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Adherens junction proteins on
the move—From the membrane
to the nucleus in intestinal
diseases

Lindyann R. Lessey*, Shaiya C. Robinson™, Roopali Chaudhary
and Juliet M. Daniel*

Department of Biology, McMaster University, Hamilton, ON, Canada

The function and structure of the mammalian epithelial cell layer is
maintained by distinct intercellular adhesion complexes including
adherens junctions (AJs), tight junctions, and desmosomes. The AJ is
most integral for stabilizing cell-cell adhesion and conserving the
structural integrity of epithelial tissues. AJs are comprised of the
transmembrane protein E-cadherin and cytoplasmic catenin cofactors (q,
B, v, and pl20-catenin). One organ where malfunction of AJ is a major
contributor to disease states is the mammalian intestine. In the intestine,
cell-cell adhesion complexes work synergistically to maintain structural
integrity and homeostasis of the epithelium and prevent its malfunction.
Consequently, when AJ integrity is compromised in the intestinal
epithelium, the ensuing homeostatic disruption leads to diseases such as
inflammatory bowel disease and colorectal carcinoma. In addition to their
function at the plasma membrane, protein components of AJs also have
nuclear functions and are thus implicated in regulating gene expression and
intracellular signaling. Within the nucleus, AJ proteins have been shown to
interact with transcription factors such as TCF/LEF and Kaiso (ZBTB33),
which converge on the canonical Wnt signaling pathway. The
multifaceted nature of AJ proteins highlights their complexity in
modulating homeostasis and emphasizes the importance of their
subcellular localization and expression in the mammalian intestine. In this
review, we summarize the nuclear roles of AJ proteins in intestinal tissues;
their interactions with transcription factors and how this leads to crosstalk
with canonical Wnt signaling; and how nuclear AJ proteins are implicated in
intestinal homeostasis and disease.
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Introduction

The gastrointestinal (GI) tract is a hollow continuous tube
that begins at the mouth and ends at the anus. Digestion, waste
elimination and nutrient absorption occurs over the folded
epithelia of the small and large intestines (Michielan and
D’Inca, 2015; Peterson and Artis, 2014). The epithelial layer is
comprised of intestinal epithelial cells (IEC) that undergo rapid
turnover and are replenished, on average, every 3-5 days (Rees
et al., 2020).

Similar to other epithelial cell types, the IEC basolateral
membrane consists of an intricate network of multi-protein
complexes that regulate paracellular permeability via tight
2016), and cell-cell adhesion via
adherens junctions (AJs) and desmosomes (Bondow et al,
2012; Mehta et al., 2015; Spindler et al., 2015; Ungewif3 et al.,

junctions (Landy et al,
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2017). As the most apical cell-cell adhesion complex, tight
junctions contribute to maintaining cell polarity. Their
primary role, however, is to establish the epithelial cell barrier
and regulate the paracellular passage of ions, water, and
macromolecules (Hartsock and Nelson, 2008; Ramena and
Ramena, 2018). The AJ is located basal to tight junctions and
plays a crucial role in mediating cell-cell adhesion (Hartsock and
Nelson, 2008; Ramena and Ramena, 2018). Desmosomes, the
basal-most junctional complex, provide structural support to the
and further
2021)

epithelial layer (Ramena and Ramena, 2018),
strengthens cell-cell adhesion (Raya-Sandino et al,
(Figure 1).

Collectively, cell-cell adhesion complexes regulate

paracellular permeability in part by limiting passage of ions
and molecules. They also restrict translocation of microbes
from the gut lumen into the underlying lamina propria, thus
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FIGURE 1

Schematic representation of cell-cell adhesion complexes in intestinal epithelial cells. The tight junction (TJ) is the most apical cell adhesion
complex and functions to establish polarity and regulate paracellular permeability. Immediately basal to the TJ is the adherens junction (AJ), which
plays a key role in mediating cell-cell adhesion. Desmosomal complexes are basal to AJ and are key for strengthening cell-cell adhesion and
withstanding mechanical stress. The proteins emphasized in this review are bolded.
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serving as a physical barrier that participates in the innate
immunity in the intestine (Ali et al., 2020). Indeed, prolonged
intestinal barrier disruption leads to increased epithelial
permeability and increases the risk of intestinal diseases such
as inflammatory bowel disease (IBD) (Lechuga and Ivanov,
2017). Notably, chronic long term intestinal inflammation,
concomitant with disruption of cell-cell adhesion, is a major
risk factor for the development of colorectal cancer (Rubin et al.,
2012; Bujko et al., 2015).

Apart from their roles mediating cell-cell adhesion at the
plasma membrane, AJ proteins also have distinct nuclear
functions where they participate in cell signaling and
transcriptional regulation (van Hengel et al, 1999; Giannini
et al., 2000; Kolligs et al., 2000; Cong et al, 2003; Suh and
Gumbiner, 2003; Kelly et al., 2004; Reynolds and Roczniak-
Ferguson, 2004; Daniel, 2007; Nagel et al., 2010; Valenta et al,,
2012; Daugherty et al., 2014; Sun et al, 2014; Su et al.,, 2015;
Aktary et al., 2017; Nagel et al., 2017; Serebryannyy et al., 2017;
Zhao et al., 2019). Specifically, nuclear AJ proteins have been
shown to interact with transcription factors such as TCF/LEF1
(Maeda et al., 2004; Shang et al., 2017) and Kaiso (Daniel et al.,
2002; Jones et al,, 2012; Liu et al, 2014) both of which are
implicated in regulating canonical Wnt signaling and several
human cancers including colorectal cancer (Valenta et al., 2012;
Pierre et al,, 2019). Interestingly, Kaiso was initially discovered as
a binding partner of the catenin p120°" before it’s role in AJ was
fully elucidated (Daniel and Reynolds, 1999; Pierre et al., 2019).
In fact, studies to characterize Kaiso as a p120°" binding partner
were pursued because of the first report that 3-catenin interacted
directly with TCF/LEF1 and localized to the nucleus (Behrens
et al, 1996). That seminal publication linking B-catenin and
TCF/LEF1 was the first hint that membrane-associated catenin
cofactors shuttled in and out of the nucleus to possibly regulate
transcription and gene expression. Together the findings of the
Birchmeier and Reynolds labs (p-catenin and p120°" interacting
with nuclear transcription factors) laid the foundation for the
past two decades of studies seeking to understand how
misexpression and/or nucleocytoplasmic localization of AJ
proteins contribute to human developmental disorders and
cancers.

In this review we discuss cell-cell adhesion complexes in the
intestinal epithelial layer with a focus on the nuclear functions of
their the
transcription factor Kaiso, their impact on cell signaling

adherens junction proteins, interaction with

pathway regulation, and their potential roles in intestinal
homeostasis and disease.

Adherens junction proteins in the
epithelial cell layer

AJs are comprised of cadherin-catenin complexes that
mediate cell-cell adhesion and are anchored to the Actin
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cytoskeleton (Hartsock and Nelson, 2008). The core
component of AJs is the transmembrane protein, epithelial
(E-cadherin)  (Hartsock 2008).

E-cadherin initiates intercellular contact by forming calcium-

cadherin and Nelson,
dependent homophilic interactions with E-cadherin proteins on
adjacent cells (Hartsock and Nelson, 2008; Solanas and Batlle,
2011; Maitre and Heisenberg, 2013), and are anchored within the
cytoplasm via interactions with cofactors called catenins
(Yamada et al., 2005; Hartsock and Nelson, 2008). Most of
the catenins in the AJ are members of the Armadillo protein
family (B-, y- and p120-catenin) (van Hengel et al., 1999; McCrea
and Gottardi, 2016). Armadillo proteins possess several copies of
a repeating 42-amino acid motif that facilitates protein-protein
interaction and their participation in many essential cellular
functions such as nucleocytoplasmic trafficking, transcriptional
regulation, and ubiquitination (Tewari et al., 2010).

B-catenin binds the E-cadherin catenin-binding domain via
its central Armadillo repeat region (Hartsock and Nelson, 2008;
Tewari et al,, 2010) and facilitates the connection between the AJ
complexes and the Actin cytoskeleton through another molecule,
a-catenin (Orsulic et al., 1999). Notably, loss of p-catenin in the
intestine does not lead to cell-cell adhesion defects (Fevr et al.,
2007). Instead, intestines lacking B-catenin display crypt loss and
differentiation defects due to the loss of -catenin’s signaling role
as the downstream effector of canonical Wnt signaling (Fevr
et al., 2007). This is in contrast to E-cadherin-null intestines that
exhibit defects in cell polarity, cell-cell and cell-matrix adhesions,
and an increase in paracellular permeability (Schneider et al.,
2010), thus further supporting the critical role of E-cadherin in
cell-cell adhesion (Tunggal et al., 2005).

Unlike B-catenin that functions to anchor E-cadherin to the
Actin p120"  binds the
juxtamembrane domain (Yap et al, 1998; Hartsock and
Nelson, 2008; Hu, 2012) and regulates E-cadherin stability
and turnover (Ireton et al., 2002; Davis and Reynolds, 2006;
2007).
(Schneider et al., 2010), intestinal-specific p120°* depletion in

cytoskeleton, E-cadherin at

Xiao et al, Similar to E-cadherin-null intestines
mice leads to cell-cell adhesion defects that result in mucosal
erosion and terminal intestinal bleeding into the lumen (Smalley-
Freed et al, 2010). Moreover, pl120°* ablation in murine
intestines reduces E-cadherin and {-catenin levels resulting in
an epithelial barrier defect (Smalley-Freed et al., 2010).
Another Armadillo catenin involved in AJ function is y-
catenin. Like P-catenin, y-catenin also functions to establish a
bridge between E-cadherin and a-catenin (Aktary et al., 2017).
While not considered an essential component of AJ per se
(Aktary et al., 2017), Lewis et al. showed that y-catenin plays
a vital role in the stability of these adhesive complexes as
epithelial cells lacking both y-catenin and E-cadherin were
unable to form AJs. Reintroduction of E-cadherin only, which
facilitated the formation of AJs, was insufficient to stabilize the
AJs. However, reintroduction of both y-catenin and E-cadherin
resulted in AJ stabilization and facilitated the organization of
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desmosomal junctions (Aktary et al., 2017; Lewis et al., 1997).
Interestingly y-catenin is also found in desmosomal junctions
where it binds to desmosomal cadherins Desmocollin and
Desmoglein. However, y-catenin’s interaction with a-catenin
and the desmosomal cadherins appear to be mutually
exclusive as there is partial overlap of the binding sites
(Chitaev et al., 1998; Zhurinsky et al., 2000).

Unlike B, y and p120°", a-catenin does not have Armadillo
repeats (Hulpiau et al., 2013; McCrea and Gottardi, 2016).
Instead, a-catenin contains vinculin homology domains and
thus does not bind directly to E-cadherin (Herrenknecht
et al, 1991; Maiden and Hardin, 2011). Nevertheless, a-
catenin functions to connect and anchor the cadherin-catenin
complex to the Actin cytoskeleton. a-catenin binds to B-catenin
and F-Actin via its N- and C-terminus, respectively, thereby
stabilizing the AJ and ensuring tissue integrity (Maiden and
Hardin, 2011). Loss of a-catenin thus leads to defects in cell
adhesion and has been shown to promote cancer development
(Benjamin and Nelson, 2008). Collectively, these studies
highlight that a-catenin is necessary for the adhesive role of
cadherins (Benjamin and Nelson, 2008; Maiden and Hardin,
2011).

Vinculin, another Actin-binding protein found in
cell-matrix adhesions and adherens junctions, binds to
both a- and PB-catenin, links cell adhesion complexes to the
Actin cytoskeleton and functions in the maintenance of the
AJ’s integrity (Peng et al., 2010; Peng et al., 2011). However,
Peng et al. (2010) showed that only the binding between -
catenin and Vinculin, and not a-catenin, is crucial for
Vinculin’s effect on the organization of AJ. They also
that E-cadherin
expression through its interaction with (-catenin. While
of Vinculin did not affect the total levels of
E-cadherin, there was reduced E-cadherin expression at the

showed Vinculin  regulates surface

loss

cell membrane which led to decreased cell-cell adhesion. The
rescue of cell adhesion in this model by the addition of
Vinculin underscores the importance of Vinculin in AJs
(Peng et al., 2010).

Nectin-afadin complexes can also be found in AJ where they
are known to participate in AJ organization and formation (Takai
and Nakanishi, 2003; Takai et al., 2006; Meng and Takeichi,
2009). Afadin is an Actin filament-binding protein that binds to
Nectin’s cytoplasmic tail and connects it to the Actin
cytoskeleton (Takai et al., 2006; Takai et al., 2008a). Afadin
also promotes the association of Nectins with other cell-cell
adhesion molecules like E-cadherin via its interaction with a-
catenin (Tachibana et al., 2000; Takai et al., 2006; Takai et al.,
2008a; Takai et al., 2008b). Like E-cadherin, Nectin is a Ca**-
independent transmembrane cell-cell adhesion molecule that
forms homophilic and heterophilic interactions between
neighbouring cells (Takai and Nakanishi, 2003; Takai et al,
2006; Takai et al, 2008a; Okumura et al., 2018). During AJ
formation Nectin regulates the rate of assembly of individual AJ
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components. At the initial stages of cell-cell contact, Nectin from
neighbouring cells trans-dimerizes to generate clusters at these
contact sites (Takai et al., 2006). These Nectin clusters then
recruit E-cadherin, which also trans-dimerizes and results in the
formation of E-cadherin clusters. The Nectin- and E-cadherin
clusters eventually fuse and develop into mature AJ (Takai et al.,
20065 Takai et al., 2008b). The importance of the Nectin-Afadin
network in AJ formation was highlighted when Afadin knockout
resulted in the loss of organization of cell-cell junctions and
failure of cadherin-based AJ formation (Ikeda et al., 1999; Takai
et al., 2008b). Importantly, when the homo- and hetero-trans-
dimer of Nectin was inhibited, cadherin-based AJ formation did
not occur (Takai et al., 2008a).

Once these AJ complexes bind to Actin, Actin binds to a-actinin,
which crosslinks the Actin filaments to create a scaffold that stabilizes
the attached junctions. a-actinin thus establishes a connection
between the cytoskeleton and transmembrane proteins found in
the AJ (Otey and Carpen, 2004; Sjoblom et al., 2008).

Pathologies resulting from faulty cell
adhesion in intestinal epithelium

Loss of apical junctional complexes perturbs cell-cell
adhesion and compromises intestinal barrier integrity. This
was first demonstrated by Hermiston and Gordon using their
chimeric transgenic mice that expressed dominant negative
N-cadherin (NCADA) 1995).
N-cadherin is a Ca?'-dependent adhesion molecule that

(Hermiston and Gordon,

functions like E-cadherin to mediate cell-cell adhesion in
AJ (Van Patten et al., 2010). NCADA mice exhibit reduced
endogenous E-cadherin, a defective intestinal epithelial
barrier and increased infiltration of bacteria (Hermiston
Gordon,  1995).  Similarly, intestinal-specific
E-cadherin knockout (VilCre:CdhI1"*"'**F) causes perinatal
death that is likely due to an impaired epithelial barrier.
Indeed, by embryonic day 18.5, VilCre:Cdh1'**"*** mice
exhibit gaps the
deterioration of the epithelium (Bondow et al., 2012).

and

in intestinal barrier and

already

Consistent with these findings, inducible E-cadherin
inactivation in adult mice also caused disintegration of the
intestinal epithelium (Schneider et al., 2010).

It is well established that IBD patients exhibit enhanced
intestinal permeability (Hollander, 1999; Secondulfo et al.,
2001; Vivinus-Nébot et al., 2014) which is attributed in part
to defective intercellular adhesion (Lechuga and Ivanov,
2017). Indeed, inflamed intestinal tissues in both humans
and rodent models of IBD exhibit misexpression of several
adhesion-associated proteins, a finding supported by
genome-wide association studies of both Crohn’s disease
(CD) and ulcerative colitis (UC), reviewed in (Mehta et al.,
2015). Interestingly, in inflamed intestinal mucosa of both

active CD and UC, a phenomenon known as cadherin
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switching, where the expression of E-cadherin decreases and
the expression of P-cadherin increases, is observed (Sanders
et al., 2000; Naydenov et al., 2022). While E-cadherin and
P-cadherin are both classical cadherins and expressed in
epithelial tissues, E-cadherin is the most highly expressed
in healthy epithelial tissues in the gastrointestinal tract
(Sanders et al., 2000), while P-cadherin is poorly expressed
(Naydenov et 2022). E-cadherin
P-cadherin different properties
participate in different signaling activities, and thus the

al., Moreover, and

have adhesive and
functional relevance of this switching in the inflamed
intestinal mucosa remains to be determined (Naydenov
et al.,, 2022). Regardless, the CDHI and CDH3 loci, which
encode E-cadherin and P-cadherin respectively, are among
the various susceptibility loci implicated in IBD (Sanders
et al., 2000; Barrett et al., 2009; Mehta et al., 2015).

Given p120°"s role in stabilizing E-cadherin at the AJ, it is
not surprising that loss of p120“" has also been associated with
intestinal inflammation (Perez-Moreno et al., 2006; Perez-
Moreno et al., 2008; Smalley-Freed et al., 2010). Intestinal-
specific loss of p120°" resulted in a concomitant reduction in
E-cadherin and impaired cell-cell adhesion (Smalley-Freed et al.,
2010). Moreover, pl20°" knockout mice also exhibited
histological features of IBD, including crypt hyperplasia, cell-
cell adhesion defects, mucosal thickening and increased
neutrophil infiltration (Smalley-Freed et al, 2010). Similar
findings were also observed in tamoxifen-induced p120°"
mosaic knockout mice, which developed intestinal adenomas
as they aged (Smalley-Freed et al.,, 2011).

Interestingly, colon cancer usually presents with altered
gene expression of many cell-cell adhesion proteins, which
perturbs cell-cell adhesion and intestinal permeability, and
enhances the invasive ability of colon cancer (Tsanou et al.,
2008; Bujko et al., 2015). Indeed, reduced localization of f-
catenin at the AJ, concomitant with its translocation to the
nucleus activates transcription of tumour-promoting genes
such as cyclin DI, matrilysin, and c-myc (Wong and
Pignatelli, 2002). Collectively, these findings highlight the
importance of functional apical junctional complexes in
maintaining the normal physiology and homeostasis of the
mammalian intestine and how their malfunction contributes
to disease.

The that
cadherin and catenin proteins play in establishing and

fundamental role membrane-associated
maintaining intestinal tissue integrity is well documented
(Benjamin and Nelson, 2008; Schneider et al., 2010; Smalley-
Freed et al., 2010; Schneider and Kolligs, 2015; Aktary et al,,
2017).

transcriptional regulation and epithelial barrier disruption

However, their nuclear roles and impacts on
are still being elucidated and are an emerging research area.
Below, we summarize findings on the AJ proteins with
characterized nuclear functions and their implications for

intestinal diseases.
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Nuclear roles of adherens junction
proteins

Recently, many published studies have highlighted a nuclear
role for several AJ proteins, namely E-cadherin (Su et al., 2015;
Zhao et al, 2019), B-catenin (Cong et al, 2003; Suh and
Gumbiner, 2003; Valenta et al., 2012), y-catenin (Kolligs et al.,
2000; Nagel et al., 2010; Aktary et al., 2017; Nagel et al., 2017), a-
catenin (Giannini et al., 2000; Daugherty et al., 2014; Sun et al.,
2014; Serebryannyy et al., 2017), and p120°" (van Hengel et al.,
1999; Kelly et al., 2004; Reynolds and Roczniak-Ferguson, 2004;
2007). These linked to
transcriptional regulation ultimately contributes to

nuclear functions
that
intestinal diseases such as IBD and colon cancer (van Hengel
et al,, 1999; Giannini et al., 2000; Kolligs et al., 2000; Cong et al.,
2003; Suh and Gumbiner, 2003; Kelly et al., 2004; Reynolds and
Roczniak-Ferguson, 2004; Daniel, 2007; Nagel et al., 2010;
Valenta et al.,, 2012; Daugherty et al., 2014; Sun et al,, 2014;
Suetal., 2015; Aktary et al., 2017; Nagel et al., 2017; Serebryannyy
etal., 2017; Zhao et al., 2019). While many studies have reported
that the nuclear functions of AJ proteins are distinct from their

Daniel, are

roles at the plasma membrane, nuclear localization of AJ proteins
often coincides with a concomitant loss of expression at the
epithelial cell membrane (Hao et al., 2001; El-Bahrawy et al,
2002; Daniel, 2007; Su et al., 2015). This suggests that nuclear AJ
proteins may be a marker of intestinal disease.

Nuclear E-cadherin modifies canonical
Whnt signaling

In addition to catenin cofactors, the transmembrane protein
E-cadherin interacts with several additional proteins of varying
GTPase  regulators,
phosphatases, and Actin dynamics regulators to name a few
(Guo et al,, 2014; Van Itallie et al., 2014). While some of these
E-cadherin binding partners are localized at cell-cell junctions

functions—these  include kinases,

(e.g., Tropomodulin-3) some were found to localize in the
cytoplasm (e.g., Filamin-A), within or around the nucleus
(e.g., Ran GTPase-activating protein 1) and in vesicles (e.g.,
Retinoic acid-induced protein 3 (reviewed in Guo et al,, 2014).
Interestingly, most of the proteins involved in regulating Actin
dynamics or function as adaptors localize at cell junctions, in
contrast to those involved in transcription, translation and
metabolism (Guo et al, 2014). These findings suggest that
E-cadherin itself subcellular

compartments (cell membrane, nucleus), to

localizes in  multiple
cytoplasm,
facilitate its binding to diverse proteins located in distinct
subcellular compartments.

Indeed, nuclear localization of E-cadherin has been reported
in several cell types, including lung and colon cancer cells (Su
et al,, 2015; Zhao et al., 2019). Zhao et al. (2019) found an
enrichment of E-cadherin in the nuclei of HCTI16 and

frontiersin.org
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FIGURE 2

Adherens junction (AJ) protein interactions in the nucleus. Many AJ proteins interact with components of the canonical Wnt signaling pathway.

(1). p-catenin interacts directly with TCF/LEF to activate Wnt target genes. (2). a-catenin, y-catenin and a-catenin/APC complexes interact with the
B-catenin-TCF/LEF heterodimer and prevents its association with DNA, thereby inhibiting expression of Wnt target genes. (3). y-catenin binds
directly to TCF/LEF and activates TCF/LEF-dependent gene expression. (4). E-cadherin interacts with p-catenin and disrupts its interaction with

TCF/LEF cofactors.

SW480 colon cancer cells and in human colon cancer tissues
concomitant with a loss of membrane localization. They also
showed that E-cadherin nuclear translocation occurs in a
p120°"-dependent manner as E-cadherin does not possess a
nuclear localization signal (NLS) (Zhao et al., 2019). They
that p120*
E-cadherin’s nuclear localization in HCT116 colon cancer

also  showed overexpression enhanced

cells (Zhao et al., 2019). Interestingly, Ferber et al. also found
that p120°" the
E-cadherin’s cleaved cytoplasmic domain (Ferber et al,

enhanced nuclear translocation of
2008). E-cadherin’s intracellular domain is cleaved by y-
secretase, releasing the E-cadherin C-terminal fragment 2
(E-cad/CTE2) that then translocates into the nucleus where it

regulates transcription. While E-cad/CTF2 can bind DNA,
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this binding is conditional upon it first binding to p120°".
When bound to pl120°*, E-cad/CTF2 enhances p120°™s
E-cad/CTF2 is
implicated in apoptosis, however the exact mechanism has
yet to be determined (Ferber et al., 2008).

E-cadherin nuclear localization and function can also be

inhibitory transcriptional effects. also

regulated by post-translational modifications (Su et al., 2015;
Zhao et al., 2019). For example, Su et al. (2015) showed that Src
kinase-mediated tyrosine phosphorylation of E-cadherin in
cancer stem cells resulted in E-cadherin endocytosis and
nuclear translocation. In the nucleus, E-cadherin competed
with TCF4 for binding to P-catenin’s Armadillo repeat
domain, thus inhibiting p-catenin/TCF4 heterodimerization
(Su et al, 2015) (Figure 2 and Table 1 described in more
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detail in the following section). Subsequently, there was a
decrease in canonical Wnt-mediated signaling and metastasis
by cancer stem cells (Su et al.,, 2015). In addition to tyrosine
phosphorylation, nuclear E-cadherin can also be acetylated on
lysine residues via the acetyltransferase CREB-binding protein
(CBP) (Zhao et al,, 2019). This prevents protein interactions
between E-cadherin and (-catenin, therefore potentiating (-
catenin’s  transcriptional and oncogenic activities in
HCT116 cells. Importantly, increased acetylated E-cadherin
correlated with poorer clinical outcomes in colorectal cancers
(Zhao et al., 2019). Collectively, these findings highlight a role for
nuclear E-cadherin in colorectal tumorigenesis and metastasis
(Zhao et al., 2019).

The studies above highlight the versatility of E-cadherin and
the possibility for both membrane-bound E-cadherin and E-cad/
CTF?2 to contribute to intestinal diseases and cancer. Additional
studies are needed to determine the mechanism by which
E-cadherin and E-cad/CTF2 translocate into the nucleus and
to ascertain whether the p120“" NLS plays a role in this process.
Moreover, given that nuclear E-cadherin can modulate -
catenin’s transcriptional and oncogenic activities, studies to
further understand this interaction and its implications for

intestinal diseases are needed.

Nuclear p-catenin is a key downstream
effector of the canonical Wnt signaling
pathway

Of all the catenins involved in the AJ, f-catenin is the most
studied and characterized with respect to its nuclear roles.
Nuclear accumulation of -catenin is a key event in canonical
Wnhnt signaling (Shang et al., 2017; Tanaka et al., 2019; Cheng
et al., 2019), which is fundamental to maintain the intestinal stem
cell niche and integral to IEC differentiation. Importantly, ~ 90%
of colorectal cancers exhibit dysregulated Wnt signaling (Fevr
et al.,, 2007).

B-catenin can be found in four distinct subcellular
locations—-at the plasma membrane in cell-cell contacts, in
the cytoplasm, in the nucleus and at centrosomes (Mbom
et al, 2013; Kam and Quaranta, 2009; Bienz, 2004). The
membrane-bound pool is stabilized by binding to E-cadherin
where it functions to anchor E-cadherin to the Actin cytoskeleton
(Bienz, 2004). However, newly synthesized (-catenin and -
the AJ—which makes up the
cytoplasmic pool—are normally unstable and short-lived
(Valenta et al, 2012). In the absence of Wnt signaling, the
free cytoplasmic pool of P-catenin is phosphorylated by a

catenin released from

destruction complex, comprised of Adenomatous polyposis
coli (APC), Axin, Casein kinase 1 (CKI1) and Glycogen
synthase kinase 3 (GSK3), that targets cytoplasmic P-catenin
for proteasomal degradation (Cong et al., 2003; Valenta et al,
2012; Shang et al, 2017). However, upon activation of the
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canonical Wnt pathway, [-catenin escapes degradation,
accumulates in the cytoplasm and then translocates into the
nucleus (Cong et al., 2003; Suh and Gumbiner, 2003; Valenta
et al,, 2012; Arnold et al, 2020). Nuclear translocation of -
catenin occurs independently of importin-p and Ran GTPase,
proteins essential for nuclear transport. While -catenin does not
possess an NLS, it was shown to interact directly with nuclear
pore proteins via its Armadillo domain and it was postulated that
this interaction facilitates its nuclear translocation (Fagotto et al.,
1998; Yokoya et al.,, 1999; Morgan et al., 2014; Anthony et al,
2020). Sharma et al, (2016) also highlighted a role for the
hydrophobic amino acids in the N- and C- terminal regions
of B-catenin in mediating its nuclear translocation. However, -
catenin was also suggested to utilize NLS-containing chaperone
proteins such as BCL9, APC and LEF to facilitate its nuclear
translocation (Morgan et al, 2014; Anthony et al, 2020).
Recently however, in colon cancers carrying mutations in
APC, a member of the importin-B family, IPO11, was found
to interact with B-catenin in a Ran-dependent manner, mediating
its import into the nucleus (Mis et al, 2020). Interestingly,
IPO11-dependent nuclear translocation of B-catenin was not
observed in colon cancer cells with wildtype APC (Mis et al,
2020). These findings suggest that the mechanisms whereby f-
catenin translocates to the nucleus is complex and context-
dependent (Mis et al., 2020).

The tumor suppressor APC interacts with B-catenin in two
distinct sub-cellular locations—in the cytoplasm and the nucleus
(Hankey et al., 2018). In the cytoplasm APC is important for the
degradation of P-catenin (Munemitsu et al., 1995; Yang et al,,
2006) while in the nucleus, it negatively regulates the
transcriptional activity of B-catenin (Rosin-Arbesfeld et al,
2003; Xiong and Kotake, 2006), and facilitates its nuclear
export and subsequent cytoplasmic degradation (Henderson,
2000; Xiong and Kotake, 2006; Hankey et al, 2018). When
APC is mutated, it is still capable of binding to P-catenin
(Henderson, 2000), and Yang et al. (2006) showed that B-
catenin phosphorylation also still occurs. However, Tkeda et al.
(1998) showed that phosphorylation of -catenin also occurs in
APC-deficient cells, suggesting that APC does not regulate -
catenin phosphorylation. Studies aimed at further elucidating
APC’s function show that APC is necessary for the ubiquitination
of B-catenin (Yang et al,, 2006; Su et al., 2008) since mutation of
APC prevented P-catenin ubiquitination and its subsequent
degradation, and led to its nuclear accumulation (Yang et al.,
2006).

Once in the nucleus, -catenin binds TCF/LEF1 transcription
factors, which on their own, lack transcriptional activity (Shang
etal., 2017). However, the B-catenin/TCF/LEF1 complex forms a
functional heterodimer that modulates transcription and
upregulates the expression of Wnt target genes (Cong et al,
2003; Suh and Gumbiner, 2003; Valenta et al., 2012) (Figure 2
and Table 1). Interestingly, mutated APC can still enter the
nucleus where it binds to and exports 3-catenin from the nucleus,
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thus maintaining the nuclear export function of APC
(Henderson, 2000). Collectively, these studies suggest that
mutated APC can affect the transcriptional activity of f-
catenin but not its expression levels (Henderson, 2000). In
this review, we focus on the nuclear roles of (-catenin in
mammalian intestines. For additional details on [-catenin
nuclear interactions see reviews (Anthony et al., 2020; McCrea
and Gottardi, 2016) and (Valenta et al., 2012).

In the intestine, canonical Wnt signaling plays a critical role
in the maintenance and renewal of the intestinal epithelium by
regulating stem cell proliferation and differentiation (Mah et al.,
20165 Perochon et al,, 2018). Since nuclear p-catenin is the key
effector of canonical Wnt signaling, it plays a key role in
intestinal homeostasis. Wnt/B-catenin-mediated transcription
maintains many aspects of tissue homeostasis, including cell
renewal (maintenance of stemness and the undifferentiated
state of intestinal stem cells), and intestinal regeneration after
injury (Fevr et al., 2007; Shang et al., 2017), both of which are
characterized by increased proliferation within the crypt
compartment (Perochon et al., 2018). This is accomplished
specifically via the activation of Wnt target genes involved in
cell proliferation (e.g., c-myc, cyclin DI). Wnt/-catenin signaling
also contributes to tissue homeostasis via regulation of the
intestinal lineage differentiation of transit amplifying cells.
(Fevr et al,, 2007; Shang et al., 2017).

Elevated canonical Wnt signaling, and therefore increased
nuclear B-catenin, perturbs intestinal homeostasis and increases
the risk of colon cancer (Shang et al., 2017). In vitro and in vivo
models of colorectal neoplasia displayed nuclear localization of -
catenin (Sheng et al., 1998). Nuclear p-catenin was also observed in
aberrant crypt foci, which are early neoplastic lesions that precede
malignant transformation in the colon (Hao et al, 2001). This
finding suggests that aberrant localization of -catenin is an early
event in colorectal tumorigenesis (Sheng et al., 1998; Hao et al,,
2001), a concept further strengthened by Sheng et al. (1998) who
noted that nuclear -catenin is a common occurrence in intestinal
adenomas. Studies have also found that [-catenin localizes
primarily to the plasma membrane in normal colon tissues, but
exhibits decreased membrane association and enhanced nuclear
localization in intestinal adenomas and carcinomas (Hao et al.,
2001; Chen et al., 2008; Stanczak et al.,, 2011). Indeed, elevated
levels of nuclear B-catenin has been observed in ~ 80% of colorectal
cancers (White et al,, 2012; Shang et al,, 2017), and this high
expression of nuclear (-catenin correlated with poor overall
survival (Martensson et al., 2007; Chen et al., 2008; Chen et al.,
2013; Kim et al.,, 2019) and poor prognosis (Martensson et al.,
2007; Chen et al., 2013).

While increased nuclear [-catenin localization due to
aberrant canonical Wnt signaling is an early and important
alteration in CRC progression (Zhang et al., 2016), genomic
mutations in B-catenin also occur, albeit more rarely (Kitaeva
etal, 1997; Kim et al., 2019; Arnold et al., 2020). Most mutations
occur in exon 3 (Kitaeva et al., 1997; Sparks et al., 1998; Samowitz
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et al., 1999; Johnson et al., 2005; Kim et al., 2019; Arnold et al,,
2020) and involve deletions, transitions or transversions, causing
a loss of the serine/threonine phosphorylation sites (Kitaeva
et al., 1997; Sparks et al., 1998; Samowitz et al., 1999; Arnold
et al, 2020). These mutations allow P-catenin to escape
proteasomal degradation (Sparks et al, 1998; Kim et al,
2019),
subsequent nuclear translocation, and ultimately increased

leading to increased cytoplasmic accumulation,
Whnt signaling activity (Kim et al., 2019). B-catenin mutations
have also been observed in adenomas suggesting that
genomic mutations in [-catenin may also be an early
occurrence in colorectal tumorigenesis (Sparks et al., 1998;

Samowitz et al., 1999).

Nuclear y-catenin modulates CRC
tumorigenesis

y-catenin, also known as Plakoglobin, is another member of
the catenin protein family with known nuclear localization and
functions (Lifschitz-Mercer et al., 2001; Nagel et al., 2010;
Lombardi et al.,, 2011; Aktary et al., 2013). Nuclear y-catenin
plays a role in biological processes such as adipogenesis and
fibrogenesis (Garcia-Gras et al., 2006; Lombardi et al., 2011).
Nuclear y-catenin also interacts with and enhances the
transcriptional activity of both the wild type and mutant form
of p53, highlighting a role in regulating gene expression (Aktary
etal,, 2013). Protein interactions between y-catenin and p53 have
been observed in both the cytoplasm and nucleus. In the nucleus,
y-catenin/p53 complexes induced expression of 14-3-30, which
negatively regulates cell cycle and positively regulates the
transcriptional activity of p53 (Aktary et al., 2013).

Whether nuclear y-catenin promotes or prevents CRC
progression remains unresolved. For example, Lifschitz-
Mercer et al. (2001) found more nuclear y-catenin in normal
compared to neoplastic human intestinal tissue samples.
However, in a study by Nagel et al. (2010) strong nuclear y-
catenin localization was observed in invasive CRC samples
relative to normal colon tissues where no nuclear localization
was observed. These conflicting findings warrant further
characterization of the role that nuclear y-catenin plays in the
malignant transformation and progression of CRC.

The Armadillo domains of y- and B-catenin share ~80%
amino acid sequence identity and these catenins are sometimes
deemed to be paralogs since they are reported to interact with
many of the same proteins (Kolligs et al., 2000; Aktary et al.,
2017). Indeed, immunoprecipitation of the cytoplasmic and
of
HCT116 colorectal carcinoma cells revealed enriched vy-

nuclear fractions Y-catenin-overexpressing
catenin/TCF4 interactions in the nuclear fraction (Pan et al.,
2007). Maeda et al. (2004) also detected binding of y-catenin to
both TCF and LEF in immunoprecipitation assays and

demonstrated that y-catenin can alter TCF/LEF-mediated
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TABLE 1 Summary of the interactions of nuclear adherens junction proteins.
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Reference(s)

(Su et al.,, 2015; Zhao et al., 2019)

(Valenta et al., 2012; Shang et al., 2017; Daniels and Weis, 2005;
Kolligs et al., 1999; Tetsu and McCormick, 1999; Behrens et al.,
1996)

(Miravet et al., 2002; Aktary et al., 2017)

AJ Nuclear Consequences of AJ
protein interactor(s) protein nuclear localization
E-cadherin Nuclear B-catenin Reduces transcriptional activity of B-catenin/TCF4 complexes by
binding to P-catenin, preventing it from binding to TCF4
(-catenin TCF/LEF complex Initiates expression of Wnt target genes (e.g., c-myc and cyclin
DI) by providing a transactivation domain to TCF/LEF.
y -catenin B-catenin-TCF/LEF Prevents B-catenin-TCF/LEF DNA-binding and attenuates Wnt
complex signaling
TCF/LEF complex Activates TCF/LEF-dependent transcription
a-catenin B-catenin-TCF/LEF Prevents B-catenin-TCF/LEF DNA-binding and attenuates Wnt
complex signaling
p120 catenin  Kaiso Prevents Kaiso DNA-binding and inhibits Kaiso’s transcriptional

activities

transcriptional regulation (Figure 2 and Table 1). Furthermore,
y-catenin disrupts p-catenin-TCF/LEF complexes, preventing
their interaction with DNA and thus attenuating canonical
Wnt signaling (Miravet et al, 2002; Aktary et al, 2017)
(Figure 2 and Table 1). In agreement with this finding, y-
catenin was found to activate Wnt signaling in DLD-1 cells,
and y-catenin depletion led to decreased tumor cell invasion and
increased apoptosis in anchorage-dependent cells (Nagel et al.,
2017). Moreover, re-expression of y-catenin in P-catenin-
deficient RKO colon cancer cells resulted in activation of Wnt
signaling, but decreased cell proliferation via modulation of the
cell cycle (Nagel et al., 2017).

Collectively, these findings suggest that y-catenin’s role in
colon tumorigenesis is context-dependent, and that y-catenin
can influence CRC tumorigenesis via TCF/LEF-dependent
and -independent mechanisms (Aktary and Pasdar, 2012;
Aktary et al, 2017). Currently, much of what is known
about nuclear y-catenin’s role in CRC was determined in
studies using cultured cell lines. Therefore, additional
research using complementary approaches such as
intestinal organoids and murine models of colorectal cancer
and IBD are needed to fully elucidate the role of nuclear y-
that

p53 mutations are common in colon cancer (Kameyama

catenin in intestinal disease. Moreover, given
et al,, 2018) and y-catenin interacts directly with both wild
type and mutant p53, a thorough investigation into the role of
these interactions in the context of intestinal homeostasis and
disease is warranted. Additional research is also needed to

elucidate the mechanism of nuclear translocation of y-catenin.

Nuclear a-catenin inhibits tumorigenesis

Numerous studies have reported that a-catenin is capable
of trafficking between the cytoplasm and the nucleus
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(Maeda et al., 2004; Kolligs et al., 2000)
(Giannini et al.,, 2000; Daugherty et al., 2014; Sun et al., 2014)

(Daniel and Reynolds, 1999; Daniel et al., 2002; Kelly et al., 2004;
Daniel, 2007; del Valle-Pérez et al., 2016; McCrea and Gottardi,
2016)

(Giannini et al., 2000; El-Bahrawy et al., 2002; Daugherty
et al., 2014; Serebryannyy et al., 2017). a-catenin exhibits
strong nuclear localization in colon cancer cell lines (Giannini
et al., 2000; El-Bahrawy et al., 2002), which was more evident
in dispersed rather than confluent cells (El-Bahrawy et al,
2002). This that
localization is concomitant with a loss of cell-cell adhesive

finding suggests a-catenin nuclear
properties. Interestingly, a-catenin showed near mutually
exclusive localization between the nucleus and plasma
with
significant plasma membrane localization of a-catenin

membrane — colorectal adenocarcinoma tissues
showed minimal nuclear localization and vice versa (El-
Bahrawy et al., 2002).

Functionally, loss of a-catenin is implicated in colorectal
cancer and cellular dysfunction (Raftopoulos et al., 1998; Cheng
etal., 2016). Reduced expression of a-catenin led to increased cell
proliferation, possibly due to its indirect interaction with
pathways that modulate cell proliferation such as the Wnt
signaling pathway (Benjamin and Nelson, 2008; Sun et al,
2014). Notably, a-catenin has been implicated in regulating
the canonical Wnt pathway by binding to the B-catenin-TCF
complex, disrupting its interaction with DNA (Giannini et al.,
2000; Daugherty et al, 2014; Sun et al, 2014; McCrea and
Gottardi, 2016; Serebryannyy et al, 2017), and inhibiting
transcription of Wnt/B-catenin target genes such as c-myc
(Daugherty et al, 2014) (Figure 2 and Table 1). a-catenin’s
inhibition of Wnt/B-catenin signaling was also demonstrated
by Giannini et al. (2000) who reported that a-catenin depletion
increased P-catenin-TCF-dependent transcription. Thus, ao-
catenin may act to fine-tune the canonical Wnt pathway,
since its nuclear localization is dependent on nuclear (-
catenin, which itself depends on active Wnt signaling
(Daugherty et al, 2014). Additionally, studies show that a-
APC protein,
recruiting it to the B-catenin-TCF complex in the nucleus and

catenin also interacts

with  cytoplasmic
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suppressing the expression of Wnt target genes (Choi et al., 2013;
Sun et al., 2014) (Figure 2).

Interestingly in colon cancer cells, nuclear a-catenin also
interacts with nuclear F-Actin (Daugherty et al, 2014;
Serebryannyy et al., 2017). Serebryannyy et al. (2017)
showed that upon binding to nuclear F-Actin, a-catenin
recruitment to sites of DNA damage was enhanced. This
interaction between nuclear a-catenin and F-Actin also
highlights a possible role for a-catenin in nuclear Actin
dynamics. This possibility is further supported by the finding
that nuclear a-catenin induces nuclear F-Actin formation
which is associated with changes in chromatin organization
(Daugherty et al, 2014). This implicates a-catenin as a
regulator of gene expression via its effects on nuclear Actin
organization. Indeed a-catenin’s inhibitory effect on the
transcription of Wnt target genes also requires its Actin-
binding domains (Daugherty et al.,, 2014).

Collectively, these findings hint that nuclear a-catenin
inhibits tumorigenesis, although the molecular mechanisms
involved in the nucleo-cytoplasmic shuttling of a-catenin
needs to be further explored. Moreover, additional studies are
warranted to fully elucidate whether nuclear a-catenin plays a
functional role in CRC progression and whether nuclear
translocation of a-catenin is a cause or consequence of
intestinal dysfunction.

Nuclear p120°*" interacts with
transcriptional regulators

Aside from its role in providing stability to E-cadherin at the
plasma membrane, the Src substrate p120°" also shuttles in and
out of the nucleus (Roczniak-Ferguson and Reynolds, 2003),
hinting a nuclear role. This catenin has two classical NLSs—one
localized in the phosphorylation domain and the other in
Armadillo (Arm) repeat 6 (Roczniak-Ferguson and Reynolds,
2003). However, studies have shown that pl20°" nuclear
translocation is mediated via alternate sequences in its Arm
domain rather than wvia its conventional NLSs (Roczniak-
Ferguson and Reynolds, 2003; Daniel, 2007; van Hengel and
van Roy, 2007). Roczniak-Ferguson and Reynolds found that
p120°" Arm repeats 3 and 5 are essential for its entry into the
nucleus (Roczniak-Ferguson and Reynolds, 2003). However,
Kelly et al. (2004) showed that nuclear localization of p120°"
is mediated via another highly basic NLS located between Arm
repeats 6 and 7. These findings suggest that pl120" utilizes
different mechanisms to shuttle into the nucleus, possibly due
to it having many functional isoforms (Kelly et al., 2004). While
the functional significance of the p120°" isoforms generated as a
result of alternative splicing are yet to be fully elucidated
2003), it has
postulated that each p120°" isoform participates in distinct

(Roczniak-Ferguson and Reynolds, been

cellular processes and utilizes different mechanisms to shuttle
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into the nucleus (Kelly et al., 2004). Intriguingly, using a DNA-
cellulose binding assay, Ferber et al. showed that nuclear p120°"
can bind directly to DNA (Ferber et al, 2008). If it is
experimentally validated that endogenous p120" binds
directly to DNA, this will add another level of complexity to
the role of AJ proteins in regulating transcription, gene
expression and tumorigenesis.

Although p120°" can localize to the nucleus, its nuclear
function in intestinal diseases is not as well characterized as
its membrane function, or the nuclear functions of p-catenin.
However, a few studies have attempted to elucidate the nuclear
functions of p120“" in other pathologies. For example, p120°"
has been implicated in pancreatic cancer where its nuclear
localization is associated with tumour malignancy by
promoting cancer cell proliferation (Mayerle et al, 2003).
Nuclear pl120" was also found to bind to and relieve
repression of the transcriptional regulators REl-silencing
transcription factor (REST) and CoREST, thus activating their
target genes (Lee et al., 2014; McCrea and Gottardi, 2016). As
REST and CoREST regulate the expression of genes involved in
neuronal differentiation, nuclear p120°* is implicated in
neuronal differentiation (Lee et al, 2014; McCrea and
Gottardi, 2016). Additionally, p120°" nuclear localization
during junction disintegration in endothelial cells (Beckers
et al,, 2008) suggests that its nuclear localization may occur as
a result of loss of AJ integrity. Thus, the relationship between
nuclear p120°" and intestinal diseases needs further investigation
to gain a better understanding of how pl120s nuclear roles
affect intestinal function and homeostasis, and to discern cause
verses consequence.

Chaudhary et al. (2013) has previously shown p120°" is
localized to the nucleus in a Kaiso over-expressing transgenic
mouse model that exhibited intestinal inflammation. Whether
nuclear p120°" translocation is a cause or consequence of Kaiso-
induced inflammation remains to be resolved. The implications
of p120°™s interaction with the transcription factor Kaiso (van
Hengel et al., 1999; Kelly et al., 2004; Reynolds and Roczniak-
Ferguson, 2004; Daniel, 2007; McCrea and Gottardi, 2016)
(Figure 3), will be further discussed below.

The transcription factor Kaiso and
intestinal barrier dysfunction

Over two decades ago, Kaiso was discovered as a binding
partner for p120°" (Daniel and Reynolds, 1999; Kelly and Daniel,
2006). To gain insight into the role of p120°** in AJs, a yeast-two
hybrid screen was conducted to identify p120°" binding partners.
The most frequent gene identified encoded the novel
uncharacterized protein that was named Kaiso (Daniel and
Reynolds, 1999). Kaiso is a member of the Broad complex,
Tramtrack and Bric a brac/Poxvirus and Zinc finger (BTB/
POZ) transcription factor family, characterized by an amino-
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Proposed interaction of adherens junction proteins and Kaiso in the Wnt signaling pathway and epithelial barrier stability. (A) In the absence of

Whnt signaling, p-catenin and p120°" bind E-cadherin at the membrane, providing stability to E-cadherin at the plasma membrane. Cytosolic p-
catenin is phosphorylated and targeted for degradation by the destruction complex. In the nucleus, Kaiso binds to the promoter region of target
genes B-catenin (CTNNBI), E-cadherin (CDH1), Siamois and matrilysin (mmp?7) repressing their transcription. Kaiso also binds to p-catenin,
preventing its interaction with TCF/LEF. (B) Activation of the canonical Wnt signaling pathway inactivates the destruction complex, resulting in
cytosolic accumulation and nuclear translocation of p-catenin. Wnt signaling also triggers CK1, a component of the destruction complex, to
phosphorylate p120<"". Phosphorylated p120<'" then dissociates from E-cadherin and translocates to the nucleus where it relieves Kaiso-mediated
regulation of genes. Reduced E-cadherin-associated pl20°" at the plasma membrane results in increased E-cadherin degradation, leading to
defective cell adhesion and increased permeability in the epithelial barrier. Given that nuclear p120<™" blocks Kaiso's DNA binding domain, we
propose that this Wnt signal may be a potential mechanism by which p120<" attenuates Kaiso-mediated regulation of its target genes promoter.
Additionally, this may be a potential mechanism by which Wnt signaling promotes the association between p-catenin and TCF/LEF, alleviating Kaiso's
inhibition of this heterodimer formation, and thus activating Wnt target genes.
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terminal BTB/POZ domain that facilitates protein-protein
interactions and three zinc fingers at its carboxy-terminal that
mediate DNA binding (Kelly and Daniel, 2006; Daniel, 2007;
Pierre et al., 2019). Initial characterization showed that Kaiso
binds to DNA via a specific sequence called the Kaiso binding site
(KBS) or to methylated CpG dinucleotides (Daniel et al., 2002;
Kelly and Daniel, 2006). It was later shown that Kaiso can
also bind to a methylated TCTCGCGAGA motif (Raghav et al,
2012; Pierre et al, 2019). As a dual-specificity DNA-binding
transcription factor, Kaiso functions as either a transcriptional
activator or repressor (Daniel, 2007; Tioka et al, 2009; Pierre
et al, 2019), which further adds to the complexity of its role
in normal vertebrate development and disease states such
as IBD and colon cancer. Notably, several Kaiso target genes
are also canonical Wnt target genes (e.g., Cyclin DI, c-Myc
and matrilysin) (Park et al., 2005; Spring et al., 2005; Pierre
et al,, 2019). Since canonical Wnt signaling is essential for
normal intestinal homeostasis, studies from our lab and others
have explored Kaiso’s role in the mammalian intestine.
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Insights into Kaiso’s roles in the intestine were garnered
primarily from transgenic and knock-out mouse models. In the
context of the Apc™™* mouse model of colon cancer,
Prokhortchouk et al, found that Kaiso™"; Apc™™* mice
displayed delayed polyp growth and an increased lifespan
(Prokhortchouk et al.,, 2006). This was an unexpected finding
given that Kaiso repressed several Wnt target genes and Kaiso
overexpression in the Xenopus model rescued the Wnt/f-catenin
duplicate axis phenotype (Park et al., 2005; Donaldson et al.,
2012; Jiang et al., 2012). To better understand these paradoxical
findings, Chaudhary et al. generated an intestinal-specific Kaiso
overexpressing mouse model (Kaiso™) (Chaudhary et al., 2013).
Surprisingly the Kaiso'® mice exhibited morphological changes
(e.g., villi blunting, villi fusion, crypt hyperplasia and expansion),
intestinal inflammation characterized by neutrophilia, and
increased intestinal permeability (Chaudhary et al, 2013;
Robinson et al., 2019). When Kaiso™ were mated with the
Apc™™*+ mouse model of colon cancer, the resulting Kaiso™;
Apc™™* progeny exhibited ~3-fold more (but smaller) polyps
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and reduced life span (Pierre et al., 2015). Together, these
findings coupled with the findings of Prokhortchouk et al.
support a role for Kaiso in promoting intestinal tumorigenesis
(Prokhortchouk et al., 2006; Pierre et al., 2015). This role is
further underscored by the fact that Apc™™* polyps, human
colon cancer and Crohn’s disease tissues display high Kaiso levels
relative to normal tissues (Pierre et al., 2015; Robinson et al,,
2019).
The
overexpression and knock-out in different model systems

contradictory findings observed from Kaiso
may be due to the presence of the Kaiso-like transcription
factor ZBTB4. Like Kaiso, ZBTB4 is a BTB/POZ protein that
functions as a transcriptional repressor and like Kaiso,
ZBTB4 also binds to DNA via both the KBS and
methylated CpG sites (Filion et al., 2006). Thus, in the
absence of Kaiso, ZBTB4 may compensate for some Kaiso
functions and regulate the expression of essential Kaiso targets
genes (Pierre et al., 2019). However, ZBTB4 does not
heterodimerize with Kaiso and it does not interact with
pl120" (Filion et al., 2006). Interestingly, in contrast to
Kaiso that is highly expressed in many aggressive cancers
(Pierreetal., 2019), ZBTB4 is expressed at low levels in several
cancers including colorectal cancer (Weber et al., 2008; Xiang
et al., 2020) and is postulated to be a tumor suppressor since it
inhibits cell proliferation and induces cell cycle arrest and
apoptosis in Ewing sarcoma (Yu et al., 2018). As there have
been few studies examining the function of ZBTB4 in the
mammalian intestine or canonical Wnt signaling, further
studies are needed to determine if ZBTB4 does in fact
function somewhat redundantly in the absence of Kaiso
and its potential roles in intestinal diseases.

Kaiso's interaction with AJ proteins and
the implications for intestinal pathologies

Several studies have shown that Kaiso directly or
indirectly regulates the expression of various proteins in
apical junctional complexes (e.g., ZO-1, E-cadherin) (Jones
et al.,, 2012; Bassey-Archibong et al., 2016; Pierre et al., 2019;
Robinson et al., 2019), which has important implications for
diseases such as IBD and colon cancer (Pierre et al., 2015;
Robinson et al.,, 2019). Since Kaiso primarily localized to the
nucleus (Daniel and Reynolds, 1999), Kaiso’s identification as
apl20°" binding partner was the first hint that p120*, like B-
catenin, could translocate to the nucleus (Kelly et al., 2004;
Daniel, 2007). Studies have since revealed that Kaiso binds
preferentially to p120°* isoform-3A compared to pl120°"
isoform-1A in colorectal cancer and lung cancer cells
(Daniel and Reynolds, 1999; Liu et al., 2014). p120°™ uses
Arm repeats 1-7 to interact with a carboxy-terminal region
flanking Kaiso’s DNA-binding zinc finger domain (Daniel
and Reynolds, 1999). Consequently, nuclear p120°" prevents

Frontiers in Cell and Developmental Biology

12

10.3389/fcell.2022.998373

Kaiso’s DNA-binding and inhibits Kaiso’s transcriptional
activity and regulation of Wnt target genes such as Siamois
and matrilysin (Daniel et al., 2002; Park et al., 2005; Spring
et al., 2005; Daniel, 2007) (Figure 3 and Table 1).

Loss of pl20°" at the plasma membrane results in
defective AJ structure and integrity, and contributes to
intestinal inflammation in mice (Smalley-Freed et al,
2010). In the inflamed intestines of Kaiso™ mice, p120°™
exhibits reduced membrane localization and increased
nuclear localization, where it presumably interacts with
Kaiso (Chaudhary et al., 2013). Importantly, p120°" also
utilizes Arm repeats 1-7 to bind to E-cadherin, suggesting
that p120°™s association with Kaiso and E-cadherin is
mutually exclusive (Daniel and Reynolds, 1995; Daniel and
Reynolds, 1999; Daniel et al., 2002). This would affect
E-cadherin stability and turnover at the AJ, rendering the
integrity of the A] non-functional. Robinson et al. found that
E-cadherin protein expression and membrane localization
were decreased in the Kaiso™ mice (Robinson et al., 2019). As
such, the change in p120°™s subcellular localization and
concomitant decrease in E-cadherin expression hints at
one possible mechanism by which Kaiso disrupts intestinal
barrier integrity in Kaiso™ mice (Chaudhary et al., 2013;
Robinson et al.,, 2019). Importantly, however, Kaiso also
binds to and represses the CDHI gene (which encodes
E-cadherin) in a methylation-dependent manner (Jones
et al, 2012; Jones et al, 2014). Kaiso-depletion and
demethylation treatment with 5-aza-2'-deoxycytidine in
prostate and breast tumour cell lines resulted in a
substantial increase in E-cadherin mRNA expression
(Jones et al., 2012; Jones et al., 2014). The repressive
impact of Kaiso on CDHI gene expression offers another
mechanism by which Kaiso overexpression may potentiate
intestinal inflammation and permeability in Kaiso™ mice.
Whether the intestinal inflammation observed in Kaiso™
mice is the result of nuclear p120°" localization, CDHI
further
investigation and is one current focus of our laboratory.

In addition to p120°", one study revealed that Kaiso also
associates with P-catenin (del Valle-Pérez et al.,, 2016). B-catenin

transcriptional repression, or both, warrants

interacts with Kaiso using Arm repeats 1-6, which partially
overlaps with the region required for binding TCF (Arm
repeats 3-10). In fact, ectopic Kaiso expression has been found
to abrogate binding between {-catenin and TCF (Park et al., 2005;
del Valle-Pérez et al., 2016), while Kaiso depletion enhanced this
interaction (Park et al., 2005). Furthermore, Liu et al. (2014)
demonstrated that Kaiso binds to CpG dinucleotides in the
CTNNBI gene promoter (which encodes [-catenin) in a
methylation-dependent manner and that high Kaiso expression
repressed transcription of -catenin mRNA. As such, Kaiso directly
impacts canonical Wnt signaling at the DNA level (by repressing
gene expression of canonical Wnt target genes and CTNNBI), and
protein level (by binding to nuclear p-catenin) (Park et al., 2005;
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Liu et al,, 2014). Importantly, p120°" has been shown to interfere
with Kaiso’s repression of the (-catenin/TCF4 transcription
complex in SW480 colon cancer cells (del Valle-Pérez et al,
2016). del Valle-Pérez et al. (2016) showed that Wnt
stimulation resulted in pl20°" nuclear translocation that
disrupted Kaiso-mediated transcriptional repression and
The

relationship between Kaiso and pl20°" suggests that these two

potentiated ~ Wnt/B-catenin  signaling. antagonistic
proteins may have opposing roles in regulating the Wnt/B-catenin
pathway in intestinal tissues (Figure 3). These observations may
explain the increased tumour burden, decreased lifespan, and
increased Wnt target gene expression in Kaiso™;Apc™™* mice
(Pierre et al,, 2015), although this is yet to be tested empirically.

Collectively, these findings demonstrate that several key AJ
proteins interact with Kaiso in the nucleus of intestinal epithelial
cells. However, more studies are necessary to fully elucidate how
(or whether) Kaiso’s interaction with p120“", B-catenin and
E-cadherin contribute to the neutrophil-driven inflammation
in Kaiso™ murine intestines, and the implications this has for
diseases like IBD and CRC. Future studies also need to consider
the role of ZBTB4 in Kaiso-mediated regulation of gene
expression and biological processes such as inflammation, cell
proliferation, apoptosis and cell motility.

Concluding remarks

A]J proteins have emerged as key players in the regulation of
cellular signaling in addition to their classical structural functions
at the epithelial cell membrane. Imbalances in the structural and
signaling properties of AJ proteins can result in the development
of intestinal diseases. Given the fundamental role that nuclear -
catenin plays in canonical Wnt signaling and the essential role
Wnt plays in intestinal homeostasis, the biological functions of
nuclear B-catenin in the intestine are well established. However,
as highlighted above, additional investigation into the nuclear
roles of other AJ proteins such as p120“" is deserving of further
attention to address some outstanding questions. For example,
what are the cue(s) that signal the nuclear translocation of AJ
proteins? Is nuclear translocation of AJ proteins a cause or
consequence of loss of epithelial barrier integrity? Are all AJ
proteins capable of binding to DNA and regulating transcription?

Additionally, shown that the
transcription  factor role in intestinal

several studies have

Kaiso plays a
inflammation and tumorigenesis in mice, and that these
pathologies may be influenced by Kaiso’s regulation of
E-cadherin and nuclear interactions with pl120“* and pB-
catenin. However, the upstream signals that dictate Kaiso’s
interaction with AJ proteins, and whether Kaiso interacts with
other members of the AJ (e.g., a-and y-catenin) or other proteins
in the apical junctional complex (e.g., ZO-1, claudins) are
the possibility of a
redundant function between Kaiso and ZBTB4 warrants

currently unknown. Furthermore,
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further investigation to fully understand the role of Kaiso in
faulty cell adhesion, Wnt signaling, and intestinal disease.
Studies linking mislocalization of AJ proteins, ectopic Kaiso
overexpression, and nuclear interactions between Kaiso and AJ
proteins, hint at a possible mechanism by which Kaiso (and
possibly other transcription factors) potentiates intestinal
inflammation in mammalian tissues. These interactions have
vast implications for disease processes where intestinal epithelial
integrity is an important and essential factor to maintain
intestinal homeostasis. Additional studies utilizing in vivo
mouse models will be vital for elucidating and shedding much
needed light on the cellular contexts involved in these

interactions.
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