA-protein complexes from the beads by heating at 65 °C for 20
minutes with brief vortexing every 2 minutes. DNA-protein crosslinks were
reversed by incubation at 65 °C overnight. Eluted protein-DNA complexes were
then treated with RNase A (0.2 ug/ul) at 37 °C for 1 hour and proteinase K (0.2
ug/ul) at 55 °C for 1 hour. DNA was extracted by phenol-chloroform, precipitated

by ethanol, and dissolved in Tris-EDTA.

Western blot analysis

ESCs lysates were made using SDS sample buffer (80mM Tris, pH 6.8, 2%
sodium dodecyl sulfate [SDS], 10% glycerol, 0.6M DTT, 0.02% bromphenol blue).
Protein samples were separated by using SDS polyacrylamide gel
electrophoresis and then transferred to nitrocellulose membranes (Bio-Rad). The
membranes were blocked with PBST (PBS with 0.05% Tween 20)-5% milk for 1
hour at room temperature and incubated with primary antibody in PBST-5% milk
overnight at 4 °C.

Primary antibodies used were Tcf7I1 (1:3,000; (73)), Tcf7 (1:1,000; Cell
Signaling), Lefl (1:1,000; Cell Signaling), Tcf712 (1:3000; Cell Signaling),

B-catenin (1:2,000; Sigma), active B-catenin (1:1,000; Millipore) and tubulin
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(1:3,000; Developmental Studies Hybridoma Bank). Secondary antibodies used
were horseradish peroxidase-conjugated anti-guinea pig, -mouse, and -rabbit
antibodies at 1:3,000 dilution (The Jackson Laboratory). Signals were detected

using ECL Western blotting detection reagents (Amersham Biosciences).

Quantitative Immunofluorescence

ESCs were cultured in 15 mm diameter microscope cover glass (Fisher
Scientific, 12-545-83) coated with 15 ug/ml human plasma fibronectin (Millipore,
FC010) and transfected with Lipofectamine 2000 (Invitrogen) following the
manufacturer’s protocol. Cells were fixed for 8-10 minutes at room temperature
with freshly prepared 4% paraformaldehyde dissolved in 1x PBS, and processed
for immunofluorescent staining. All fluorescent images were taken with a Zeiss
LSM 700 confocal microscope system. Different sample images of the same
antigen were acquired under constant acquisition settings. Grayscale images of
individual fluorescence channels were imported into ImageJ software

(http://rsbweb.nih.goVv/ij/) for measurement of Tcf7l11 immunofluorescence.

Nuclear areas were individually selected using freehand selection tool. The mean
gray value for each fluorescence channel was determined for each nucleus using
the ROl manager function of ImageJ. Tcf7l1 immunofluorescence intensity was
measured in non-transfected cells for each treatment to ensure the Tcf7I1

immunofluorescence staining intensity was comparable between different
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experiments. 200 cells were examined for each condition in each experiment.

Each experiment was performed at least twice through independent transfections.

SiRNA Downregulation of Tcf711

Mouse Tcf711 siRNA (TCF711MSS238262: 5-GGAAGAAAGUGGCACAACC
UGUCAA-3, TCF711MSS277861:5-CAAGGACACAAGGUCGCCAUCUCCA)
were used to specifically downregulate Tcf7I1 mRNA expression levels designed
by Stealth siRNA duplexes (Invitrogen). ESCs were trypsinize and resuspended
in media without antibiotics. For each experiment, 100,000 cells per well were
combined with Lipofectamine 2000 transfection complexes of control siRNA
(5-GGAAGACUAGAGGCGGUCAUGAGUU-3’) or Tcf711 siRNA (0.04, 0.2, 1 and
5nM) following the manufacturer's protocol (Invitrogen) and plated on gelatin in a

24-well dish.

B-galactosidase Staining of Mouse Tissue

Embryos were dissected in 1x PBS and pre-fixed for 20 minutes in 4%
paraformaldehyde in PBS at 4 °C. The embryos were washed five time in 1x PBS
and then stained in X-Gal stain solution (100 mM Na Phosphate pH 7.3, 1.3 mM
MgCI2, 3 mM KsFe(CN)s, 3 mM KyFe(CN)s, 1 mg/ml X-Gal, 0.1% Na
deoxycholate, and 0.2% NP40). Staining was performed in the dark at 37 °C for
2-3 hours. After staining, the embryos were post-fixed in 4% paraformaldehyde at

4 °C overnight.
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Frozen 8 um-think sections of tissue were fixed with 0.5% glutaraldehyde for
two minutes. After washing 7-8 times in 1x PBS, slides were then transferred into
X-Gal stain solution without detergent. Staining was performed in the dark at 37
°C for 30 minutes and, after mounting in 80% glycerol, images were taken with a

Zeiss Axiovert 200M inverted microscope.
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Function of Wnt/B-catenin in counteracting Tcf3 repression
through the Tcf3—B-catenin interaction
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SUMMARY

The canonical Wnt/B-catenin signaling pathway classically functions through the activation of target genes by Tcf/Lef-B-catenin
complexes. In contrast to B-catenin-dependent functions described for Tcf1, Tcf4 and Lef1, the known embryonic functions for
Tcf3 in mice, frogs and fish are consistent with B-catenin-independent repressor activity. In this study, we genetically define
Tcf3—-B-catenin functions in mice by generating a Tcf3AN knock-in mutation that specifically ablates Tcf3—B-catenin. Mouse
embryos homozygous for the knock-in mutation (Tcf3*VAN) progress through gastrulation without apparent defects, thus
genetically proving that Tcf3 function during gastrulation is independent of B-catenin interaction. Tcf3*NVAN mice were not viable,
and several post-gastrulation defects revealed the first in vivo functions of Tcf3—3-catenin interaction affecting limb development,
vascular integrity, neural tube closure and eyelid closure. Interestingly, the etiology of defects indicated an indirect role for
Tcf3—-B-catenin in the activation of target genes. Tcf3 directly represses transcription of Lef1, which is stimulated by Wnt/B-catenin
activity. These genetic data indicate that Tcf3-B-catenin is not necessary to activate target genes directly. Instead, our findings
support the existence of a regulatory circuit whereby Wnt/B-catenin counteracts Tcf3 repression of Lef1, which subsequently
activates target gene expression via Lef1-f-catenin complexes. We propose that the Tcf/Lef circuit model provides a mechanism
downstream of B-catenin stability for controlling the strength of Wnt signaling activity during embryonic development.

KEY WORDS: Tcf3, Wnt signaling, beta-catenin, Embryonic stem cell, Mouse embryogenesis

INTRODUCTION

The canonical Wnt signaling pathway is required for morphogenesis
of many organs, and its activity is necessary in adults through the
regulation of stem cell properties. Overactivation of Wnt/B-catenin
signaling causes cancer (Moon et al., 2002), which demonstrates a
need to regulate the pathway through adulthood. Activity of the
pathway is controlled through the regulation of B-catenin protein
stability (MacDonald et al., 2009). In the absence of a Wnt ligand,
B-catenin is targeted for ubiquitin- and proteasome-mediated
degradation by phosphorylation at serine and threonine residues near
the N-terminus (Aberle et al., 1997, Liu et al., 2002).
Phosphorylation of B-catenin occurs within a polyprotein complex
that includes adenomatous polyposis coli (APC), Axin, and the
kinases casein kinase 1 and glycogen synthase kinase 3 (GSK3)
(Behrens et al., 1998; Ikeda et al., 1998; Liu et al., 2002). Wnt
ligands bind to Frizzled-Lrp5/6 receptor complexes and initiate a
downstream cascade that inhibits GSK3 phosphorylation of B-
catenin. This effect stabilizes B-catenin and stimulates its interaction
with DNA-binding transcriptional regulators, of which Tcf/Lef
proteins are the best characterized (Molenaar et al., 1996; van de
Wetering et al., 1997). When bound to Tcf/Lef proteins, B-catenin
can function as a transcriptional co-activator by recruiting several
nuclear factors to chromatin, such as BCL9, Pygopus, Brg-1 and
CBP (Barker et al., 2001; Hecht et al., 2000; Kramps et al., 2002;
Sun et al., 2000; Takemaru and Moon, 2000).
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Mammals have four Tcf/Lef factors: Tefl (Tcf7), Tef3 (Tef7L1),
Tcf4 (Tef712) and Lefl. They possess nearly identical DNA-
binding domains that allow them to bind the same consensus
sequence (*/1*/TCAAAG) and regulate the transcription of target
genes (Atcha et al., 2007; van Beest et al., 2000; van de Wetering
and Clevers, 1992). All Tef/Lefs also possess conserved B-catenin
interaction domains near the N-terminus, which are necessary for
Tef/Lef proteins to stimulate target gene transcription in response
to Whnt-stabilized B-catenin (Behrens et al., 1996; Brannon et al.,
1997; Molenaar et al., 1996; van de Wetering et al., 1997). Full-
length Tef/Lef proteins also have B-catenin-independent activities
as transcriptional repressors. Although all Tcf/Lef proteins have
been reported to interact with co-repressor proteins such as
Groucho (Brantjes et al., 2001), the extent to which the embryonic
function of Tcf/Lefs depends on B-catenin-independent activities
appears to be different for each Tef/Lef protein (Yi and Merrill,
2007). Lefl sits at one end of the spectrum, as knockout and
transgenic mouse models predominantly show Wnt/B-catenin-
dependent functions for Lefl (van Genderen et al., 1994; Zhou et
al,, 1995).

At the other end of the spectrum, Tcf3 appears to function
primarily as a transcriptional repressor. Transgenic mice showed
that full-length wild-type Tcf3 and B-catenin interaction-defective
ANTcf3 cause essentially identical phenotypes when ectopically
expressed in the epidermis (Merrill et al., 2001). Importantly,
transgenic mice engineered to overexpress repressor-defective
mutant forms of Tcf3 did not exhibit an abnormal phenotype
(Merrill et al., 2001). Subsequently, through the use of inducible
Tcf3 expression in the skin, the Tef3 overexpression phenotype was
shown to be caused by a reversion of adult cells to an embryonic-
like state, and analysis of downstream transcriptional effects
showed that Tcf3 did not require Wnt/B-catenin (Nguyen et al.,
2006). Genetic ablation of 7Tcf3 affected gastrulation to produce
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SUMMARY

Whnt/B-catenin signal transduction requires direct
binding of B-catenin to Tcf/Lef proteins, an event
that is classically associated with stimulating tran-
scription by recruiting coactivators. This molecular
cascade plays critical roles throughout embryonic
development and normal postnatal life by affecting
stem cell characteristics and tumor formation.
Here, we show that this pathway utilizes a fundamen-
tally different mechanism to regulate Tcf7I1 (formerly
named Tcf3) activity. B-catenin inactivates Tcf711
without a switch to a coactivator complex by
removing it from DNA, which leads to Tcf7I1 protein
degradation. Mouse genetic experiments demon-
strate that Tcf7I1 inactivation is the only required
effect of the Tcf7I1-B-catenin interaction. Given the
expression of Tcf7I1 in pluripotent embryonic and
adult stem cells, as well as in poorly differentiated
breast cancer, these findings provide mechanistic
insights into the regulation of pluripotency and the
role of Wnt/B-catenin in breast cancer.

INTRODUCTION

Canonical Wnt/B-catenin signaling impacts a wide range of bio-
logical activities, including stem cell self-renewal, organ morpho-
genesis, and tumor formation (Clevers and Nusse, 2012; Nusse,
2012). Regulation of the pathway centers on the stability of
B-catenin, which is targeted for proteasome-mediated degrada-
tion by a complex containing adenomatous polyposis coli (APC),
Axin structural proteins, and glycogen synthase kinase 3 (GSK3)
(Stamos and Weis, 2013). Phosphorylation of f-catenin by GSK3
stimulates degradation dependent upon APC, Axin, and the
B-TrCP ES3 ligase (Aberle et al., 1997; Hart et al., 1999; Yost
et al., 1996). Wnt signaling inhibits degradation of B-catenin by
blocking its ubiquitination (Li et al., 2012). Pharmacological

@ CrossMark

GSK8 inhibitors similarly inhibit 3-catenin degradation by block-
ing B-catenin phosphorylation.

An important downstream mechanism of the Wnt/B-catenin
pathway occurs as B-catenin binds to the amino terminal
of Tcf/Lef proteins, thereby displacing corepressor proteins
bound to the Tcf/Lef (Cavallo et al., 1998; Daniels and Weis,
2005; Roose et al., 1998). Tcf-B-catenin binding subsequently
recruits transactivator proteins to the genomic sites that were
previously occupied by corepressors (Brannon et al., 1997;
Molenaar et al., 1996; van de Wetering et al., 1997). This
accepted model of canonical Wnt/B-catenin signaling is con-
sistent with observed effects of Tcf/Lef proteins in many
contexts (Cadigan and Waterman, 2012); however, it is not
consistent with recent observations for mammalian Tcf711
(formerly Tcf3). In cells where Lefl and Tcf7 (formerly Tcf1)
act as pB-catenin-dependent transactivators, only transcriptional
repressor activity for Tcf711 was detected (Merrill et al., 2001;
Wu et al., 2012a). Here, we show that B-catenin binding to
Tcf711 does not form a transactivation complex, but instead
initiates a fundamentally distinct mechanism. B-catenin binding
inactivates Tcf7I1 by reducing its chromatin occupancy and
secondarily stimulates its protein degradation. Mouse genetic
experiments demonstrate that this inactivation is the only
necessary function of the Tcf7I1-B-catenin interaction. These
molecular and genetic findings provide insights into the role
of Wnt/B-catenin signaling in cells where Tcf7I1 expression is
prominent, including embryonic stem cells (ESCs) and poorly
differentiated breast cancer.

RESULTS

B-Catenin Reduces Tcf7I1 Protein Levels by Stimulating
Protein Degradation

Molecular support for a conversion into transactivators by -cat-
enin includes the ability of a 3-catenin-Tcf7 fusion protein to acti-
vate target genes without Wnt pathway stimulation (Staal et al.,
1999). If Tcf711 were switched to a transactivator by p-catenin,
one would expect a p-catenin-Tcf711 fusion protein to similarly
activate target genes. In ESCs, the B-catenin-Tcf7I1 fusion was
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