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CHAPTER 1: CANONICAL WNT SIGNALING

Introduction

Multicellular organisms require complex communication between cells and tissues in
order to properly develop and function. Through various signal transduction networks, cells
receive instructions controlling cell death, motility, and gene expression (J. Su et al., 2024). One
major arm of this network is the Wnt signaling pathway (Rim et al., 2022). This pathway, named
for its ligands, has since been divided into three types of Wnt signaling: the canonical Wnt/(3-
catenin pathway and the two non-canonical, B-catenin independent, PCP and Wnt/Ca?*
pathways (Qin et al., 2024). Here, | focus on the canonical Wnt/3-catenin pathway and its
interaction with adherens junctions. In this work, Chapters 1, 2, and 3 provide historical and
mechanistic background. Chapter 4 provides the materials and methods used in this project.
Chapter 5 describes my project investigating Wnt regulation by cadherins. These two seemingly
unrelated phenomena share a key component in 3-catenin. It has been a long-standing
question on if and how B-catenin associated with cadherins affects Wnt signaling. Herein |
describe how cadherins act to modulate Wnt activity with buffer-like properties. | conclude with a

discussion and future directions in Chapter 6.

A historical perspective of Wnt signaling

The canonical Wnt/B-catenin signaling pathway is highly conserved and has been shown to
be essential in development and the maintenance of adult stem cell niches. Mutations in the
pathway often lead to developmental defects, cancer, and disease (Nusse & Clevers, 2017).
The pathway was initially discovered in the 1980s when attempting to elucidate genes involved
in oncogenesis and development. The fruit fly Drosophila melanogaster served as an elegant
model system for investigating conserved development. One study using this model organism
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involved mutagenesis screens and revealed a striking phenotype: some flies failed to develop
proper wings while others only developed a proper wing on one side (R. P. Sharma & Chopra,
1976). Through genetic crosses, researchers identified a single gene responsible for the

segment-polarity disruption and the wingless phenotype, naming it Wingless or Wg1.

Around the same time, oncogenesis screens in mice using the retrovirus MMTYV identified a
clonal cell population from a tumor. By isolating DNA fragments surrounding the viral integration
site and comparing the tumor DNA to normal DNA, Nusse and Varmus identified the gene int-1.
They showed it was disrupted in many of the MMTYV tumors they isolated, suggesting an
importance for oncogenesis (Nusse & Varmus, 1982). In a subsequent study using Northern
blotting analysis, Nusse showed that the MMTYV provirus results in indirect aberrant expression
of the int-1 RNA by preferentially integrating either up-stream of the non-coding strand or down-

stream of the coding strand (Nusse et al., 1984).

While attempting to characterize the Drosophila homolog of int-1, Rijsewijk et al. found that
the RNA in situ hybridization and restriction map of Dint-1 and Wg1 were identical, revealing
that they were actually the same gene and showing significant species conservation of this
emerging pathway (Baker, 1987; Rijsewijk et al., 1987). Further developmental studies on int-
1/Wg1 were performed in the African frog model organism, Xenopus laevis. Based on the amino
acid sequence analysis and immunohistochemistry, the investigators proposed that the int-1
protein is secreted (McMahon & Moon, 1989b). To explore whether int-1 also functioned as a
developmental gene in vertebrates, McMahon and Moon injected int-7 RNA into Xenopus
embryos. They observed a startling phenotype; when wild-type RNA was injected into the 1- or
2-cell stage embryo, the neural plate bifurcated along the anterior-posterior axis, forming
tadpoles with two heads and suggesting that int-1 plays a highly conserved role in development
even among higher metazoans (McMahon & Moon, 1989a). This work also provided a

molecular basis for the observation by Spemann and Mangold, where transplantation of dorsal



tissue to the ventral side of the newt species Triturus vulgaris and Triturus cristatus resulted in a

duplicated axes (Cousin, 2019), answering a long standing question of developmental biology.

The following years saw a surge of research activity, leading to the renaming of the gene
family as Wnt, a portmanteau of Wingless and int-1 (Nusse et al., 1991), and the identification of
numerous Wnt pathway genes (Gavin et al., 1990; Roelink et al., 1990; Roelink & Nusse, 1991;
Wainwright et al., 1988). In vivo, phenotypic experiments in flies and frogs allowed for the
identification of novel proteins essential to Wnt signaling and placing them into a functional
hierarchy. Subsequent studies identified LRP5/6 (Pinson et al., 2000) and Frizzled (Adler, 1992;
Krasnow et al., 1995) as co-receptors and the destruction complex (Rubinfeld et al., 1996a;
Zeng et al., 1997a) as a key regulatory component. The transcription factors TCF/LEF were also
discovered (Behrens et al., 1996a), along with B-catenin as the central signaling molecule —

though the latter sparked some controversy (Miller & Moon, 1996).

The current model of Wnt signaling

Membrane regulation

Since its discovery over 40 years ago, the core features of canonical Wnt signaling have
been established (Fig. 1-1). The key effector of this pathway is B-catenin, an 85.5 kDa, 781
amino acids protein that acts as a transcriptional co-activator to induce transcription of target
genes. Due to this important regulatory role, B-catenin must be tightly regulated. Under normal
conditions, the signaling cascade is initiated by Wnt proteins, secreted glycoproteins that largely
associate with nearby cells (Rim et al., 2022). In the absence of a Wnt ligand, the co-receptors
LRP5/6 and Frizzled are not associated. LRP5/6 and Frizzled levels are kept low via

ubiquitylation by RNF43/ZNRF3, targeting the receptors for destruction. Frizzled was initially



discovered in the PCP pathway and has functions in non-canonical Wnt signaling in addition to

the canonical Wnt signaling pathway discussed here. (Hao et al., 2012).

When a Wnt ligand is present, Wnt binds to both LRP5/6 and Frizzled, bringing them
together. Frizzed associates with the protein Disheveled upon activation, promoting
oligomerization of nearby receptor complexes and signal amplification (Bilic et al., 2007). The
deubiquitylation complex, composed of UPS46, WDR20, and UAF 1, removes ubiquitin moieties
on LRP5/6 to stabilize the protein (Ng et al., 2023). Finally, LRP5/6 is phosphorylated by the
destruction of complex kinases CK1 and GSK3 on PPPSP moitifs. This phosphorylation allows
for recruitment of the destruction complex scaffolding proteins APC and Axin, forming a
signalosome complex, thus disrupting the destruction complex and allowing unphosphorylated
B-catenin to accumulate. The signalosome, formed by ligand-mediated receptor clustering, has
been proposed to allow for amplification and ensuring specificity of the Wnt signal (Rim et al.,

2022).

Cytoplasmic Regulation

The state of Wnt pathway proteins at the membrane affects the state of cytoplasmic Wnt
proteins. The central point of regulation in the cytoplasm for the Wnt pathway is the destruction
complex composed of the scaffolding proteins APC and Axin and the kinases CK1 and GSKa.
In the absence of a Wnt ligand, B-catenin binds to Axin and APC, positioning it for a priming
phosphorylation by CK1 at S45 followed by phosphorylation by GSK at T41, S37, and S33.
Phospho-B-catenin is then quickly recognized by the E3 ligase 3-TRCP and ubiquitylated. This
ubiquitin tag targets B-catenin for proteasomal degradation, keeping cytoplasmic B-catenin

levels low and the Wnt transcriptional program off. (C. Liu et al., 2002).

In the presence of a Wnt signal, the destruction complex partially disassembles as it is
recruited to the membrane. As B-catenin is constantly synthesized, disruption of the destruction

complex allows for rapid accumulation of cytoplasmic B-catenin in as few as 15 minutes
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(Hernandez et al., 2012). Though it lacks a nuclear localization sequence, 3-catenin can be
transported into the nucleus, and increased cytoplasmic concentration facilitates its

translocation, though the exact mechanism is poorly understood (Anthony et al., 2020).

Nuclear regulation

A detailed review of nuclear regulation of Wnt signaling will be covered in Chapter 2.
Briefly, in the absence of a Wnt signal, the Wnt transcription factors TCF/LEF are bound to the
transcriptional co-repressor TLE, keeping Wnt target genes off. When (3-catenin enters the
nucleus in the presence of a Wnt signal, TLE is displaced by B-catenin, activating the Wnt

enhanceosome and turning on the Wnt transcriptional program. A list of the core known Wnt

components are listed in Table 1.

o
\B-catemn)

{B-catenin))

{ B-catenin }
B-catenin _/\

Figure 1-1: Current model of canonical Wnt signaling. (Left) Wnt Off state. The destruction
complex is active, and cytoplasmic (3-catenin is kept low. B-catenin still associates with cadherins
at adherens junctions. (Right) Wnt On state. Wnt associates with the co-receptors LRP5/6 and
Frizzled, disrupting the destruction complex and allowing [B-catenin to accumulate in the

cytoplasm and nucleus. B-catenin still associates with cadherins at adherens junctions.



Table 1: Core canonical Wnt signaling components.

Protein Name

Localization

Function

B-catenin

LRP5/6

Frizzled
APC
Axin

GSK3

CK1

TCF/LEF
TLE
B-TRCP
Disheveled

Wnt

Membrane-associated;
cytoplasmic; nuclear

Single pass
transmembrane

7 pass transmembrane
Cytoplasmic
Cytoplasmic

Cytoplasmic

Cytoplasmic

Nuclear
Nuclear
Cytoplasmic
Cytoplasmic,

membrane-associated
Extracellular

Links adherens junctions to cytoskeleton;
co-activator of canonical Wnt signaling
transcription program

Co-receptor for Wnt signaling; binds Wnt
ligands and destruction complex
components

Co-receptor for Wnt signaling; binds Wnt
ligands and Dvl

Scaffolding protein, a key component of
the destruction complex

Scaffolding protein, a key component of
the destruction complex

Kinase phosphorylates B-catenin in
destruction complex; phosphorylates Irp5/6
upon Wnt ligand binding

Kinase; priming phosphorylation of 3-
catenin in destruction complex; priming
phosphorylation of Irp5/6 upon Wnt ligand
binding

DNA binding transcription factors; bind
TLE in the absence of (3-catenin
Co-repressor; binds TCF/LEF in the
absence of 3-catenin

Ubiquitylates phosphorylated (3-catenin for
degradation

Scaffolding protein for recruitment of
destruction complex upon Wnt binding
Secreted palmitoylated protein ligand for
which the Wnt pathway gets its name; 19
Whnt proteins in humans

Fold Change of B-catenin

The key regulatory protein of Wnt signaling is B-catenin. As such, it has been proposed

that the way Wnt activates its transcriptional program is due to elevated levels of B-catenin. This

hypothesis is supported by the observation that Wnt-regulated cancers have mutations resulting

in increased B-catenin. However, increasing evidence suggests it is not the absolute
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concentration of B-catenin that contributes to Wnt signal transduction. Rather, it is the fold-
change increase from baseline that significantly alters function (Goentoro & Kirschner, 2009).
This observation is also supported by kinetic analysis of 3-catenin which shows that when [3-
catenin levels plateau following a Wnt signal due to re-activated function of the destruction
complex, the Wnt transcriptional program remains active (Hernandez et al., 2012). For future
studies, it is important to consider $-catenin fold-change when making conclusions about the

role of a protein in Wnt signaling.

Wnt signaling in human diseases

Whnt signaling is an essential developmental pathway. During development, Wnt is tightly
regulated in a spatial and temporal manner to allow for proper development of tissues such as
early embryonic patterning, cardiac development, and gastrointestinal function. In adults, Wnt
signaling is also important for maintaining the gastrointestinal stem cell niche, bone remodeling,
and cardiac repair following myocardial infarction (Nusse & Clevers, 2017). Wnt signaling is often
disrupted in cancer; over 90% of gastrointestinal cancers have mutations in the Wnt pathway
(Cancer Genome Atlas Network, 2012). One of the major Wnt components mutated is the tumor
suppressor APC. Heterogeneous mutations of APC cause FAP and lead to the formation of
hundreds of polyps in the colon, almost always progressing to cancer at an average of 39 years
of age. Many APC mutations are truncation mutations that prevent binding to B-catenin and thus
allow unphosphorylated 3-catenin to accumulate in the absence of a Wnt signal (Kinzler et al.,
1991). Mutations in B-catenin typically also prevent its phosphorylation either from N-terminal
truncation mutations or point mutations of the CK1 and GSK3 phosphorylation sites (Y. Liu et al.,
2014). Wnt pathway mutations are also often found in other cancers such as breast, prostate, and

hepatocellular carcinomas (Klaus & Birchmeier, 2008; P. Song et al., 2024). There are currently



no drugs targeting the canonical Wnt pathway, primarily due to the ubiquitous nature of Wnt

signaling and concerns about dose-limiting, on-target drug toxicities.

Besides cancer, Wnt signaling has also been implicated in other disease. Wnt signaling is
an important pathway involved in heart tube formation and cardiac looping. Proper development
requires precise control of turning on and off Wnt signaling at specific times. Similar regulation is
required during injury repair (Foulquier et al., 2018; D. Li et al., 2022). Wnt signaling is also an
important regulatory pathway in pancreas function, shown to regulate insulin secretion and B-cell
viability. As such, regulation of Wnt signaling plays a role in the progression of diabetes
(Napolitano et al., 2023; Welters & Kulkarni, 2008). Further studies into Wnt signaling would help

to uncover treatments in diseases in which Wnt signaling is misregulated.



CHAPTER 2: NUCLEAR REGULATION OF WNT/B-CATENIN SIGNALING'

Introduction

As described in the last chapter, Wnt signaling is an evolutionarily conserved cellular
communication pathway that plays critical roles in development, tissue homeostasis, and, when
misregulated, human disease (Nusse & Clevers, 2017). Wnt ligands trigger discrete intracellular
cascades, resulting in a plethora of distinct cellular responses. The best characterized branch of
the Wnt pathway is the Wnt/B-catenin signaling pathway, and most attention has been focused
on its plasma membrane and cytoplasmic regulation. Here, | focus on its less well-described

nuclear regulation.

The current model of Wnt/B-catenin signaling includes the assembly of two distinct large
protein complexes (Fig. 2-1). In the absence of Wnt ligand, the transcriptional co-activator, (3-
catenin, is constitutively degraded by the cytoplasmic “destruction complex” (composed of the
scaffolding proteins Adenomatous polyposis coli (APC) and Axin, and the protein kinases
glycogen synthase kinase-3 (GSK3) and casein kinase 1a (CK1a) (Rim et al., 2022). In this
model, phosphorylation of 3-catenin by CK1 at position serine 45 primes 3-catenin for
processive phosphorylation by GSK3 at nearby sites (Serine 33, Serine 37, and Threonine 41).
Phosphorylated 3-catenin is recognized by the E3 ubiquitin ligase B-TRCP, which catalyzes its
polyubiquitylation. Polyubiquitylated B-catenin, in turn, is degraded by the proteasome. In this

way, cytoplasmic B-catenin levels remain low in the absence of Wnt.

"This work is adapted from the review article: Anthony, C. C., Robbins, D. J., Ahmed, Y., & Lee, E.
(2020). Nuclear Regulation of Wnt/3-Catenin Signaling: It's a Complex Situation. Genes, 11(8), 886.
https://doi.org/10.3390/genes11080886
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Figure 2-1. Model of the Wnt pathway. A) In the absence of the Wnt ligand, the B-catenin
destruction complex maintains low cytoplasmic levels of B-catenin. B) In the presence of the
Whnt ligand, the signalosome is assembled, and the B-catenin degradation is disrupted. Entry of
B-catenin into the nucleus promotes the formation of the enhanceosome to drive the

transcription of Wnt target genes. See text for more details.

Binding of Wnt ligands to the co-receptors Frizzled and LRP5/6 and the cytoplasmic
protein, Dishevelled (Dvl), induces a conformational change that is transmitted to the
intracellular domain of Wnt receptors via a mechanism that remains poorly defined. The

formation of a large oligomerized Frizzled-LRP5/6 complex or “signalosome” is thought to be
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critical for the formation of an active receptor complex(Bilic et al., 2007; Cong, 2004).
Phosphorylation and degradation of B-catenin within the destruction complex are ultimately
blocked; B-catenin accumulates in the cytoplasm and translocates to the nucleus. Once in the
nucleus, B-catenin acts as a co-activator for T-cell factor/Lymphoid enhancer factor (TCF/LEF)
on Wnt Response Elements (WREs) in target genes to transmit a Wnt transcriptional program.
Recently, it has been proposed that this transmission of a Wnt signal in the nucleus via 3-
catenin-TCF/LEF occurs via a large molecular weight “enhanceosome” complex (Fig. 2-1)

(Fiedler et al., 2015).

Nuclear Transport of B-Catenin

The entry of B-catenin into the nucleus is a major signaling step in the Wnt pathway,
although consensus regarding its mechanism of action remains elusive. The FG repeats of
nucleoporins normally block nuclear entry for proteins larger than 40 kDa (M. Sharma et al.,
2016). In the classic nuclear transport model, nuclear localization sequence (NLS)-containing
proteins bind to Importin-a, which is brought to the nuclear pore complex (NPC) and transported
through the nuclear pore via its interaction with Importin-f3. Once inside the nucleus, the protein

cargo is released via the action of Ran GTPases (Fagotto et al., 1998).

B-catenin has no identifiable NLS (Suh & Gumbiner, 2003), and numerous non-classic
models for B-catenin nuclear import have been proposed. The 12 Armadillo repeats of 3-catenin
are similar to the HEAT repeats found on Importin-f3 family members, suggesting that 3-catenin
might directly interact with the NPC (Fagotto et al., 1998). Based on the demonstration that
nuclear transport occurs independently of FG-nucleoporins and the fact that 3-catenin transport
does not compete with Importin-, it has been proposed that 3-catenin might be transported via

a pathway distinct from that involving Importin-B (Suh & Gumbiner, 2003). More recent studies
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have identified several distinct regions of 3-catenin (e.g., N-terminal, C-terminal, and Armadillo
repeats 10-12) that can bind weakly to nucleoporins, suggesting that cumulative interactions

may be required for nuclear import (M. Sharma et al., 2016).

Various “piggyback” or “chaperone” models have also been proposed for the nuclear
transport of 3-catenin. One candidate is APC, which binds tightly to B-catenin and is localized to
both the nucleus and cytoplasm (Henderson, 2000). A similar model has been proposed in
which B-catenin is anchored to the nucleus via its interaction with B-Cell CLL/Lymphoma 9
(BCL9) (Townsley et al., 2004). Interaction between B-catenin and BCL9 has been proposed to
be mediated by the phosphorylation of B-catenin at Tyrosine 142 (J. Lilien & Balsamo, 2005).
Although the most obvious piggyback candidate for B-catenin is LEF1, nuclear entry of 3-
catenin has been shown to occur independently of this transcriptional factor (Henderson &

Fagotto, 2002).

Recently, the guanine nucleotide exchange factor, RAPGEFS5, and its associated
Rap1a/b GTPases have been shown to play a role in B-catenin nuclear import. This new
pathway has been proposed to act in a manner that parallels the Ran/Importin- transport
system (Giriffin et al., 2018). In addition, a Kinesin 2/IFT-A complex has also been shown to
promote the nuclear translocation of -catenin in Drosophila and mouse (Vuong et al., 2018). It
remains to be determined whether these various models of 3-catenin nuclear import reflect
redundant and/or tissue-specific mechanisms. Finally, post-translation modification of B-catenin
by O-GlcNAcylation stimulates its nuclear export, although the mechanism by which this occurs

is unknown (Sayat et al., 2008).
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Nuclear Mediators of Wnt Signaling

Several proteins that regulate the transcription of Wnt target genes have been identified.
In this section, | discuss the best characterized of these proteins: p-catenin, T-cell
factor/Lymphoid enhancer factor (TCF/LEF), Groucho/Transducing-Like Enhancer (Gro/TLE),
Pygopus (Pygo), and B-cell CLL/lymphoma 9 (BCL9). Some of these proteins, however, may
not be absolutely required for Wnt signaling and instead may only function in certain contexts. |
also discuss B-catenin-mediated transcription of genes that involve non-TCF/LEF partners but

are, nevertheless, dependent on Wnt signaling.

B-catenin

Soon after B-catenin's discovery, studies on FAP and the APC protein used
immunoprecipitation to demonstrate that APC binds a protein that was determined to be [3-
catenin via immunoblotting (L. K. Su et al., 1993). Additionally, it was shown that the Drosophila
segment polarity gene armadillo was structurally similar to plakoglobin and B-catenin in humans
(McCrea et al., 1991; Peifer & Wieschaus, 1990). The identification of B-catenin as a mediator of
Whnt signaling was puzzling as it had been previously shown to be a critical component of the

cadherin complex.

Several key studies in Xenopus subsequently showed that 3-catenin was a co-
transcriptional activator that mediated Wnt signaling to target a large number of target genes
that regulated cellular growth, proliferation, and differentiation. It was found that XTCF-3, the
homolog of mammalian TCF1 and LEF1, binds to and results in the nuclear translocation of -
catenin. Importantly, XTCF3 required -catenin binding in order to induce transcription and

properly pattern, confirming -catenin acts in the nucleus (Molenaar et al., 1996a). Additionally,
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time-lapse imaging showed rapid nuclear B-catenin accumulation upon Wnt pathway activation

triggered by maternal Wnt signals (Larabell et al., 1997).

B-catenin is often referred to as the master regulator of Wnt signaling because it is the
transcriptional switch that shifts TCF/LEF from repressor to activator. The general role of 3-
catenin is to facilitate 1) the recruitment of the Mediator complex essential for RNA Polymerase
II-mediated transcription (Kim et al., 2006) and 2) the binding of histone acetyltransferases to
open chromatin, thereby promoting the recruitment of general transcription factors to target

gene promoters (Takemaru & Moon, 2000).

B-catenin has multiple nuclear binding partners that play critical roles in the activation of
Whnt target genes, including TCF/LEF transcription factors (Chodaparambil et al., 2014),
BCL9/BCL9-2 (Hoffmans & Basler, 2007, pp. 9-2), CREB binding protein (CBP)/p300
(Sustmann et al., 2008), and SET domain-containing protein 1 (SET-1) (Sierra et al., 2006) (Fig.
2). TCF/LEF serves as the DNA binding factor for the transcriptional activation complex,
whereas BCL9/BCL9-2 acts to bridge other factors required to activate Wnt transcription. Upon
[B-catenin translocation to the nucleus, the chromatin associated with WREs is altered to favor
activation of target genes via B-catenin-mediated recruitment of histone remodeling complexes.
The histone acetyltransferases, CBP/p300, are thought to acetylate nucleosomes associated
with WREs, thereby promoting gene transcription, although their mechanism of action is not well
understood (Sustmann et al., 2008; Turner, 2012). In addition, in some studies, CBP/p300 has
been shown to inhibit the transcription of Wnt target genes, although this role may be context-
dependent (J. Li et al., 2007). Another chromatin remodeler, SET-1, a histone
methyltransferase, adds methyl groups to lysine 4 of histone 3 (H3K4me), a mark associated

with active transcription (Sierra et al., 2006).
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Figure 2-2. Schematic of B-catenin and its nuclear-interacting partners. See text for further

discussion.

T-cell factor/Lymphoid enhancer factor

The TCF/LEF transcription factors are the major mediators of Wnt-responsive
transcription. TCF/LEFs are highly conserved; most invertebrates have a single ortholog,
whereas in most vertebrates they are encoded by four genes (Cadigan & Waterman, 2012). The
four human members in this family include TCF1 (TCF7 gene), TCF3 (TCF7L1 gene), TCF4
(TCF7L2 gene), and LEF1 (Cadigan & Waterman, 2012). TCF/LEF family members bind to
WREs through their high mobility group (HMG) domain. TCF/LEF proteins have been shown to
bind to the consensus sequence A/T A/T C A A A G in the minor groove, resulting in distortion
of the DNA (van de Wetering & Clevers, 1992). In addition, TCF/LEF proteins also act as
transcriptional scaffolds to coordinate and position other factors involved in Wnt target gene

regulation.
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In Drosophila, there is a single copy of TCF, which exhibits both activator and repressor
functions (Bhambhani et al., 2014). However, there is increasing evidence suggesting that the
activator and repressor functions of TCF are performed by separate TCF family members in
vertebrates. For example, TCF3 is associated with repressor function while LEF1 is associated
with activator function, and, upon Wnt signaling in some contexts, there is a switch from TCF3
to LEF1 at Wnt target gene promoters. The role of TCF1 and TCF4 as either a repressor or
activator of transcription remains unclear due to contradictions in different cell types and model

systems (Hikasa & Sokol, 2011; Hrckulak et al., 2016).

Groucho/Transducing-Like Enhancer

Gro/TLE family members are transcriptional co-repressors that bind TCF/LEF (Cavallo et
al., 1998; Roose et al., 1998). Gro/TLE proteins form a homotetramer via their Q domain, which
is important for their co-repressor activity (G. Chen et al., 1998; H. Song et al., 2004). Gro/TLE
binds histone-modifying proteins, notably histone deacetylases, resulting in compaction of the
chromatin and transcriptional silencing (G. Chen et al., 1999). Furthermore, this function is

dependent on their binding to TCF/LEF (Arce et al., 2009).

According to the prevailing model, the transition from constitutive transcriptional
repression to Wnt/pB-catenin-mediated activation is marked by the replacement of Gro/TLE by (3-
catenin on TCF/LEF. Early models suggest simple competition between 3-catenin and TLE for
binding to TCF/Lef (Daniels & Weis, 2005). Subsequent studies have indicated that dissociation

of Gro/TLE may be facilitated (Flack et al., 2017; Hanson et al., 2012).

The interaction between Gro/TLE and TCF/LEF may also be regulated by ubiquitination.
The E3 ligase X-linked inhibitor of apoptosis (XIAP), upon phosphorylation by GSK3 in a Wnt-

dependent manner, has been shown to ubiquitinate TLE, thereby decreasing its affinity for
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TCF/LEF (Hanson et al., 2012; Ng et al., 2018). Another E3 ubiquitin ligase, Hyd (hyperplastic
discs)/UBRS5, has also been proposed to ubiquitinate Gro/TLE (Flack et al., 2017, p. 5). Itis
unclear if both ligases function in the same tissues or if Gro/TLE ubiquitination is a tissue-
specific process. Finally, based on the fact that certain vertebrate TCFs encode either repressor
or activator function and that repressive TCF proteins have higher affinities for Gro/TLE, a
model has been proposed by which Gro/TLE in complex with repressive TCFs (e.g. TCF3) is
released upon Wnt signaling, allowing for the recruitment of activating TCFs (e.g LEF1) bound

to B-catenin (Chodaparambil et al., 2014).

Pygopus

Pygo, a Plant Homology Domain (PHD) domain protein, was identified as an essential
Wingless(Wg)/Wnt signaling component in Drosophila (Belenkaya et al., 2002; Kramps et al.,
2002; Parker et al., 2002; Thompson et al., 2002). Initial studies proposed that Pygo served to
recruit and capture B-catenin to WREs via interaction with BCL9 (Stadeli & Basler, 2005). Pygo
has subsequently been shown to interact with the mediator complex subunits Med12 and
Med13 to recruit general transcription factors to chromatin (Carrera et al., 2008). Another
function attributed to Pygo is a role in chromatin remodeling. Pygo interacts with the histone
acetyltransferase, CBP, as well as histone H3K4me3 (trimethylated lysine 4), a hallmark of
active chromatin (Andrews et al., 2009; Kessler et al., 2009). Interaction between Pygo and
H3K4me3 has been proposed to involve the recruitment of Pygo by the core Chip/LDB-SSDP

(ChiLS) Wnt enhanceosome complex (see below) (Fiedler et al., 2015).

The role of Pygo in Wnt signaling in mammals appears to be much more complicated
than in Drosophila. In humans and mice, Pygo is encoded by two genes, Pygo1 and Pygo2.
Although Pygo2 knockout mice die shortly after birth, they have a reduction in overall Wnt

signaling and defects in some Wnt-dependent tissues (e.g., brain, eyes, hair follicles, and lungs)
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(B. Li et al., 2007). Surprisingly, intestinal development, which is strongly regulated by Wnt
signaling, is not disrupted. In contrast, Pygo1 knockout mice did not exhibit an observed
phenotype (Schwab et al., 2007). Consistent with this, composite Pygo1/2 double knockouts
and Pygo2 knockouts have similar phenotypes. Further evidence that Pygo may not be required
for all Wnt signaling comes from a study demonstrating that Pygo-containing complexes
promote transcription of certain Wnt target genes but not others (e.g., genes that regulate
cardiac tissue) (Cantu et al., 2018). Interestingly, the requirement for Pygo2 in mouse lens
development is independent of B-catenin, suggesting a non-Wnt/B-catenin function for Pygo2
(B. Li et al., 2007). These studies reveal that, unlike its role in Drosophila, the role of Pygo in
mammals is context-dependent and may function to modulate Wnt signaling responses rather

than being an essential component.

B-cell CLL/lymphoma 9

Similar to Pygo, early studies of Lgs/BCL9 were performed in Drosophila, which contains
a single version of BCL9, Legless (Lgs), with three homology domains (HD1-3). The HD1
domain of Lgs was shown to bind to Pygo, whereas the HD2 domain was shown to bind directly
to B-catenin. Although Lgs has an HD3 domain, it was found to be dispensable for Wingless
signaling (Kramps et al., 2002). In mammals, there are two versions of BCL9, BCL9, and BCLOL
(or BCL9-2), that are functionally redundant and contain five homology domains (HD1-5)
(Sustmann et al., 2008). Like that of Pygo, the role of BCL9 in Wnt signaling in mammals
appears to be much more complicated than in Drosophila. In contrast with core Wnt pathway
components, the specification of intestinal stem cells does not require BCL9. However, loss of
BCL9 results in reduced expression of stem cell markers and reduced regeneration of the

intestinal epithelium after injury (Deka et al., 2010). Based on these studies, it was proposed
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that the primary function of Lgs/BCL9 is to link B-catenin to the WREs through its interaction

with Pygo.

There appear to be differences in the function of BCL9 and Lgs in Wnt signaling
between vertebrates and Drosophila as well. For example, the HD4 and HD5 domains of
vertebrate BCL9, which are missing in Lgs, are required for Wnt transcriptional activation in
mammalian cells (Sustmann et al., 2008). Although the details may differ, similar to its
Drosophila counterpart, mammalian BCL9 has been proposed to act as a dynamic scaffolding
protein during Wnt signaling (van Tienen et al., 2017). BCL9 interacts with TLE, possibly by
facilitating the repositioning of transcriptional factors (e.g., TCF/LEF and ChiLS complex) to
allow derepression of WREs and activation of transcription. Similarly, BCL9 interacts with
histone remodeling proteins and, upon Wnt signaling, alters its interaction partner from histone

deacetylases to the histone acetyltransferase, CBP (van Tienen et al., 2017).

Non-TCF/LEF Transcription Partners of 3-catenin

Hypoxia Inducible Factor (HIF)-1a controls cellular responses to low oxygen; in the
absence of oxygen, HIF-1a is stabilized and acts as a transcription factor for hypoxia-responsive
genes (Ke & Costa, 2006). B-catenin binds HIF-1a (Kaidi et al., 2007). Furthermore, this
interaction has been shown to inhibit Wnt-dependent transcription to promote the transcription

of genes required for neuronal differentiation (Boso et al., 2019; D. Chen et al., 2013).

A similar phenomenon has been observed with the Forkhead Box O (FOXO) proteins,
which are involved in insulin signaling and oxidative stress (Tzivion et al., 2011). FOXO proteins
translocate to the nucleus to facilitate transcription of target genes to directly compete with

TCF/LEF for binding to B-catenin. Interaction between B-catenin and FOXO proteins induces the
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transcription of genes involved in cell cycle arrest as well as genes that prevent tissue injury

(Essers et al., 2005; Hoogeboom et al., 2008; Nlandu-Khodo et al., 2020).

Sox (Sry-related HMG box) transcription factors are another class of transcription factors
that interact with B-catenin. Sox proteins play essential roles in animal development and in the
maintenance of adult tissues (Sarkar & Hochedlinger, 2013). Early evidence for Sox binding to
[B-catenin came from studies in Xenopus in which Sox17 and Sox3 were shown to compete with
TCF/LEF for binding to p-catenin to inhibit Wnt signaling (Zorn et al., 1999). Studies in cultured
cells demonstrated that Sox17 could also promote the degradation of TCF and -catenin to
block signaling (Sinner et al., 2007, p. 17). Not all Sox proteins inhibit Wnt signaling; for
example, Sox4 was shown to enhance TCF/B-catenin activity (Sinner et al., 2007). Consistent
with their opposing action on the Wnt pathway, Sox17, and Sox4 are expressed in the normal

gut epithelium in a mutually exclusive pattern (Sinner et al., 2007).

Wnt/B-catenin-Mediated Transcriptional Repression

Whnt/B-catenin signaling commonly results in the conversion of a target gene from a
repressed to an activated state. However, for certain genes, transcription is activated in the
absence of Wnt signaling, and Wnt pathway activation represses gene transcription. In
Drosophila, nearly 20% of all Wg-responsive genes are predicted to be repressed by Wg
signaling (Franz et al., 2017). Wnt-repressed genes have TCF/LEF binding sites, but these sites
are distinct from the classical WREs. For these repressed genes, TCF promotes transcription
via recruitment of coactivators in the absence of B-catenin; conversely, in the presence of -
catenin, the formation of a TCF-B-catenin complex represses transcription via recruitment of
corepressors (Zhang et al., 2014). Many of the genes repressed by Wnt signaling are involved

in other developmental signaling pathways. For example, during eyelid closure, Wnt signaling
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represses MAP3K1 expression, allowing for proper eye development (Meng et al., 2018).
Similarly, B-catenin functions to inhibit osteoblast differentiation to chondrocytes in the
developing skeletal system by suppressing the expression of Runx2 and Sox9 (Hill et al., 2005).
Several other genes (ADAM12, ITGB1, APP, DSP, and 15-PGDH) have also been shown to be
directly inhibited by B-catenin in response to Wnt signaling (Jung & Kim, 2005; Kahler &

Westendorf, 2003; Smartt et al., 2012).

Current Model: The Wnt Enhanceosome

By analogy to the large molecular size Wnt receptor signalosome at the plasma
membrane and the B-catenin destruction complex in the cytoplasm, Fiedler et al. (2015) coined
the term “enhanceosome” to describe the nuclear complex that forms to drive Wnt-dependent
gene transcription. At its core is the ChiLS complex, which is composed of two LDB (LIM-
binding domain) and four SSDP (single-stranded DNA binding protein) proteins that bridge the

Pygo protein to TCF/LEF via BCL9.

The universality of the ChiLS-enhanceosome model for describing nuclear Wnt
signaling, however, is unclear, given context-dependent differences in enhanceosome
components and the controversial role of Pygo as an essential component in vertebrate Wnt
signaling (Cantu et al., 2018; Schwab et al., 2007). This idea is consistent with knockout
experiments showing that different phenotypes result from the knockout of different genes
involved in nuclear Wnt signaling, suggesting effects on distinct sets of genes between different
nuclear components (Nusse & Clevers, 2017). Evidence in Drosophila for a context-dependent
enhanceosome comes from studies of Earthbound/Jerky and Erect wing (Ewg) (Benchabane et
al., 2011). Earthbound binds to the B-catenin/TCF complex to promote transcription in certain

tissues and to activate a subset of Wg target genes. In addition, Earthbound is required for all
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Whnt-dependent consequences of Apc1 loss in the adult intestinal epithelium (Tian et al., 2017).
Similarly, Ewg, which forms a complex with Earthbound, also promotes transcription of a subset
of Wg target genes (Xin et al., 2011). Although ChiLS may not be a core component of all Wnt
signaling events, the concept of a Wnt enhanceosome, as originally described by Fiedler et al.

(2015), is nevertheless a useful concept to build upon (Fig. 2-3).

Enhancer

Context
Dependent
Factor

Ubiquitin
Ligase (4)

(B-catenin xy

|
[Remodeling
. emodeling
Dependent Mediator Complex (1
Factor IRecruiter (3 A plex (1)

Figure 2-3. Proposed modified model of a Wnt enhanceosome with a 3-catenin-TCF/LEF
core complex and other requisite components that are context dependent. We propose that at
least four additional components are required to form a functional enhanceosome: (1) a
chromatin remodeling complex (e.g., SET-1, a histone methyltransferase, and CBP/p300, a
histone acetyltransferase) that promotes gene transcription; (2) a bridging factor to link
enhancer regions to the WRE and which may coordinate context-dependent factors (e.g., the
ChILS complex and BCL9); (3) a mediator recruiter (e.g., Pygo and B-catenin); (4) an E3

ubiquitin ligase that promotes Gro/TLE dissociation from TCF/LEF (e.g., XIAP or Hyd/UBRS).
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Based on studies indicating that B-catenin and TCF/LEF are absolutely required for
transcription of all Wg target genes in Drosophila, | propose that these proteins are the universal
Wnt enhanceosome components (Franz et al., 2017). In order to be functionally active,
however, the enhanceosome must also contain 1) a chromatin remodeler (remarkably, nearly all
Whnt nuclear components have been shown to interact directly with this class of proteins), 2) a
protein to communicate between the enhancer and promoter regions of the Wnt target gene, 3)
a protein that recruits Mediator complex components to promote general transcription (it is
possible B-catenin may be sufficient to fulfill this role), and 4) a protein that regulates the

interaction between TLE and TCF/LEF (i.e. an E3 ubiquitin ligase).

Conclusion

Constitutive activation of Wnt signaling is associated with the development of numerous
cancers (Nusse & Clevers, 2017). A major role of Wnt pathway activation in the genesis of
these cancers is highlighted by the fact that nearly 100% of all non-hereditary colorectal cancers
exhibit inappropriate activation of the Wnt pathway, primarily due to mutations in the destruction
complex (e.g., loss-of-function of APC/Axin or gain-of-function of 3-catenin). To date, there are
no FDA-approved Whnt inhibitors for clinical use in these diseases, and a drug that functions
downstream of the major activating mutations would be particularly useful. Thus, a better
understanding of nuclear events that drive Wnt signal transduction and the identification and
characterization of new nuclear factors involved in Wnt signaling will lead not only to significant
insight into the mechanism by which a Wnt signal is propagated but the development of drugs

that target this pathway for the treatment of the majority of Wnt-driven cancers in humans.
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CHAPTER 3: CADHERINS

History of calcium-dependent adhesion

In addition to complex signaling networks, multicellular organisms require the ability to
attach to each other and to form complex super-cellular structures. Since the early 1900s, when
it was shown that sponges could regenerate and organize their epidermis when dissociated
(Wilson, 1907; Wilson & Penney, 1930), cell biologists have sought to understand the
mechanism behind cell movement, organization, and adhesion. An early method to study this
question was through observations of dissociated tissues as they were reassembled. When
sponges were dispersed by pressing through a fine mesh sieve, cells were unable to
reassemble in the absence of calcium and magnesium but were when supplemented with a
supernatant “factor” (Glaeser et al., 1968). It was later identified that the factor was a
glycoprotein macromolecule. Interestingly, when cells from dissociated mammalian tissues and
avian tissues were mixed together, they were able to reaggregate based on tissue rather than
species when “co-mingled,” unlike the sponges, suggesting a tissue-specific, rather than
species specific, molecule in metazoans (J. E. Lilien, 1969). As EDTA, a divalent cation
chelating agent, was often used in these studies, researchers questioned the role of calcium
and magnesium in adhesion. When cells were plated directly onto plastic dishes, they were able
to adhere even in the absence of divalent cations. However, when the plates were coated with
protein serum, calcium or magnesium were required for cells to adhere properly, suggesting
calcium is required for cell-cell adhesion (Takeichi & Okada, 1972). Subsequent work
culminated in the identification of a molecule responsible for adhesion, which they named

cadherin (Calcium-dependent adherin) (Yoshida & Takeichi, 1982).

After initial discovery of the calcium-dependent adhesion molecule E-cadherin, scientists
aimed to identify its binding factors. Ozawa et al. noticed that E-cadherin, N-cadherin, and P-
cadherin have a conserved intracellular domain across species and thus speculated this region
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had functional importance. The authors overexpressed E-cadherin followed by
immunoprecipitation and found three additional proteins pulled down with E-cadherin, which
they termed a-, 3-, and y-catenin (Ozawa et al., 1989). In a follow-up study, they utilized various
E-cadherin deletion mutant constructs followed by immunoprecipitation to show that catenins
connect E-cadherin to the cytoskeleton. More specifically, they show a-catenin associates with

actin while B-catenin binds to E-cadherin (Ozawa et al., 1990).

Current understanding of cadherin function

Since its discovery, many proteins have been identified as part of the cadherin
superfamily. Among these, classical cadherins - calcium-dependent single-pass transmembrane
proteins that mediate cell-cell connections through homophilic binding — serve as the prototype
(Fig. 1-2). Type | classical cadherins include E-, N-, P-, VE-, and R-cadherin (Ilvanov et al.,
2001). These cadherins contain five extracellular domain repeats, with calcium binding between

them to provide the proper structure and to align them with cadherins on adjacent cells.

Classical cadherins are synthesized at the ER and require association with 3-catenin
during maturation in order to fully develop and be transported to the membrane (Hinck et al.,
1994b). Thus, in cells that highly express cadherins, much of the total cellular 3-catenin is
associated with cadherin. The intracellular domain of cadherin binds to p120-catenin and -
catenin. In turn, B-catenin binds a-catenin, which then binds actin. Cell-cell adhesions are
essential for maintaining tissue integrity and separation of tissue compartments as well as the

development of proper tissue organization (Stepniak et al., 2009).
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Crosstalk between the Wnt and cadherin pathways

As described in Chapter 1, in essence, control of Wnt signaling is about control of 3-
catenin. Since adherens junctions also rely on tightly regulated B-catenin, it has long been a
question of whether the two pathways interact and to what degree. B-catenin was initially
discovered as a key part of adherens junctions (discussed later) and was later realized to

regulate the canonical Wnt signaling pathway.

There is evidence to suggest a link between Wnt signaling and cell-cell junction
regulation under pathological conditions. During Epithelial-Mesenchymal Transition (EMT), Wnt
signaling is upregulated and has been shown to downregulate the expression of E-cadherin via
SNAIL transcription factors (Lamouille et al., 2014). The upregulation of Wnt signaling upon
activation of EMT has also been proposed to occur via activating mutations in the Wnt pathway
and the release of p-catenin from E-cadherin (Howard et al., 2011; Kuphal & Behrens, 2006).
More direct evidence comes from studies of chronic wound healing and tissue damage, where it
has been shown that 3-catenin is released from adherens junctions from mechanical shearing,
leading to Wnt activation (Chilosi et al., 2003; Xie et al., 2017). Additionally, experimental
evidence in Drosophila and cultured mammalian cells shows that overexpression of E-cadherin
results in inhibition of Wnt signaling due to B-catenin sequestration (Sadot et al., 1998; Sanson
et al., 1996). Conversely, in vitro experiments using Xenopus extracts (Gottardi & Gumbiner,
2004) and recombinant protein (Orsulic et al., 1999) show [-catenin preferentially binds to either
TCF or cadherin, suggesting competition for the roles of 3-catenin. Finally, several studies have
identified a-catenin can bind to -catenin to inhibit B-catenin’s transcriptional activity (Brembeck

et al., 2004; Giannini et al., 2000).
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CHAPTER 4: MATERIALS AND METHODS

Cell lines, plasmids, and transfections

HEK293T cells were purchased from ThermoFisher Scientific. HEK293TNC cells were a gift from
J. Sanes (Harvard University). HEK293T cell lines were cultured in DMEM plus 10% Fetal Bovine
Serum (FBS) and antibiotics. pcDNA3-hE-cadherin (ID 45769), pcDNA-hE-cadherin/AB-catenin
(ID 45772), and mN-cadherin-EGFP (ID 18870) were purchased from Addgene and described
previously (22, 33). Calcium phosphate was used for DNA transfections. To transfect an individual
well of a 12-well plate, 1 ug of DNA was mixed with 6.1 yL CaCl, and sterile water to a volume of
50 uL. This mixture was added to 50 pL of 2X HBS (280mM NaCl, 10mM KCI, 1.5 mM NazHPO.-
2H,0, 12 mM Dextrose (D-Glucose), and 50 mM HEPES), mixed by air bubbling, and incubated

at room temperature for 5 minutes. The transfection mixture was added dropwise to the well.

STF versions of cell lines were created using lentiviral transduction of the STF Plasmid (7TFP,
Addgene ID 24308). The virus was produced using HEK293FT cells (ThermoFisher Scientific)

transfected with Pax2, VSVG, and STF plasmid.

siRNA transfections were performed using Dharmafect 1 (Horizon). The following siRNAs were

used:

NT siRNA: 5- UAAGGCUAUGAAGAGAUACUU -3’
siCad #1: 5- UGAAGAAGGUGGAGGAGAAUU -3’
siCad #2: 5- CAGCAGAAGUUGAAGAAAUUU -3

Cell culture and reagents

Human cell cultures were maintained at 37°C in a humidified 5% CO, environment. HEK293T
(ATCC CRL-3216) and HEK293TNC cells were cultured in DMEM supplemented with 10% Fetal

Bovine Serum (FBS) (ThermoFisher Scientific) and 1% Penicillin-Streptomycin 10,000 U/mL
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(ThermoFisher Scientific). Recombinant murine Wnt3a protein was purchased from TIME

Bioscience.

Membrane Fractionation

Membrane preparations were adapted from Yamamoto et al. (34). Briefly, cells were grown in 10
cm cell culture plates and initially lysed with 300 pyL 0.1% Buffer A (50 mM Tris-HCI, pH 8.0, 0.5
mM DTT, 1X PhoSTOP, 1 mM PMSF, 0.1% NP-40). Cells were homogenized using a handheld
vortexter (BioSpec) and passed through a 23G needle. An aliquot was taken as the input. Lysate
was spun for 1 minute at 200 x g. The supernatant was saved, and the pellet was homogenized
with 90 uL buffer A and spun again for 1 minute at 200 x g. The supernatant was spun for 10
minutes at 800 x g. The supernatant was saved for the PPM, and the pellet was washed once
with 0.1% Buffer A and resuspended with 45 uL 1% Buffer A. After 1 hour, the samples were spun

for 20 minutes at 12,000 x g, and the supernatant of all fractions was taken for future use.

Immunoblotting

For immunoblots, cells were first lysed as appropriate. Membrane fractionated lysates were lysed
as described above. For whole-cell lysate (WCL), cells were lysed in non-denaturing lysis buffer
(NDLB) (50 mM Tris-Cl pH 7.4, 300 mM NaCl, 5 mM EDTA, 1% Triton X-100) plus 1 mM PMSF
and 1X PhoSTOP (Roche) and soluble fractions were obtained. Unless otherwise stated, samples
were made using 1X Protein sample buffer (600 uM DTT, 350 uM SDS, 30% glycerol, 175 nM
Bromophenol Blue, 350 uM Tris-HCL pH 6.8) with 0.5 ug/uL protein. 10 ug of samples were run
on SDS-PAGE gels and transferred to nitrocellulose membranes via wet transfer for 2 hours.
Membranes were incubated with primary antibody overnight at 4°C followed by incubation with
secondary antibody at room temperature for 1 hour. Blots were imaged using the OdysseyCLx.
Quantification and analysis were performed in Emperia Studio 3.0. All experiments were done in

triplicate.
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Table 2: Antibodies used in this project

Primary Antibodies

Concentration

Source

anti-Mouse IgG (H+L)

(926-32212)

Mouse anti-B-catenin 1:1000 Vanderbilt Antibody and Protein
Research Core

Rabbit anti-B-catenin 1:1000 Cell Signaling Technology (CST)

(D10A8) XP

Mouse anti-Tubulin 1:10000 Vanderbilt Antibody and Protein
Research Core

Mouse E-cadherin 1:1000 Cell Signaling Technology (CST)

(24E10)

Mouse N-cadherin (13A9) | 1:1000 Cell Signaling Technology (CST)

Mouse anti-GAPDH 1:500 Cell Signaling Technology (CST)

(D4C6R)

Rabbit Na, K-ATPase a1 1:1000 Cell Signaling Technology (CST)

(D4YTE)

Goat anti-mouse 1gG 1:5000 Promega

H+L-HRP (W4021)

Goat anti-rabbit IgG H+L- | 1:5000 Promega

HRP (W4011)

IRDye 800CW Goat anti- | 1:20000 LICOR

Rabbit IgG (H+L) (926-

32211)

IRDye 800CW Donkey 1:20000 LICOR
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Reporter Assays

For cell-based luciferase reporter assays, Super TOPFlash (STF) cells were plated and treated
as appropriate. Cells were lysed with 1X passive lysis buffer (Promega) and incubated at room
temperature for 15 minutes with shaking. Luciferase activity was measured by Steady-Glo
(Promega) and standardized to viable cell number by Cell-Titer Glo (Promega). All TOPFlash
assays were performed in technical triplicate per biological replicate with a minimum of three

biological replicates per experiment.

High throughput Immunofluorescence

HEK293T and HEK293TNC were cultured in 5% CO2 in DMEM supplemented with 10% FBS 1x
penicillin-streptomycin. Cells were plated at 10,000 cells/well in imaging 96-well plates (Greiner
Bio-One; Cat#655090). The effects of L-WRN were evaluated on a time course of 0,1,3,6 and
24 hr. Cells were fixed with 4% paraformaldehyde/sucrose in PBS for 30 minutes and then
permeabilized with 0.2% Triton X-100 in PBS for 10 minutes. Samples were then blocked in
2.5% BSA in PBS for 1 hour at room temperature, followed by incubation with total 3-catenin
primary antibody (1:1000; BD Biosciences 610154) diluted in 2.5% BSA in PBS overnight at 4C.
Cells were incubated with Alexa Fluor fluorescent-tagged secondary antibody (1:1000;
Invitrogen A11003) diluted in 2.5% BSA and Phalloidin (1:1000; Biotium 00041) in PBS for 2
hours in the dark at room temperature. Before and after incubation with secondary antibodies,
plates were washed thrice with 0.5% Tween-20 in PBS for 15 minutes each. Lastly, cells were
stained with 1 yM DAPI (Thermo Fisher Scientific D21490) diluted in PBS for 30 minutes and
then rinsed with 1x PBS three times before storing in PBS protected from light. Cells were
imaged on a Nikon Eclipse T12 automated fluorescent microscopy using the NIS Elements
Imaging Software (Version 5.21.02). A minimum of twelve separate frames per well in a 96-well

plate were captured using a Plan Apo A 20x objective at 4x4 binning and 16-bit depth. Images
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were segmented using the Nikon Elements software. Nucleus segmentation was derived from
DAPI staining, followed by whole-cell segmentation from phalloidin staining cells. An annulus 5
pixels thick outside the nucleus represented the cell cytoplasm. Single-cell data was then
analyzed using an R Code. ICsp curves and statistical analyses were performed using the

GraphPad Prism software. For each condition, at least 500 cells per replicate were analyzed.

RNA isolation and gRT-PCR

Cells were incubated with Wnt3a for the indicated times, and total RNA was isolated using the
RNeasy RNA extraction mini kit (Qiagen). Reverse transcription of RNA was done using the High-
Capacity cDNA Reverse Transcription kit (Applied Biosystems). gqPCR assays were performed in
technical quadruplicate using TagMan FAST Advanced Real-time PCR Master Mix (Applied
Biosystems) and measured on a CFX96 Real-Time PCR system (Bio-Rad). Predesigned and
validated PCR TagMan probes (Life Technologies) were used as follows: GUSB
(Hs00939627_m1), SP5 (Hs01370227_mH), AXIN2 (Hs00610344_m1), and CyclinD1

(Hs00765553_m1). All gPCRs were performed in a biological triplicate.

CDH1 Expression in Bulk RNA-Sequencing Cohorts

CDH1 expression was analyzed in two previously published large bulk RNA-sequencing cohorts
of thyroid cancer containing benign, well-differentiated thyroid cancer (WDTC) and anaplastic
thyroid cancer (ATC) samples (28, 29). The Vanderbilt University Medical Center/University of
Washington (VUMC) cohort contained 46 benign samples, 187 WDTCs, and 32 ATCs.
Sequencing and processing of the VUMC/UW cohort has been previously described (28). The
Chungnam/Seoul National University Hospitals (CNUH/SNUH) cohort contained 263 normal
thyroids, 348 papillary thyroid carcinomas (PTCs), and 16 ATCs. The CNUH/SNUH cohort was
downloaded from Gene Expression Omnibus (GSE213647), and transcript per million (TPM)

was normalized. For both cohorts, CDH1 expression was plotted as boxplots across diagnostic
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categories using ggplot2 3.5.0 (35). P-values were calculated using a pairwise Wilcoxon rank-

sum test with Bonferroni’s correction.

Statistics

Graphs for TOPFlash experiments were generated by Prism 10 (GraphPad Software, Inc.). For
the time-course: Statistical analysis was performed using a mixed-effect model to evaluate the
association between cell line groups and outcomes over time. This model accounts for the
correlated observations from the same sample ID since we had a biological sample with 3
technical replicates for each treatment. The outcome of the group was estimated using the
least-squares means (model-based means), and the difference among groups was compared
by Wald test. Data were analyzed using a natural log scale. P-value adjusted by Tukey method
for comparing a family of 5 estimates. All other TOPFlash assays were analyzed using one-way
ANOVA followed by Sidak’s multiple comparisons test. A value of p < 0.05 is considered
statistically significant, and a minimum of three independent biological replicates were

performed for each experiment.

Data availability

Bulk RNA-sequencing data from the CNUH/SNUH cohort was downloaded from Gene Expression
Omnibus (accession number: GSE213647). The VUMC/UW bulk RNA-sequencing data set has
restrictions on data sharing, as previously described(28). Aggregate-level data will be shared by
the lead contact (Dr. Vivian Weiss) upon request. Individual-level data is only available through
collaboration following approval of the lead contact and The Vanderbilt University Medical Center

IRB.
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CHAPTER 5: WNT SIGNALING IS MODULATED BY THE BUFFER-LIKE

PROPERTIES OF CADHERINS?

Introduction

Initially identified as a key component of adherens junctions mediating cell-cell adhesion,
-catenin was later found to function as an essential transcriptional coactivator in Wnt
signaling—a morphogenic pathway crucial for embryonic development and adult stem cell
maintenance (Steinhart & Angers, 2018; L. K. Su et al., 1993). The Wnt/B-catenin pathway
(henceforth the Wnt pathway) has been shown to be dysregulated in diseases such as bone
disorders and cancer (Clevers & Nusse, 2012). B-catenin is a 781 amino acid protein with 12
armadillo repeat domains that mediate interactions with most of its binding partners (Saito-Diaz
et al., 2013). In the absence of a Wnt signal, $-catenin is constitutively phosphorylated within a
destruction complex (DC) consisting of the scaffold protein Axin, the tumor suppressor APC,
and the kinases CK1 and GSK3. Phospho-B-catenin is subsequently recognized and
ubiquitylated by the E3-ubiquitin ligase B-TRCP, leading to its proteasomal degradation to
maintain low levels of cytoplasmic B-catenin. Upon Whnt ligand binding, members of the DC are
recruited to the membrane by the Wnt co-receptors LRP5/6 and Frizzled, inhibiting DC activity
and stabilizing B-catenin. Accumulated 3-catenin translocates to the nucleus, where (-catenin
acts as a coactivator for TCF/LEF transcription factors to regulate the transcription of Wnt target

genes, many of which are involved in growth and proliferation (Saito-Diaz et al., 2013).

2This chapter is adapted from a manuscript in preparation submitted to Molecular Biology of the Cell. My
contributions to this work are the experiments and data generated for Figures 1, 2, and 3 as well as the
intellectual contributions for writing the discussion and manuscript.
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B-catenin was originally identified as a key player in coordinating actin cytoskeleton
activity and promoting tight junction formation through the assembly of adherens junctions
(Lessey et al., 2022). Classical cadherins, such as N- and E-cadherin, are single-pass, calcium-
dependent transmembrane proteins that require association with B-catenin for their translocation
from the endoplasmic reticulum to the membrane, where they initiate adherens junction
formation (Hinck et al., 1994a). The extracellular domain of cadherin mediates homophilic
binding to cadherins on adjacent cells, whereas the intracellular domain is stabilized by binding
to the p120-catenin protein. B-catenin, bound to cadherin, links to a-catenin, which connects to
actin filaments, forming a network that bridges actin cytoskeletons across adjacent cells
(Hartsock & Nelson, 2008). These cell-cell adhesions are crucial for maintaining tissue integrity,
supporting compartment separation, and ensuring proper tissue organization during

development (Stepniak et al., 2009).

The fact that the Wnt signaling pathway and adherens junctions, two seemingly distinct
biological processes, share a common key component in 3-catenin remains an evolutionary
conundrum. How these dual roles of 3-catenin intertwine has long been confusing. Emerging
evidence points to a connection between Wnt signaling and cell-cell junction regulation,
particularly in pathological contexts. During the epithelial-mesenchymal transition (EMT) in
cancer, Wnt signaling is upregulated, leading to downregulation of the expression of E-cadherin
via SNAIL transcription factors (Lamouille et al., 2014). This upregulation of Wnt activity during
EMT has been proposed to occur via activating mutations in the Wnt pathway or the release of
B-catenin from E-cadherin (Howard et al., 2011; Kuphal & Behrens, 2006). More direct evidence
comes from studies of chronic wound healing and tissue damage, where mechanical disruption
of adherens junctions releases B-catenin, triggering Wnt pathway activation (Chilosi et al., 2003;
Xie et al., 2017). Experimental evidence in Drosophila and cultured mammalian cells further

reveals that overexpressing E-cadherin inhibits Wnt signaling by sequestering 3-catenin (Sadot
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et al., 1998; Sanson et al., 1996). In vitro studies using Xenopus extracts (Gottardi & Gumbiner,
2004) and recombinant proteins (Orsulic et al., 1999) indicate that 3-catenin preferentially binds
to either TCF or cadherin, suggesting a competition dynamic for its availability. Additionally,
several studies have shown that a-catenin can bind to B-catenin, inhibiting its transcriptional role
in Wnt signaling (Brembeck et al., 2004; Giannini et al., 2000). These findings collectively

underscore a complex interplay between B-catenin’s structural and signaling functions.

Herein, | explore the role of cadherins in Wnt signaling using a previously described N-
cadherin knockout line that also exhibits low levels of E-cadherin (Yamagata et al., 2018). We
find that loss of cadherin results in decreased basal B-catenin levels and a marked increase in
Wnt signaling. Based on these experimental and mathematical studies, | propose that cadherins
maintain basal B-catenin levels. Their loss results in increased B-catenin fold-change and
enhanced signaling in response to Wnt stimulation. These results suggest that in certain
cancers, loss of E-cadherin may lead to enhanced Wnt signaling that could drive a more

aggressive cancer phenotype and poor prognosis.

Results

Cells with low levels of cadherins exhibit enhanced Wnt signaling

Previous studies have shown in mammalian cultured cells and in Drosophila that acutely
overexpressing cadherins suppresses Wnt pathway activity by sequestering B-catenin (Sadot et
al., 1998; Sanson et al., 1996). To investigate the effect of endogenous cadherin complexes on
Whnt signaling, | used a previously reported HEK293T cell line in which N-cadherin was knocked
out via CRISPR-Cas9 editing (HEK293TNC) (Yamagata et al., 2018). We found that HEK293TN®
cells also exhibited low levels of E-cadherin, suggesting coordinated regulation of cadherin

expression in the HEK293TNC cell line (Fig. 5-1A). Immunoblotting of cell lysates from the
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parental HEK293T cell line revealed high levels of 3-catenin, even in the absence of Wnt ligand,
despite negligible Wnt activity (Fig. 5-1B). In contrast, untreated HEK293TNC cells exhibited
much lower levels of detectable total B-catenin. Upon the addition of Wnt3a for 24 hours, no
significant increase in total B-catenin levels was observed in HEK293T cells, whereas a robust
increase in total B-catenin was detected in HEK293TNC cells. These findings suggest that
cadherin complexes modulate B-catenin levels and that reducing cadherin in HEK293TNC cells

leads to lower basal cellular p-catenin.

To investigate whether differences in B-catenin dynamics between HEK293TNC and its
parental line influenced their Wnt activity, | stably transfected both cell lines with the
SuperTOPFlash-luciferase based Wnt reporter (HEK293T-STF and HEK293TNC-STF) (Fuerer &
Nusse, 2010). We found that both lines responded to Wnt3a-mediated signaling; however,
HEK293TNC-STF cells exhibited significantly higher Wnt reporter activity following 24 hours of
Wnt3a treatment (Fig. 5-1B). These findings suggest that the absence of cadherins impacts the
sustained, long-term activity of Wnt signaling. To confirm that the low level of cytoplasmic (3-
catenin in the absence of Wnt stimulation in the HEK293TNC cells is due to reduced levels of
cadherins, | performed a siRNA-mediated knockdown of N-cadherin in the parental HEK293T
cells. We found that N-cadherin-depleted HEK293T cells, similar to the N-cadherin knockout
HEK293TNC line, exhibit reduced total B-catenin in the absence of Wnt. Additionally, N-cadherin
knockdown cells could still respond to Wnt3a treatment, resulting in stabilized (3-catenin (Fig. 5-
1C) and increased Wnt reporter activity (Fig. 5-1D). We did not observe the same amount of 3-
catenin protein stabilization as in the HEK293TNC line with transient knockdown of N-cadherin in

HEK293T cells (Fig. 5-1C), possibly due to residual N-cadherin protein in the knockdown cells.
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Figure 5-1. Cells with low levels of cadherin exhibit enhanced Wnt signaling. (A and B)
Western blots (A) and TOPFlash reporter assay (B) of HEK293T and HEK293TNC cells treated
with and without Wnt3a. Whole-cell lysates were immunoblotted for B-catenin, E-cadherin, and
N-cadherin. Tubulin is a loading control. (C and D) HEK293T cells were transfected as indicated
with Non-Targeting (NT) control, siCadherin #1, or siCadherin #2. Cells were immunoblotted for
B-catenin and N-cadherin with GAPDH as a loading control (C) or assayed for TOPFlash
reporter activity (D). Graphs show the mean £ SD of TOPFlash normalized to cell number and —
Whnt3a control. ns=not significant, *p<0.05, ***p<0.0002, ****p<0.0001. Significance was
assessed by one-way ANOVA with Sidak’s multiple comparisons test. All experiments are

representative of N=3 biological replicates.
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Enhanced Wnt signaling in cadherin-low HEK293TNC cells is reversed by re-expressing E-

cadherin

To confirm that the enhanced Wnt signaling in HEK293TNC cells is due to disrupted
cadherin-B-catenin interaction, | reintroduced either wild-type E-cadherin or a previously
reported B-catenin binding mutant of E-cadherin (E-cad/AB) that is missing its C-terminal (3-
catenin binding domain (Gottardi et al., 2001). E-cadherin expression in HEK293T cells did not
increase total B-catenin levels in the absence of Wnt3a. However, expression of E-cad/Ap-cat
decreased total B-catenin in the absence of the Wnt ligand. The addition of Wnt3a did not
increase the total B-catenin levels in cells transfected with either vector control or E-cadherin but
increased B-catenin to similar levels as the control in cells transfected with E-cad/ApB. (Fig 5-
2A). E-cadherin expression in HEK293TNC cells increased total B-catenin protein levels in the
absence of Wnt ligand treatment. In contrast, expression of the E-cad/AB mutant in HEK293TN¢
cells had no observable effect on B-catenin levels. The addition of Wnt3a increased 3-catenin
levels in HEK293TNC vector control cells, whereas the B-catenin level in the E-cadherin-
transfected HEK293TNC cells did not increase further. In contrast, for the E-cad/AB-transfected
HEK293TNC cells, Wnt3a treatment resulted in increased B-catenin levels similar to those in
vector control cells (Fig 5-2B). We next assessed the effects on Wnt activity of expressing E-
cadherin or the E-cad/AB mutant in HEK293T and HEK293TNC cells. In the absence of Wnt3a,
HEK293T cells transfected with E-cadherin or the E-cad/AB mutant exhibited low basal Wnt
reporter activity. Upon Wnt3a treatment, HEK293T cells exhibited robust reporter activity, which
was significantly reduced with expression of wild-type E-cadherin but not the E-cad/AB mutant
(Fig. 5-2C). A similar pattern was observed for HEK293TNC cells (Fig 5-2D). These results
suggest that the elevated Wnt activity in HEK293TNC cells is due to the loss of the B-catenin-

cadherin interaction.
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Figure 5-2. Enhanced Wnt signaling in cadherin-low HEK293TNC cells is rescued by re-

expressing E-cadherin. (A and C) Western blot of HEK293T (A) or HEK293TNC (C). Cells were

transfected as indicated with CS2 vector control, E-cadherin, or E-cadherin/AB-catenin (E-

cad/AB) plasmids and treated with either regular media or media supplemented with Wnt3a. (B

and D) TOPFlash reporter assay of HEK293T (B) or HEK293TNC (D) cells transfected as

indicated with CS2 vector control, E-cadherin, or E-cadherin/AB-catenin plasmids and treated

with either regular media or media supplemented with Wnt3a. Graphs show the mean + SD of

TOPFlash normalized to cell number and —Wnt3a control. ns=not significant, *p<0.05,

**p<0.002, ***p<0.0002. Significant was assessed by one-way ANOVA with Sidak’s multiple

comparisons test. All experiments are representative of N=3 biological replicates.
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Cadherins influence localization and temporal changes of B-catenin

The addition of Wnt3a to HEK293TNC cells transfected with E-cadherin did not noticeably
increase the total level of b-catenin (Fig. 5-2C). We speculate that the enhanced Wnt signaling
observed in HEK293TNC cells is a consequence of cadherin loss, as cadherins may function as
a sink that limits the cytoplasmic accumulation of B-catenin in response to Wnt3a stimulation.
Thus, we assessed the subcellular localization of 3-catenin to understand how cadherin
expression influences its distribution and signaling potential. We isolated plasma membrane
(PM) and post-plasma membrane (PPM) (consisting primarily of cytoplasm proteins) fractions
from Wnt3a-treated HEK293T and HEK293TN® and immunoblotted for B-catenin (Fig 5-3A). We
found that the level of B-catenin in total lysates from Wnt3a-treated HEK293T cells remained
relatively constant after 24 hours of Wnt3a treatment. In contrast, the B-catenin levels increased
post-Wnt3a treatment in HEK293TNC cells. When separated into PM and PPM fractions, we
observed an increase in 3-catenin with Wnt3a treatment in both the PM and the PPM fractions
in HEK293T cells. In contrast, a noticeable increase in (3-catenin was observed only in the PPM
fraction of HEK293TNC cells with Wnt3a treatment. The presence of B-catenin at the plasma
membrane of HEK293TNC cells could represent residual E-cadherin binding or incomplete

fractionation.

To further interrogate the changes in the Wnt activity over time, we assessed different
time points following treatment of HEK293T-STF and HEK293TN°-STF with Wnt3a (Fig. 5-3B).
We observed little difference in Wnt activity between the parental and HEK293TNC cells at 4 and
8 hours. However, by 18 hours after Wnt3a treatment, HEK293TNC cells exhibited significantly
enhanced Wnt activity, whereas the parental cell line showed little to no change from the 8-hour
time point. At 24 hours, both HEK293T-STF and HEK293TNC-STF showed slight decreases in
Whnt activity compared to their 18-hour time-point, likely representing a loss of activity (or

turnover) of the recombinant Wnt3a added to the media. To determine if the significant
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difference between HEK293T-STF and HEK293TNC-STF in signaling at the later time points was
due to changes in their level of total B-catenin levels, we performed a time course experiment
and immunoblotted for B-catenin (Fig. 5-3C). We observed no significant changes in total -
catenin levels in HEK293T-STF cells over the 24-hour period with Wnt3a treatment. This is
consistent with the fact that the majority of cellular B-catenin in HEK293T cells is sequestered by
cadherins at the membrane, masking changes in the cytoplasmic 3-catenin pool. In contrast,
total B-catenin levels in HEK293TNC-STF cells increased at 4 hours and remained elevated
throughout the 24-hour Wnt treatment period. Given the observed changes in Wnt reporter
activity over time, we performed membrane fractionation at select time points to examine the
effect of Wnt3a (Fig 5-3D). We found that in the post-plasma membrane fraction of HEK293T
cells, B-catenin levels plateaued after 4 hours of Wnt3a treatment. However, the plasma
membrane pool showed no noticeable changes in $-catenin levels with Wnt3a treatment. Post-
plasma membrane B-catenin in HEK293TNC cells initially responded in a similar manner to that
of HEK293T cells, plateauing at 4 hours; however, by 18 hours, the levels of B-catenin show an
observable decrease. Changes in the level of the membrane-associated B-catenin paralleled the
cytoplasmic pool, suggesting that the plasma membrane pool contained some cytoplasmic 3-

catenin.
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Figure 5-3. Temporal and subcellular changes of B-catenin with and without cadherins.
(A) Membrane fractionation of HEK293T (WT) and HEK293TNC (NC) cells treated with and
without Wnt3a. WCL= whole cell lysate. PPM= Post-plasma membrane. PM= plasma
membrane. Fractions were immunoblotted for 3-catenin. Na/K ATPase is a membrane loading
control. GAPDH is a WCL and PPM loading control. (B) TOPFlash reporter assay for cells
treated with Wnt3a at 0, 4, 8, 18, or 24 hours. (C) Western blot of time course. Lysates were
blotted for B-catenin and E-cadherin with Tubulin as a loading control. (D) Membrane
fractionation of time course. Graph shows the mean + SD of TOPFlash normalized to cell
number and —Wnt3a control. ns=not significant, *p<0.05, ***p<0.001. Significance was
assessed by mixed-effect model of 3 biological replicates. Western blots are representative of

N=3 biological replicates.
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To further quantify the dynamic response of -catenin to pathway stimulation, we
conducted a 24-hour time course of Wnt stimulation with immunofluorescence staining and
imaging. We readily observed differences in the membrane-bound pool of B-catenin.
HEK293TNC showed no membrane B-catenin and exceedingly low basal levels of B-catenin as
compared to HEK293T controls, which had clear, strong staining for membrane p-catenin (Fig.
5-4A). Upon stimulation, B-catenin levels rose to maximal levels by 4 hours in both HEK293T
and HEK293TNC (Fig. 5-4B, C). Using image segmentation software, we quantified the
cytoplasmic (Fig. 5-4B) and nuclear fractions (Fig. 5-4C). Unexpectedly, the fold-change in
response to Wnt stimulation was much larger in HEK293TNC cells, approaching twice the

response seen in HEK293T.
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Figure 5-4. B-catenin dynamic response to Wnt pathway activation. (A)
Immunofluorescence of B-catenin (yellow) in response to WRN treatment. Note lack of
junctional B-catenin in HEK293TNC cells. Nuclei is blue. (B) Quantification of (A) of the

cytoplasmic region of cells. (C) Quantification of (A) in the nuclear region of cells. N=3.

Mathematical Model

To theoretically examine the effects of catenin sequestration by E-cadherin on Wnt
pathway dynamics, we modified our previously developed minimal model of the pathway to
account for the hypothesized interactions between E-cadherin and b-catenin. Our initial model
described the dynamics of Axin, GSK3, and b-catenin, as detailed previously (Cantoria et al.,
2023). In brief, we assume that unphosphorylated GSK3 promotes Axin phosphorylation,
whereas phosphorylated Axin, in turn, stimulates the phosphorylation of b-catenin (Fig. 5-5A).

[B-catenin, in turn, is assumed to undergo rapid degradation immediately upon phosphorylation.
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Whnt stimulation promotes GSK3 inhibitory phosphorylation, in effect causing Axin
dephosphorylation, which ultimately results in the rise of B-catenin levels (since phospho-Axin-
dependent b-catenin degradation is stimulated in the presence of unphosphorylated GSK3).
Importantly, phosphorylated Axin is assumed to promote dephosphorylation of GSK3, creating a
positive feedback loop between Axin phosphorylation and GSK3 dephosphorylation. This
positive feedback is responsible for the bistable switch-like behavior of the pathway in response
to Wnt stimulation (Cantoria et al., 2023). A systematic study of the minimal model assumptions

required to reproduce the experimentally observed bistability suggested the following set of

equations:
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where A, Ap, G, C, Cp denote the concentrations of Axin, phospho-Axin, GSK3, b-catenin, and
phosphorylated b-catenin, respectively. G;,; denotes the total conserved amount of GSK3 (both

phosphorylated and unphosphorylated).

The simplest model of B-catenin sequestration by E-cadherin reads:

ac )
o = ks — k3C - Ap — ka3C — konC - E + kopyEc @)
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0E
a—: = konC - E — kopsEc ),

where E and Ec denote the concentrations of E-cadherin and E-cadherin-catenin complex,
respectively. The different kinetic parameters correspond to the different processes
schematically explained in Figure 5-5A. Numerical values used in simulations are listed in the
caption of Figure 5-5 and are adopted from Cantoria et al. (2023). From these simulations, we
observed a greater fold change in b-catenin in the absence of cadherin, similar to our

observation in HEK293TNC cells (Fig. 5-4).
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Figure 5-5. A minimal model explaining changes in Wnt pathway dynamics due to
sequestration of beta-catenin by E-cadherin. (A). Schematic of the different processes
accounted for in the minimal model, see text. (B). Simulated pathway response upon Wnt
stimulation measured by the total level of b-catenin. Red curve corresponds to the case when E-
cadherin is depleted (simulated by setting k,,, to zero); black curve is the full simulation taking
interactions between E-cadherin and beta-catenin into account. Parameters are as follows: k, =
2, k_p =2, ks =82e-5, kg, = 0.167, kgp = 0.004, ky = 0.02, k_y = 1.5, Gor = 50, ksp = 0.42,
ks = 0.5, kg3 = 6.3€-3, ks = 0.42, kon = 1.0, kor = 0.01. Initial conditions were taken as A =
0.61e-3, Ap = 1e-6, G =50, C =0, Cp = 0, E = 50, Ec = 0. Wnt stimulation was simulated by
instantaneous increase of k; from 0.02 to 2 after the system settles into a steady-state at time

t = 10e3. (C). Parameter sweep illustrating robustness of our results with respect to varying

parameters k,, and k. Color plots show the initial steady-state value of the total catenin

concentration, A + Ap + Ec, before (upper panel) and after (lower panel) Wnt stimulation.
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Loss of cadherin in thyroid cancer increases Wnt pathway activity and is associated with

more aggressive cancers

Our model predicts that Wnt signaling would be enhanced in Wnt ligand-driven cancer
cells with decreased cadherin levels. Anaplastic thyroid cancer (ATC), a highly aggressive form
of thyroid cancer, is known to have increased Wnt signaling relative to normal thyroid tissue and
well-differentiated (e.g., papillary) thyroid tumors (Diaz et al., 2024; Garcia-Rostan et al., 1999,
2001; Kurihara et al., 2004). To investigate whether E-cadherin is decreased in ATCs, we
assessed the expression of the E-cadherin gene, CDH1, across two large bulk RNA-sequencing
cohorts containing data from benign, well-differentiated thyroid cancer (WDTC) and ATC
specimens (Lee et al., 2024; Xu et al., 2023). In both cohorts, we observed the lowest CDH1
expression in ATC (p<0.001) (Fig. 5-6). Thus, aggressive thyroid cancers, which have been

shown to have elevated Wnt signaling, exhibit lower expression of CDH1.
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Figure 5-6. CDH1 expression is decreased in aggressive thyroid cancers. (A) CDH1

expression across benign thyroid neoplasms, well-differentiated thyroid cancer (WDTC), and

anaplastic thyroid cancer (ATC) in a previously published large bulk RNA-sequencing cohort

from Vanderbilt University Medical Center/University of Washington (VUMC/UW). (B) CDH1

expression across benign thyroid, papillary thyroid cancer (PTC), and ATC in a publicly

available bulk RNA-sequencing cohort from Lee et al. P-values were calculated with pairwise

Wilcoxon rank-sum tests with Bonferroni’s correction.
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Conclusion

Since B-catenin’s identification as an essential component of the cadherin complex and,
subsequently, the essential effector of the Wnt pathway, it has been speculated that these two
distinct pathways influence each other’s activity. My findings build upon this idea, providing
evidence that the adhesive and signaling functions of 3-catenin are linked. While prior studies
have shown that acute disruption of cadherin complexes can influence Wnt signaling, there has
been limited evidence that cadherins regulate Wnt activity under more physiological conditions.
Here, | demonstrate that cadherins serve as negative regulators of Wnt signaling by maintaining
elevated levels of basal B-catenin. Such a regulatory mechanism may be needed to maintain an

appropriate level of B-catenin for proper adherens junction function.
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CHAPTER 6: DISCUSSION AND FUTURE DIRECTIONS

In our model, loss of cadherins results in low levels of basal cytoplasmic (-catenin. We
found that Wnt activation stabilizes cytoplasmic -catenin to the same level in the cadherin
mutant as the parental line, suggesting a potential mechanism for sensing and establishing a
ceiling for controlling total B-catenin levels. A previous study showed that Wnt activation occurs
via a fold-change in B-catenin levels rather than its absolute concentration (Goentoro &
Kirschner, 2009). Thus, a greater fold change in B-catenin levels is translated into an enhanced

Whnt response in the cadherin mutant.

An important caveat of our study is the use of the HEK293TNC cell line. While this cell
line has depleted E-cadherin, these cells are N-cadherin knockout cells. Previous studies have
shown that reducing E-cadherin promotes cancer progression (Rubtsova et al., 2022), while
upregulation of N-cadherin promotes cancer progression (Cao et al., 2019). Future studies are
needed to determine the difference in the effects of N-cadherin versus E-cadherin in Wnt
signaling. In conclusion, our findings underscore the importance of cadherin--catenin
interactions in maintaining cellular homeostasis and Wnt signaling strength and suggest that

cadherin loss may contribute to the aggressive phenotype of Wnt-driven cancers.

There are several questions that remain open. The difference between the role of N-
cadherin versus E-cadherin in Wnt signaling remains unclear, as they appear to be functionally
identical in terms of their mechanism in mediating cell-cell adhesion. One possibility is that they
bind B-catenin with different affinities, and their capacity to buffer 3-catenin differs. A thorough
study to compare their binding kinetics for 3-catenin may provide insight into these differences.
Another question that may be more difficult to answer is the mechanism by which the cell
detects fold changes in B-catenin. Detection of fold change may occur through mechanisms that
sense concentration changes relative to a baseline and a feedback system. Such a cellular

system may involve negative feedback (e.g., desensitization to (3-catenin activation) or
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adaptation (e.g., nuclear turnover of 3-catenin), allowing cells to reset their baseline, enabling
detection of fold changes rather than absolute concentrations. The latter possibility is
particularly intriguing because how [(3-catenin is degraded, and the mechanism by which this
process is controlled in the nucleus, is unknown. Immediate questions that can be readily
tackled include 1) whether the cytoplasmic 3-catenin destruction complex also plays a role in
the nucleus, 2) whether there is a distinctly different mechanism that clears nuclear -catenin in
cells, and 3) whether the turnover of B-catenin is also regulated by Wnt signaling. It is
increasingly evident that a key unresolved question in the mechanism of Wnt signal transduction

lies in the nucleus.
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