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CHAPTER I 

 

INTRODUCTION 

 

Introduction to intestinal biology 

 By broadest definition, the gastrointestinal (GI) tract includes all structures between the mouth and 

anus, including the esophagus, stomach, and intestines (also commonly called bowel or gut). The intestine 

itself is divided in to two main components, the small intestine and the large intestine, which includes the 

colon, rectum, anus, and cecum, a pouch-like structure positioned at the junction of the large and small 

intestines. Together, these components form a hollow tube which carries digestive products from the 

stomach through the body before being expelled. Most proximal to the hollow space of the intestinal lumen 

is a single layer of columnar epithelial cells which serves as a barrier between the body and luminal 

contents, including digestive products, bile and other digestive enzymes, and the gut flora. In addition to 

serving as a physical barrier, this epithelial is also responsible for nutrient absorption, antigen processing, 

and immune regulation (reviewed in (Henderson et al, 2011)).   

The small intestine is connected to the stomach by the pyloric sphincter, and is the primary site of 

absorption for fats, carbohydrates, and proteins. Structurally, the small intestine is divided into three 

segments, the duodenum, jejunum, and ileum which approximately correspond to proximal, middle, and 

distal segments (reviewed in (Schepers & Clevers, 2012)). While the primary function of the small intestine 

is to absorb nutrients, the large intestine absorbs water and salt from solid waste material before being 

expelled from the body. The colon makes up the bulk of the large intestine, which in humans is divided into 

ascending, transverse, descending, and sigmoid segments in reference to the position within the body 

cavity. However, the mouse does not share this complexity, and instead the mouse colon is divided only 

into proximal and distal segments. 
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Figure 1. Schematic of the intestine and its cell types. The small intestine is divided into the villus (left) and 

crypt (right).The crypt houses the intestinal stem cells, including the proliferative crypt based columnar cells and 

the quiescent +4 population. These are directly adjacent to Paneth cells in the crypt base. Following stem cell 

division, daughter cells move into the region known as the transit-amplifying compartment, which is a rapidly 

dividing, undifferentiated population. After these rapid divisions, cells move upward onto the villus and 

differentiate, becoming one of two lineages: secretary or absorptive. Absorptive cells consist of enterocytes, 

while secretory cells include Paneth, enteroendocrine, tuft, and goblet cells. 
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Histologically, the intestinal epithelial layer contains two main structures, the villi and the crypts 

of Lieberkühn (reviewed in (Reya & Clevers, 2005; Schepers & Clevers, 2012)) (Figure 1). The crypts are 

glands extending down into the lamina propria, while villi are finger-like protrusions extending into the gut 

lumen to increase available surface area for nutrient absorption. Most villi cells also have subcellular 

structures called “microvilli,” which are microscopic, actin-rich bundles protruding from the epithelial cells 

themselves. Collectively, the layer of microvilli is termed the “brush-border,” and further aids absorption 

and mechanotransduction in the intestine (Mooseker, 1985).   

 

The intestinal stem cell 

The intestinal epithelium is a highly dynamic structure, characterized by rapid cell turnover such 

that the epithelium is almost entirely replaced every 3-5 days (Creamer et al, 1961; Hagemann et al, 1970). 

This massive amount of proliferation occurs in the intestinal crypt, and as cells age they are pushed from 

the crypt up the villus where they differentiate and are finally sloughed into the lumen at the villus tips 

(Creamer et al, 1961). Importantly, continuous proliferation is mostly maintained by a population known as 

“crypt-based columnar cells” (CBCs) (Barker et al, 2007; Cheng & Leblond, 1974). Originally described 

by Cheng and Leblond in 1974 , these slender cells were identified as the main intestinal stem cell 

population by the Clevers group in 2007 and designated by high expression of Lgr5, a transmembrane 

protein now known to be the receptor for the Wnt agonist, R-spondin (Barker et al, 2007; Cheng & 

Leblond, 1974; de Lau et al, 2011). Approximately 15 CBCs reside in the base of each crypt, dividing 

uniformly each day (Barker et al, 2007). The CBCs are intercalated between the Paneth cells, a fully 

differentiated cell type with major roles in host-microbe interactions due to their ability to synthesize and 

secrete antimicrobial peptides and proteins (reviewed in (Clevers & Bevins, 2013)).  Interestingly, more 

recent studies have also shown Paneth cells are crucial in maintaining stem cell function through secretion 

of EGF, Wnt3a, and Notch ligands and even appear to determine stem cell fate (Sato et al, 2011b). As the 

Lgr5-expressing cells divide, the cell positioned next to the Paneth cell maintains stemness, while the 

daughter cells displaced away from the Paneth cell goes on to differentiate (Snippert et al, 2010). In 

addition to the CBC population, a second, quiescent stem cell population is postulated to reside at the “+4 
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position.” Originally identified by label retention by Potten et al, this appears to be a somewhat 

heterogeneous cell population marked by expression of Hopx, mTert, Bmi1, and/or Lrig1 (Montgomery et 

al, 2011; Potten, 1977; Powell et al, 2012; Sangiorgi & Capecchi, 2008; Takeda et al, 2011; Wong et al, 

2012; Yan et al, 2012). Although generally quiescent, proliferation of +4 cells appears to be induced upon 

tissue injury or the loss of CBCs (reviewed in (Barker & Clevers, 2007)).  

Following stem cell division, daughter cells moving away from the crypt are incorporated into a 

highly proliferative zone known as the transit-amplifying (TA) region. Cells in this region divide 

approximately every 16 hours, a rate even more frequently than the CBCs (reviewed in (Marshman et al, 

2002; Schepers & Clevers, 2012)). As cells are finally forced out of the crypt and up the adjacent villi, 

proliferation halts and cells begin the complete the process to terminal differentiation into one of two main 

lineages: absorptive cells or secretory cells (reviewed in (Clevers & Batlle, 2013; Noah et al, 2011). The 

absorptive lineage primarily includes the enterocytes (or colonocytes in the colon), which are the most 

common intestinal cell type and function in nutrient absorption and transport. The secretory lineage 

includes the Paneth, goblet, tuft, and enteroendocrine cells (reviewed in (Clevers & Batlle, 2013; Noah et 

al, 2011)). Goblet cells are large, mucous-secreting cells which help protect the epithelial layer from the 

chemical and bacterial contents of the gut lumen. Enteroendocrine and tuft cells are much rarer, with roles 

in hormone secretion and chemical sensation, respectively. Importantly, the choice between the two 

lineages appears mostly determined by Notch signaling. Notch activation induces Hes1, which inhibits a 

major regulator of the secretory lineage, Atoh1 (Math1) (Shroyer et al, 2007). Thus, ectopic expression of 

the Notch Intracellular Domain (NCID) drastically decreases the number of secretory cells (Fre et al, 2005; 

Stanger et al, 2005; Zecchini et al, 2005), while Notch inhibition, such as overexpression of Atoh1, leads to 

a strong preference for a secretory phenotype (Shroyer et al, 2007; van Es et al, 2010; van Es et al, 2005).  
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The Wnt pathway in intestinal homeostasis and cancer 

While Notch signaling plays a critical role in lineage specification, perhaps the signaling pathway 

with the most far reaching effects in the intestine is the Wnt pathway. The Wnt family of ligands is quite 

large, and most mammalian genomes contain 19 Wnt genes which function as close-range morphogens in a 

variety of tissues (reviewed in (Clevers & Nusse, 2012)). Interestingly, the Wnt1 gene was first discovered 

as a viral integration site for the mouse mammary tumor virus, leading to its classification as a proto-

oncogene (Nusse & Varmus, 1992). Currently, Wnt receptor activation is thought to result in stimulation of 

one of three downstream pathways: the canonical Wnt/β-catenin cascade, the non-canonical planar cell 

polarity (PCP) pathway, or the Wnt/Ca2+ pathway (reviewed in (Clevers & Nusse, 2012)). The canonical 

Wnt pathway is the best understood, which commonly results in induction of pro-growth signaling 

mediated by downstream effectors such as c-Myc.  

As mentioned previously, β-catenin plays a major role in AJ function, as it binds to E-cadherin 

and α-catenin to regulate the connection between the cadherin complex and the cytoskeleton (Rimm et al, 

1995; Yamada et al, 2005) (Figure 2). Under homeostatic conditions, excess β-catenin not needed for AJ 

maintenance is degraded by a destruction complex consisting of the Adenomatous polyposis coli (APC) 

gene product, AXIN1, GSK3β, CK1α, and β-TrCP. β-catenin bound by this complex is sequentially 

phosphorylated, first by CK1α at Ser45, followed by GSK3β phosphorylation at Thr41, Ser37, and Ser33 

(Liu et al, 2002). This final phosphorylated form is then ubiquitinated by the E3 ubiquitin ligase, β-TrCp, 

marking it for proteosomal degradation (Aberle et al, 1997; Kitagawa et al, 1999).  However, in the 

presence of Wnt ligand, this destruction complex is inhibited by phosphorylation of the Wnt co-receptor 

LRP, which recruits the destruction complex to the membrane while simultaneously dissociating β-TrCP 

(Li et al, 2012b). Thus, free β-catenin is no longer degraded, which leads to its cytoplasmic accumulation 

and nuclear translocation. There is no clear consensus on the mechanism behind β-catenin’s nuclear 

transport, and while it is thought to be independent of a nuclear localization sequence (NLS) and the 

importin machinery (Fagotto et al, 1998; Huber et al, 1996), much work remains in determining the exact 

mechanism governing β-catenin’s translocation. 
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 Once in the nucleus, β-catenin is able to bind transcriptional coactivators of the TCF/LEF family, 

specifically TCF4 (Behrens et al, 1996; Molenaar et al, 1996). Importantly, in the absence of active Wnt 

signaling, TCF family members act as transcriptional co-repressors though binding of Groucho/Grg/TLE 

proteins. Binding of β-catenin to TCF proteins relieves this repression by displacing Groucho and 

converting it into a transcriptional activator (Cavallo et al, 1998; Roose et al, 1998). While specific target 

genes vary depending on cell type and context, Wnt activation in the intestine results in transcription of 

numerous genes required for proliferation and stem cell function, such as c-Myc, CyclinD1, LGR5, ASCL2, 

SOX9, EPHB2, and EPHB3 (Barker et al, 2007; Batlle et al, 2002; Blache et al, 2004; He et al, 1998; 

Shtutman et al, 1999; Tetsu & McCormick, 1999; van der Flier et al, 2009). Indeed, Wnt activation is 

believed to be the main driver of proliferation and stem cell maintenance in the crypt, in response to Wnt3a 

ligand secreted from either Paneth cells or nearby myofibroblasts (reviewed in (Clevers & Bevins, 2013; 

Medema & Vermeulen, 2011; Noah et al, 2011). Importantly, as cells move out of the crypt, increased 

distance from these secreted Wnt ligands halts proliferation and helps precipitate the differentiation 

process.  

To maintain homeostasis, tight control over Wnt activation is required. Thus, other morphogens 

such as bone morphogenic proteins (BMPs) and Indian Hedgehog (Ihh) work to functionally oppose the 

Wnt pathway (reviewed in (Medema & Vermeulen, 2011)). In the intestine, BMP4 is expressed by cells of 

the inter-villus mesenchyme, which in turn acts on cells of the villus epithelium through paracrine signaling 

to augment differentiation. Ablation of BMP4 signaling in the intestine, either through ectopic 

overexpression of the BMP inhibitor Noggin or knockout of the BMP receptor, results in de novo crypt 

formation, increased proliferation, and higher expression of crypt-associated Wnt target genes such as c-

Myc and EphB3 (Haramis et al, 2004; He et al, 2004). Other studies have shown BMP activation is able to 

represses β-catenin/TCF4 driven transcription, and deletion of Smad4 dramatically increases tumor 

formation in Apc mutant mice (Freeman et al, 2012). Ihh activation yields a similar effect as observed with 

BMP and Ihh deletion recapitulates many of the phenotypes seen upon BMP loss (Kosinski et al, 2010; van 

Dop et al, 2010). Interestingly, mechanistic studies have determined the effect of Ihh is likely due to 

aberrant BMP signaling, as Ihh stimulates expression of BMP4 in the mesenchymal cells (Kosinski et al, 

2010). Thus, these pathways appear to cooperatively inhibit Wnt activation.  
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Because Wnt activation maintains the massive amount of proliferation needed to replenish the 

intestinal epithelium, it is perhaps not surprising that disruptions in Wnt activation can have drastic 

consequences on intestinal homeostasis.  Loss of Wnt signaling, mediated by deletion of Wnt effectors (i.e. 

Tcf4 or c-Myc) or ectopic overexpression of Wnt antagonists such as Dkk1, has been shown to result in 

complete loss of the crypt compartment and stem cell populations (Kuhnert et al, 2004; Muncan et al, 2006; 

Pinto et al, 2003; van de Wetering et al, 2002). Conversely, aberrant Wnt signaling through homozygous 

deletion of Apc immediately leads to increased cell proliferation and expansions of the undifferentiated 

cells (Sansom et al, 2004), resulting in a wide-spread “crypt-progenitor phenotype” which encompasses the 

entire intestinal epithelium and leads to morbidity within 5 days (Chapter 3).  

Nowhere is the dramatic effect of aberrant Wnt activation as obvious as in the case of Familial 

Adenomatous Polyposis (FAP), a dominant hereditary polyposis resulting from the inheritance of a 

truncated APC allele (Kinzler et al, 1991; Nishisho et al, 1991). As APC serves as a scaffolding protein for 

the β-catenin destruction complex, its loss renders the complex non-functional and constitutively activates 

the Wnt signaling cascade. In the case of FAP, patients inherit one WT and one mutated APC allele, and 

tumor formation occurs when the wild type APC allele is lost through a process known as loss of 

heterozygousity (LOH) (Kinzler & Vogelstein, 1996; Oshima et al, 1995). In the case of FAP, the aberrant 

Wnt signaling which results from APC loss can lead to the formation of hundreds to thousands of 

adenomatous polyps, which often progress to invasive cancer. While FAP itself is quite rare, APC loss is 

widely applicable to the development of colorectal cancer (CRC). Importantly, APC mutations are found at 

the earliest stages of the adenoma-to-carcinoma progression prior to any other detectable mutations, and for 

many years has been thought to be the most common initiating event in human CRCs (Fearon & 

Vogelstein, 1990). Importantly, these early studies have been supported by recent, non-biased sequencing 

approaches, such as those utilized The Cancer Genome Atlas (TCGA). To-date, TCGA mutational analysis 

has reported APC mutations in an astounding 76% of patient CRC tumors, and when combined with other 

Wnt pathway mutations it appears that activation of the canonical Wnt cascade may be the initiating step in 

over 80% of human CRCs (2012). 
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Mouse models of CRC 

Multiple mouse models have been developed to study intestinal tumorigenesis, with most 

mimicking the APC mutation found in FAP (Fodde et al, 1994; Moser et al, 1990; Oshima et al, 1995; Su et 

al, 1992). Thus, many of these models rely on inheritance of one truncated Apc allele, with tumor formation 

occurring when the remaining WT allele is lost. While similar in that each phenotype is mechanistically 

caused by Apc loss, differences between the models exist depending on the length of the inherited, 

truncated Apc allele. For example, mice with truncation at codon 716 display up to 300 tumors throughout 

the intestinal tract, while those mutated at codon 1638 only develop 3-5 tumors (Fodde et al, 1994; Oshima 

et al, 1995). The ApcMin model, whose inherited Apc allele is truncated at codon 850, lies in the middle, 

and develops approximately 100 polyps (Moser et al, 1990). Interestingly, different APC fragments vary in 

their ability to bind destruction complex members and inactivate β-catenin, which likely explains some 

variation observed in these tumor models. Indeed, β-catenin activation has been described by many as a 

threshold effect, and tumor formation only occurs only when critical signaling levels are reached 

(Albuquerque et al, 2002). As longer APC fragments still retain many of the domains necessary for β-

catenin downregulation, the lower tumor number is likely due to mutant cells being less able to surpass the 

necessary threshold for transformation. However, it is interesting that ~200 tumors are found in mice 

lacking Apc completely, less that the number commonly found in the ApcΔ716 model (Cheung et al, 2010). 

Thus, the ability of APC to degrade β-catenin may not be the only contributing factor to the differences 

observed in these model systems.  

While mouse models of human CRC have proved invaluable in the experimental setting, it is also 

worth noting the major differences that exist between human CRC and the mouse tumor models. For one, 

the length of the truncations commonly used in mouse tumor models are much shorter that those observed 

in human tumors, although the Apc1638 model is a notable exception that is relatively similar to human 

tumors in this respect (Rowan et al, 2000). Secondly, the tumors derived in mouse models are 

overwhelmingly adenomatous in nature, and while localized invasion can be seen in some models, 

metastasis is quite rare (Fodde et al, 1994; Moser et al, 1990; Oshima et al, 1995). Thus, while most human 

deaths are attributed to complications from distant metastases, mouse morbidity is generally due to GI 
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occlusion and/or chronic anemia due to high numbers of intestinal tumors.  Finally, tumors in Apc-driven 

mouse models occur predominantly in the small intestine and not the colon, which is the primary site of 

involvement in human cancer. The mechanism behind this localization change is not yet known, and while 

mouse models have influenced much of what we know about intestinal biology, one must consider the 

possibility of unknown differences in the mouse and human intestine that may influence homeostasis and 

tumor development. 

 

General Introduction to p120 and its cellular functions 

p120-catenin (p120) was originally discovered as a substrate for tyrosine phosphorylation in Src-

transformed fibroblasts (Reynolds et al, 1989). It was subsequently designated a catenin due to its 

interactions with cadherins (Daniel & Reynolds, 1995; Reynolds et al, 1994; Shibamoto et al, 1995), a large 

family of proteins that mediate cell-cell adhesion through homophilic interactions between adjacent cells. 

As cell-cell adhesion is perhaps a defining characteristic of multicellular organisms (Carnahan et al, 2010), 

cadherins are involved in a diverse range of basic cellular activities, including but not limited to tissue 

homeostasis, morphogenesis, and cancer (reviewed in (Gumbiner, 2005; Takeichi, 1995; Yap, 1998)). 

p120 is the prototypical member of a family of armadillo-repeat proteins that includes δ-catenin 

(δ-catenin), ARVCF, p0071, and plakophilins (Anastasiadis & Reynolds, 2000). Importantly, p120 lacks 

enzymatic activity and instead functions primarily as a scaffolding protein (Figure 2). Perhaps its best 

known role in this regard is its role at the plasma membrane, where it binds to E-cadherin and stabilizes not 

only E-cadherin, but the entire cadherin complex.  p120 is also known to modulate actin cytoskeleton 

dynamics by regulation of RhoGTPases, and may mediate transcriptional response through interactions 

with Kaiso (reviewed in (Anastasiadis, 2007; Daniel, 2007; van Roy & McCrea, 2005)). 
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p120 in cadherin stability 

The classical cadherins (notably E-, N-, and VE-cadherin) are a large protein family of 20 known 

members, yet each is reliant on p120 for stabilization (Hulpiau & van Roy, 2009). p120 binds to the catenin 

juxtamembrane domain (JMD) through its first 5 armadillo repeats (Ireton et al, 2002; Thoreson et al, 

2000), and lack of any one of p120’s arm domains results in destabilized cadherins and reduced cell-cell 

adhesion. Re-expression of full-length p120 in these experiments doubles E-cadherin protein half-life with 

no concurrent change in mRNA levels, indicating p120 controls cadherin levels through protein 

stabilization (Ireton et al, 2002).  Mechanistically, this is likely due to p120 masking a dileucine motif on 

E-cadherin necessary for clatherin-dependent endocytosis (Miyashita & Ozawa, 2007; Xiao et al, 2005).  

The p120-bound cadherin normally exists in a complex at the plasma membrane along with α- and 

β-catenins (α-catenin, β-catenin) (Figure 2). Along with p120, these proteins bind the cadherin C-terminal 

tail where they physically and/or functionally link the cadherin to the actin cytoskeleton (Rimm et al, 1995; 

Yamada et al, 2005). Together, this structure is commonly referred to as the “cadherin complex,” and is a 

crucial component of a cell-cell junction type known as the adherens junction (AJ). Importantly, in the 

event of p120 loss the entire complex is internalized and degraded, which culminates in decreased protein 

levels of E-cadherin, α-catenin, and β-catenin (Davis et al, 2003). This phenomenon is highly consistent 

across both in vitro and in vivo systems, as most tissues in which p120 is experimentally ablated 

demonstrate significant reductions in cadherin complex proteins (Bartlett et al, 2010; Davis et al, 2003; 

Davis & Reynolds, 2006; Elia et al, 2006; Marciano et al, 2011; Oas et al, 2010; Perez-Moreno et al, 2006; 

Smalley-Freed et al, 2010; Smalley-Freed et al, 2011; Stairs et al, 2011). Indeed, the majority of p120 

ablation phenotypes appear due to disrupted cell-cell adhesion induced by loss of the adherens junction and 

cadherin complex proteins.  
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Figure 2. Roles for p120 and the canonical Wnt pathway. p120 binds classical cadherins and stabilizes the 

cadherin complex at the membrane. p120 also interacts with Rac and Rho GTPases, and is known to inhibit 

NFκB. p120 binds to a nuclear partner, Kaiso, and is thought to inhibit Kaiso-mediated repression by physical 

sequestration. Multiple components of p120 signaling interact with the canonical Wnt pathway (left), including 

β-catenin and Kaiso. 
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Activity modulation of Rho family GTPases by p120 

In addition to roles in cadherin stability, p120 has also been implicated in control of Rho family 

small GTPases, such as RhoA and Rac (reviewed in (Anastasiadis, 2007)). GTPases function as binary 

switches, controlling important cellular processes such as adhesion and motility. Functionally, these 

proteins are controlled by binding to GTP or GDP, resulting in activation or inactivation, respectively 

(reviewed in (Jaffe & Hall, 2005)).  

Over the years, p120 has been shown to modulate RhoA activity through a variety of non-

mutually exclusive mechanisms. Phenotypically, RhoA activation often results in decreased migration and 

cell rounding due to increased cellular tension, while inhibition results in cell branching and increased 

formation of lamellapodia (reviewed in (Jaffe & Hall, 2005)). Interestingly, the opposite is seen with p120 

overexpression in NIH-3T3 fibroblasts, which results in striking and widespread cell branching due to 

p120-mediated RhoA inhibition (Anastasiadis et al, 2000). Subsequent studies have shown p120 is able to 

bind directly to RhoA through the phosphorylated tyrosine 112 residue and/or amino acids 622-628 

(Castano et al, 2007; Yanagisawa et al, 2008), and suggests a model in which p120 is responsible for 

maintaining RhoA in an inactive, GDP-bound state. Alternatively, p120 is modulate RhoA activity by 

binding p190 Rho GTPase activating protein (GAP), recruiting it to the cadherin complex to mediate local 

Rho inhibition (Wildenberg et al, 2006), or by binding to RhoA’s downstream effector, ROCK1 (Smith et 

al, 2012; Smith et al, 2011). As p120 has been clearly shown to inhibit RhoA in vivo, together these studies 

suggest extensive crosstalk between RhoA and p120 in a variety of systems (Perez-Moreno et al, 2006).  

On the other hand, p120 has been shown to activate another Rho family member, Rac1 (Goodwin 

et al, 2003; Johnson et al, 2010; Noren et al, 2000; Soto et al, 2008; Yanagisawa & Anastasiadis, 2006). In 

MBA-MD-231 and Neu-transformed MCF10A cells, p120 activates Rac1 to promote cell growth and 

invasion, although these results were not consistent in all cell lines tested (i.e. MCF7) (Johnson et al, 2010; 

Soto et al, 2008). Furthermore, p120 KD completely inhibits MDCK cell transformation by oncogenic Rac 

(Dohn et al, 2009). Interestingly, Rac and Rho signaling are often interdependent, thus p120 may not only 

be important the control of each individually, but likely plays a critical role in cross-talk between the two 

pathways. For example, Rac inhibits Rho through the well-characterized Bar-Sagi pathway (Nimnual et al, 
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2003), and this inhibition is dependent on both p120 and p190RhoGAP (Wildenberg et al, 2006). Thus, 

p120 may function as an important nexus which allows signal integration from both Rac1 and RhoA 

pathways. 

 

p120 isoforms and EMT 

 p120 displays an amazing amount of complexity at the mRNA level. In mammals, this complexity 

stems in part from four alternative translational start sites and three alternatively spliced exons (i.e. A, B, 

and C), which yields a staggering 32 different isoforms (Keirsebilck et al, 1998; Mo & Reynolds, 1996). 

However, while multiple isoforms of p120 are expressed in cancer cell lines and tumor samples (Sarrio et 

al, 2004), a simplified approach focuses on just two main isoforms, termed 1A and 3A. Isoform 1A is the 

predominant p120 isoform in mesenchymal cells (e.g. fibroblasts), and includes the full length p120 protein 

with the N-terminal coiled-coiled domain. In epithelial cells, isoform 3A is primarily expressed (Mo & 

Reynolds, 1996), where the coiled-coiled domain and part of the N-terminal regulatory domain are 

removed by the use of a downstream translational start site (reviewed in (Reynolds & Roczniak-Ferguson, 

2004)).   

Evidence for distinct roles of the p120 isoforms is emerging. The difference in isoform expression 

patterns may be due in part to differences in cadherin expression, as isoform 1 shows a distinct preference 

for N-cadherin, the primary cadherin of mesenchymal cells, while isoform 3 more readily associates with 

the epithelial E-cadherin (Seidel et al, 2004). Importantly, differential expression of p120 isoforms appears 

to have major consequences on cell adhesion and migration (reviewed in (Pieters et al, 2012)), and is often 

associated with a phenomenon known as epithelial-to-mesenchymal transition (EMT) in which epithelial 

cells adopt a more migratory and invasive phenotype (reviewed in (Kalluri & Weinberg, 2009)). Cells 

undergoing EMT lose expression of E-cadherin, which helps maintain cell-cell contacts, cell polarity, and 

tissue integrity, and instead acquire expression of N-cadherin and other mesenchymal markers such as 

vimentin. These changes are often associated with increased migration and tumor cell invasion, thus EMT 

is thought to be a common phenomenon in tumor progression and metastasis. Interestingly, the E- to N-
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cadherin switch induced by EMT is concurrent with a switch in p120 isoforms, going from predominant 

expression of 3A in epithelial cells to isoform 1A (Sarrio et al, 2004; Slorach et al, 2011). Indeed, p120 

isoform 1 has been shown to increase cell migration and invasion in numerous cell culture systems (Slorach 

et al, 2011; Yanagisawa et al, 2008). Importantly, due to its role in EMT and E-cadherin regulation, p120 is 

often assumed to be an important player in late-stage tumor progression and the transition to metastasis.  

 

An introduction to Kaiso 

Kaiso (ZBTB33), a member of the BTB/POZ-ZF (broadcomplex, tramtrack, bric-a-brac/poxvirus 

and zinc finger) subfamily of transcription factors, was originally identified through a yeast two-hybrid 

screen as a p120 binding partner (Daniel & Reynolds, 1999). The interaction appears to involve the first 7 

ARM repeats of p120 and all three ZF domains of Kaiso, although other binding elements are apparently 

required as Kaiso is unable to bind p120 isoform 1 (Daniel & Reynolds, 1999; Zhang et al, 2011). Because 

Kaiso requires all three zinc fingers for both high affinity DNA binding and interaction with p120, p120 

has long been thought to inhibit Kaiso’s transcriptional roles (Buck-Koehntop et al, 2012a; Buck-Koehntop 

et al, 2012b). Numerous studies have shown p120 does indeed mediate Kaiso-induced transcriptional 

changes, either by competitive binding or by inhibiting Kaiso through cytoplasmic sequestration (Kelly et 

al, 2004; Kim et al, 2004; Park et al, 2006; Spring et al, 2005). Interestingly, Kaiso has also been reported 

to bind the p120 family member, δ-catenin, and this interaction appears particularly important to neural 

development (Rodova et al, 2004). 

Kaiso appears to have dual DNA specificity, and has been shown to bind DNA via a non-

methylated consensus Kaiso binding site (KBS, TCCTGCNA), as well as methylated CpGs, possibly in a 

sequence-specific manner (Buck-Koehntop et al, 2012b; Daniel et al, 2002; Prokhortchouk et al, 2001; 

Ruzov et al, 2004; Sasai et al, 2010b). Interestingly, Kaiso’s ability to bind methylated CGCGs is unique 

among its family members, as ZBTB4 and ZBTB38 are only able bind a single methylated CpG (Filion et 

al, 2006). In line with methyl binding, Kaiso is overwhelming thought to functional as a transcriptional 

repressor and has been shown to inhibit target genes such as MMP7 (matrilysin), CCND1 (CyclinD1), 
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WNT11, CDKN2A (p16), and BCL6 though both KBS and CpG-mediated mechanisms (Daniel et al, 2002; 

Donaldson et al, 2012; Kim et al, 2004; Koh et al, 2013; Lopes et al, 2008). Kaiso is also known to form 

repressive protein complexes with N-CoR, HDAC1, and MTG16 (Barrett et al, 2012; Iioka et al, 2009; 

Yoon et al, 2003). Importantly, because only a limited number of methy-CpG-binding proteins exist, Kaiso 

has been suggested to be a major player in chromatin organization, genome stability, and epigenome 

maintenance (reviewed in (Defossez & Stancheva, 2011; Fournier et al, 2012)).  

Interestingly, recent advances have called much of the above data into question. Kaiso was 

recently subject to a non-biased chromatin immunoprecipitation-sequencing (ChIP-seq) screen by an 

independent laboratory as part of the Human Genome Project (HGP), and subsequent analysis of Kaiso 

binding peaks in this study revealed surprising results. Strikingly, Kaiso was found at any of the previously 

reported target genes, and the full KBS sequence was only present in 5 of the 405 Kaiso-bound promoters 

analyzed (Chapter 4). Instead, these results identified a preference for a previously orphaned motif, the M8 

motif, which is a common and well-conserved binding element in mammalian genomes (Raghav et al, 

2012). This new binding site (eKBS) contains a central CGCG, and methylation at these sites appears to 

increase Kaiso’s affinity in a manner consistent with earlier studies (Raghav et al, 2012). However, analysis 

of the Kaiso ChIP-seq data in conjunction with DNA methylation databases has found that Kaiso-bound 

promoters are largely unmethylated, suggesting Kaiso may instead contribute to promoter activation 

(Blattler et al, 2013). Indeed, eKBS genes are some of the most frequently transcribed, with roles in 

housekeeping, ribosomal assembly, and translation (Wyrwicz et al, 2007; Yamashita et al, 2007). 

Furthermore, mutation of the eKBS sequence has been shown to decreases transcription of promoters such 

as HNRNPK and FBN1 (Guo et al, 2008; Mikula et al, 2010). However, Kaiso-dependent changes in 

eKBS-driven transcripts have yet to be reported, nor have these results been recapitulated in in vivo 

systems. 
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p120 ablation in model organisms 

 p120 ablation studies in vitro invariably yield striking changes in cell-cell adhesion. Therefore, 

more recent studies have looked to characterize the effects of p120 ablation in vivo across a variety of 

tissue and organ systems. Interestingly, attempts at global p120 KO in mice, zebrafish,  and Xenopus have 

shown p120 expression to be an absolute requirement for vertebrate development (Carnahan et al, 2010). 

To sidestep issues with early lethality, later studies have relied on use of inducible mouse models to control 

tissue and temporal specificity of p120 KO. Two models of p120 floxed alleles were concurrently 

developed, the first of which introduced loxP sites flanking all four transcriptional start sites (Davis & 

Reynolds, 2006). The second model floxes exon 7, corresponding to parts of ARM repeats 1, 2, and 3, 

which results in a frameshift mutation and mRNA degradation (Elia et al, 2006).  Importantly, both models 

are able to generate complete p120 loss and have been extensively characterized in a variety of tissues.   

Although effects vary widely depending on the organ system and context, phenotypes associated 

with tissue-specific p120 ablation are often severe (Table 1). Phenotypes are mostly attributed to p120-

dependent changes in cadherin levels, resulting in defects in adhesion, migration, and cell polarity. For 

example, p120 KO targeted to the salivary gland results in perinatal death, due to complete failure to form 

acinar structures. This model also demonstrated deformed ducts and an epithelial phenotype which 

resembled intraepithelial neoplasia (Davis & Reynolds, 2006).  Likewise, the developing mammary gland 

doesn’t form at all in the absence of p120, and while limited ablation allows formation of a mammary 

ductal tree, p120 null cells are lost due to inability to participate in collective cell migration (Kurley et al, 

2012). p120-ablated kidneys are unable to develop tubules and over time develop hyperplastic kidney cysts 

(Marciano et al, 2011). Importantly, the requirement for p120 is not just limited to ductal epithelial cells. 

Targeting p120 ablation to the vasculature results in embryonic lethality and hemorrhaging, and mice with 

p120 loss in the enamel-producing ameloblasts exhibit considerable wasting and tooth erosion (Bartlett et 

al, 2010; Oas et al, 2010). Thus, the absence of p120 leads to cell-cell adhesion defects and disruption of 

tissue homeostasis across almost all tissues reported to-date. A notable exception to the severity of p120 

ablation is in the adult prostate gland, which has no discernable phenotype despite extensive p120 ablation. 
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In addition to cadherin- and Rho-mediated phenotypes, p120 loss also induces striking 

inflammatory responses in some systems. p120 KO in the skin, a stratified epithelium, results in little 

change to cell-cell adhesion and barrier function is still maintained (Perez-Moreno et al, 2006). However, 

aged mice show epidermal hyperplasia and chronic inflammation, a phenotype attributed to cell-

autonomous inactivation of NFκB and pro-inflammatory signaling. Inflammation also drives a striking 

phenotype in the oral cavity and esophagus, where p120 null cells secrete a host of inflammatory factors 

and chemoattactants (e.g. TNFα and M-CSF), which leads to extensive immune cell infiltration and 

activation (Stairs et al, 2011). Long term, this highly reactive microenvironment induces severe dysplasia 

and invasive squamous cancer, and was one of the first studies to show a tumor suppressor role for p120 in 

vivo. However, it is currently unclear in these instances whether p120-mediated cell-cell adhesion 

contributed materially to tumor development. 

 

The effect of p120 ablation in the intestine 

Previous work in our lab has focused on detailing the effects of p120 loss in the intestinal 

epithelium. Using a constitutively active Villin-Cre driver, we induced widespread p120 ablation in the 

intestine beginning at embryonic day 9.5 (Smalley-Freed et al, 2010). These mice were born; however, 

p120 ablation in 50% or more of the intestinal epithelium led to adhesive defects, massive inflammation, 

and intestinal bleeding that was lethal in all mice by 21 days of age.  We then constructed a second-

generation model using a tamoxifen-inducible Villin-CreER to enable limited p120 KO and long-term 

experiments (Smalley-Freed et al, 2011). A tamoxifen regime inducing p120 KO in ~10% of the intestinal 

epithelium turned out to be well tolerated, and resulting colonies of p120 null cells were at little or no 

disadvantage and persisted for the life of the animal. Surprisingly, this limited p120 ablation resulted in 

tumor formation in 45% of the animals, albeit at relatively long latencies of 12 – 18 months. Interestingly, 

the p120-null cells themselves were not found in the tumors, and tumor formation was attributed to long-

term chronic inflammation due to defects in intestinal barrier function and recruitment of Cox2 (+) 

neutrophils by adjacent p120-null cells. Importantly, inflammatory diseases such as Crohn’s colitis and 

ulcerative colitis are a well-known risk factor for development of human CRC (reviewed in (Peterson & 
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Artis, 2014)), thus these studies suggest a widely-applicable tumor suppressive role for p120 in the 

development of intestinal cancers.   

 p120’s in vitro effect on cadherin levels have been recapitulated in all tissues examined to date.  

Classical cadherin levels (namely E-cadherin) drop by approximately 50% following p120 ablation in the 

GI tract, epidermis, and salivary gland, while ablation in the mammary gland and prostate reduces 

cadherins to almost undetectable levels (Davis & Reynolds, 2006; Kurley et al, 2012; Perez-Moreno et al, 

2006; Smalley-Freed et al, 2010; Smalley-Freed et al, 2011). Importantly, this consequence is strictly 

limited to cadherins and the AJ. While many model systems have reported changes in barrier function, a 

role primarily associated with tight junctions, p120 ablation has to-date shown no effect on the formation of 

tight junctions or expression of their primary proteins (Dohn et al, 2009; Smalley-Freed et al, 2010). 

Likewise unaffected are desmosomes and desmosomal proteins, suggesting that consequences of p120 

ablation are solely due to changes in cadherin and AJ function (Dohn et al, 2009). 

 

Cadherin and catenin function in the intestine 

 As suggested by the above studies analyzing the effects of p120 KO in the intestine, proper 

cadherin function plays an important role in intestinal homeostasis. Early studies in which a dominant-

negative (DN) cadherin was expressed in the intestinal epithelium resulted in widespread, Crohn’s disease-

like inflammation and adenoma development, pointing to the necessity of functional cadherins in 

maintaining barrier function and homeostasis in the intestinal epithelium (Hermiston & Gordon, 1995). 

Interestingly, the mechanism behind the DN-cadherin appears to be through p120 itself, as p120 is able to 

bind the cytoplasmic domain of the truncated cadherin, which sequesters and prevents p120 from binding 

and stabilizing endogenous cadherins (Xiao et al, 2003). Thus, it was perhaps not surprising that p120 KO 

in the intestine also induced a barrier defect and inflammatory consequences much as those seen with the 

DN-cadherin model (Smalley-Freed et al, 2010).   
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E-cadherin is the predominant cadherin in the intestinal epithelium and is highly expressed in both 

crypt and villus units (Dogan et al, 1995). However, studies have reported a slight decrease in E-cadherin 

expression in the crypt, particularly in the lower 1/3 which houses the intestinal stem cells (Escaffit et al, 

2005; Tan et al, 2013). Interestingly, while subtle, this expression change may have important biological 

consequences for crypt homeostasis. Cells in the crypt are quite mobile, and E-cadherin may be decreased 

to support the cell rearrangements necessary with intestinal stem cell (ISC) and TA cell proliferation and/or 

crypt budding (Tan et al, 2013). Crypt cells, particularly the ISCs and Paneth cells, are also excluded from 

the collective migration responsible for moving differentiated cells up to the villus (as are the TA cells until 

they finish their proliferative programs). Importantly, cadherin expression has been shown to be required 

for collective migration in a variety of scenarios (reviewed in (Friedl, 2004; Friedl et al, 2004; Theveneau 

& Mayor, 2012)). Therefore, lower expression of E-cadherin may help maintain compartmentalization of 

the intestinal crypt, and higher E-cadherin expression acquired upon differentiation helps join cells to the 

intestinal “conveyor belt” to move up the villus. 

 Like p120, proper E-cadherin function is vital for intestinal homeostasis. Widespread E-cadherin 

KO induces striking defects in cell-cell adhesion, culminating in increased cell shedding, apoptosis, and 

bloody diarrhea which leads to death of the animal within 6 days (Schneider et al, 2010). Cell positioning 

and cell differentiation were also severely impaired, particularly in cells of the secretory lineages. 

Furthermore, loss of E-cadherin increases cell proliferation and expands the proliferative zone, thus taken 

together E-cadherin loss appears to affect migration, differentiation, and proliferation. Conversely, studies 

which overexpress E-cadherin report decreased proliferation and migration along the crypt villus axis 

(Hermiston et al, 1996). While decreased proliferation itself can impair migration, both phenotypes were 

separately caused by the ectopic E-cadherin. Indeed, restricting overexpression only to the villus 

recapitulated the defect in migration, while alleviating the proliferation phenotype observed in the crypt. 

Collectively, these data point to a major regulatory role for E-cadherin in various aspects of intestinal 

epithelial cell function and homeostasis. 
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Interestingly, the presence of a classical cadherin alone is insufficient to rescue many defects 

observed with E-cadherin alteration. Studies which express N-cadherin through the E-cadherin promoter 

report that, while these mice are born normally (suggesting that N-cadherin can structurally substitute for 

E-cadherin in development and morphogenesis), there were dramatic changes in the intestinal epithelium 

which grew more pronounced as the mice aged (Libusova et al, 2010). N-cadherin expressing mice show 

increased cell proliferation, expansion of the proliferative zone, morphological defects, and polyp 

formation, and together these alterations result in death of the mutant mice within ~2-3 weeks. However, 

while both are members of the classical cadherin family, the differences between N-cadherin and E-

cadherin are quite extensive. Thus, the differences in biological function (e.g. EMT) may account for some 

of the dramatic results these authors report, and this study has not yet been duplicated with a member of the 

cadherin family more similar to E-cadherin, such as P-cadherin. However, taken together, these studies 

illustrate that proper E-cadherin expression and function are both required to maintain intestinal 

homeostasis, and cadherin alteration may affect the intestinal epithelium in a manner more complex than 

solely regulating cell-cell adhesion. 

 The role of α-catenin in vivo is not as well characterized as many of its AJ binding members, 

particularly in the intestine. However, in line with in vitro studies, the effects of α-catenin knockout appear 

to be both cadherin- and non-cadherin-specific. Loss of α-catenin function blocks mouse embryonic 

development at the blastocyst stage, much like targeted loss of E-cadherin (Torres et al, 1997).  

Furthermore, α-catenin knockout in neural precursors or skin reduces adhesion and results in cell polarity 

defects, as would be expected with AJ and cadherin complex loss (Lien et al, 2006; Vasioukhin et al, 

2001). However, the adhesive defect observed with skin-specific α-catenin knockout is actually more 

severe than that seen with loss of E-cadherin, as is the hyperproliferation phenotype (Vasioukhin et al, 

2001). While this discrepancy could be due to family member compensation for E-cadherin (i.e. P-

cadherin), α-catenin appears to more directly mediate other cellular roles, such as contact inhibition. 

Indeed, α-catenin-dependent control of YAP1 is thought to be a major contributor to its phenotype in the 

skin (Schlegelmilch et al, 2011; Silvis et al, 2011).  However, much work still remains to be done in 

determining the exact role of α-catenin in vivo, especially in other organ and tissue systems. 
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Cadherin and catenins in CRC  

Due to their well-described roles in EMT and cell migration, cadherin complex proteins have been 

a frequent subject of IHC-based pathology studies in an attempt to define them as prognostic markers.  

While the prognostic value of these proteins is still a topic of debate, various studies report decreased 

immunoreactivity and/or mislocalization of p120 in CRC samples (Bellovin et al, 2005; Bondi et al, 2006; 

Gold et al, 1998; Karatzas et al, 1999; Skoudy et al, 1996). Indeed, altered p120 status was reported in 

some studies in as many as 86% of samples, and was often found to correlate with increased tumor 

progression, decreased 5- and 10-year survivals, and/or increased lymph node metastasis (Bellovin et al, 

2005; Gold et al, 1998). However, complete loss of  p120 protein was fairly rare, and tumors with regional 

loss were often much more advanced than those showing only downregulation or mislocalization (Gold et 

al, 1998). Consistent with p120-dependent regulation, changes in E-cadherin levels were often seen in 

tumors with altered p120 (Bellovin et al, 2005; Bondi et al, 2006; Skoudy et al, 1996). Interestingly, 

alterations in E-cadherin and p120 have also been reported in non-cancerous intestinal polyps, including 

one study which found decreased p120 staining in 20/20 hyperplastic polyps (Valizadeh et al, 1997). Thus, 

while commonly associated with events late in tumor progression, these studies raise the possibility that 

p120 and cadherin complex proteins may contribute to tumorigenesis much earlier than previously thought.  

In line with a role in early tumorigenesis, both E-cadherin and α-catenin have been shown to 

mediate formation of intestinal adenomas in Apc-dependent mouse models.  A study by Smits et al. 

demonstrated that loss of one E-cadherin allele increased tumor formation 10-fold in the Apc1638 model, 

with no change in tumor progression or invasion (Smits et al, 2000). While striking, the mechanism of this 

increase is unknown and appears to be independent of E-cadherin’s conventional roles in invasion and 

EMT. Interestingly, this study only included analysis of heterozygous animals and included no 

homozygous cohort. This may be because long-term E-cadherin loss is poorly tolerated and therefore not 

conducive to tumor studies (Schneider et al, 2010). Another possibility, however, is that complete loss of 

E-cadherin is specifically not tolerated within the intestinal adenomas, as we see with p120 (Chapter 3). 

Indeed, a tumor suppressive mutation identified by the Noda group was determined to be a loss of function 

in α-catenin (Shibata et al, 2007). As α-catenin loss in the skin leads to hyperproliferation and tumor 
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formation, it was surprising to find that in the intestine, α-catenin actually appears to be necessary for 

tumor development. Collectively, these studies point to a role for cadherins and catenins in early intestinal 

tumorigenesis and suggest a more complex function not restricted to late stage progression and metastasis.  

 

Opportunities for cadherin involvement in early tumorigenesis  

 β-catenin is an essential molecule for both cell-cell adhesion and induction of the canonical Wnt 

cascade, thus it is perhaps not surprising that the cadherin complex itself is thought to have roles in Wnt 

activation and CRC. Because both cadherins and Wnt signaling appear to rely on the same pool of β-

catenin, it has long been thought that disruption of the E-cadherin complex releases β-catenin from its role 

at the plasma membrane and increases the cytoplasmic pool available for Wnt signal transduction. This is 

supported by cadherin overexpression studies in Xenopus and drosophila, which recapitulate phenotypes 

observed with Wnt inhibition (Fagotto et al, 1996; Heasman et al, 1994). Likewise, cadherin 

overexpression in CRC cell lines triggers membrane recruitment of β-catenin and decreased expression of 

Wnt/TCF target genes (Gottardi et al, 2001; Sadot et al, 1998; Shtutman et al, 1999), while E-cadherin KD 

is able to augment Wnt activation (Kuphal & Behrens, 2006). Indeed, increases in Wnt activation are 

consist even across multiple mechanisms of cadherin removal and/or inhibition, including cadherin 

cleavage (Maretzky et al, 2005; Reiss et al, 2005) and GFR-induced cadherin internalization (Morali et al, 

2001). However, it is also important to note that cadherin loss alone is not sufficient to activate the Wnt 

cascade, particularly in cells with a functional β-catenin destruction complex (Herzig et al, 2007; Kuphal & 

Behrens, 2006). Taken together, these studies reveal an important functional contribution for the cadherin 

complex in Wnt regulation. Furthermore p120, as a major regulator of cadherin function and stability, may 

be an important mediator of Wnt and early CRC development.  
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p120 may also influence Wnt signaling through its interaction with its nuclear binding partner, 

Kaiso. Kaiso has been shown to influence Wnt activation in a variety of model systems by interfering with 

TCF binding (to either β-catenin or DNA) and by direct repression of canonical Wnt targets such as c-Myc 

and CyclinD1 (Donaldson et al, 2012; Kim et al, 2004; Park et al, 2005; Ruzov et al, 2009; Spring et al, 

2005). Importantly, cytoplasmic p120 is known to alleviate Kaiso-mediated Wnt repression by sequestering 

Kaiso from the nucleus, which may be necessary for Wnt signal transduction (Kelly et al, 2004; Spring et 

al, 2005). Thus, disruption of the cadherin complex may augment Wnt signaling in a two-pronged 

approach, simultaneously releasing both β-catenin and p120 from the membrane to potentiate Wnt 

activation. However, while reported in cell culture and Xenopus systems, Kaiso-mediated changes in Wnt 

signaling have yet to be recapitulated in live mammalian systems. Instead, studies of Kaiso null mice report 

delayed tumor formation and increased survival in the ApcMin model. Conversely, Kaiso overexpression in 

the intestine leads to an increased progenitor zone, although the effects on proliferation in this model are 

not well understood (Chaudhary et al, 2013; Prokhortchouk et al, 2006). Furthermore, increased Kaiso 

expression (both cytoplasmic and nuclear) has been reported in infiltrating ductal carcinomas and triple 

negative carcinomas of the breast, as well as non-small cell lung cancer and prostate cancer, and this 

increase often correlated with increased aggressiveness and/or worse prognosis. (Dai et al, 2009; Jones et 

al, 2014; Jones et al, 2012; Vermeulen et al, 2012). Thus overall, Kaiso appears to have a positive role in 

multiple tumor types, contributing to growth and aggressiveness though yet unknown mechanisms. 

While roles in Wnt activation are perhaps the best studied possibility, the cadherin complex is 

extensively coupled to other signaling pathways which may influence intestinal tumorigenesis, such as 

receptor tyrosine kinase (RTK) signaling. Colocalization of cadherin and RTKs has been frequently 

reported, although the functional consequences are not always the same (Crepaldi et al, 1994; Hoschuetzky 

et al, 1994; Pece & Gutkind, 2000). While in some cases cadherin involvement can result in RTK 

activation and protumorigenic signaling (Cheung et al, 2011; Pece & Gutkind, 2000), more frequently 

cadherins appear to shut down ligand-dependent RTK activation (Laprise et al, 2004; Qian et al, 2004; 

Takahashi & Suzuki, 1996). Thus, cadherin/RTK crosstalk may constitute a major tumor suppressive role 

in vivo, and activation of RTKs, such as the epidermal growth factor receptor (EGFR) or its family member 

ERBB3, has been shown necessary for tumor establishment in the ApcMin model (Lee et al, 2009; Roberts 



25 
 

et al, 2002). Taken together RTK activation may provide another mechanistic outlet for cadherin 

involvement in intestinal tumorigenesis.  

Interestingly, cadherin-mediated changes in RTK activation were often density dependent, and 

over the years adhesion proteins have been identified as effectors of a phenomenon known as contact 

inhibition of cell growth. Extensively studied in vitro, contact inhibition induces a change from 

proliferation to quiescence upon monolayer formation, a change mediated in part by cadherin-based 

inhibition of growth factor dependent signaling (Kim et al, 2011; Takahashi & Suzuki, 1996). However, in 

addition to RTKs, contact-dependent growth control is also heavily mediated by the HIPPO pathway and 

its downstream effector, YAP1. Originally discovered in Drosophila, signaling from Hippo (or its 

mammalian homologs MST1 and MST2) initiates a kinase cascade which ends with the oncoprotein Yorkie 

(YKI, YAP1 and TAZ in mammals) (reviewed in (Pan, 2010)). This phosphorylation event sequesters 

YAP1 in the cytoplasm, thus inhibiting its nuclear translocation (Lei et al, 2008; Zhao et al, 2007). 

However, in the absence of phosphorylation, YAP1 acts as a co-activator with transcription factors such as 

p73, RUNX2, and members of the TEAD/TEF family, the latter of which has lately emerged as the most 

likely candidate for mediating YAP1’s growth-inducing signals (Ota & Sasaki, 2008; Strano et al, 2001; 

Vassilev et al, 2001; Yagi et al, 1999; Zhao et al, 2008). However, as transcriptional outputs have varied 

between organ and tissue systems, these studies suggest YAP1 may function in a highly context-specific 

manner. 

While multiple upstream inputs exist to ensure dynamic regulation of tissue homeostasis, the 

cadherin complex appears to be one of the most potent regulators of HIPPO activation.  Both depend on 

each other for proper function; YAP1 is inhibited in a density-dependent manner that is directly dependent 

on E-cadherin (Varelas et al, 2010; Zhao et al, 2007), while intact HIPPO signaling is required for E-

cadherin mediated growth suppression (Kim et al, 2011). Interestingly, another upstream HIPPO mediator 

is the “4.1, Ezrin, Radixin, Moesin” (FERM) domain-containing protein, Merlin, which has been widely 

characterized as a tumor suppressor in a variety of tissue systems (Giovannini et al, 1999; Hamaratoglu et 

al, 2006; McClatchey et al, 1998). Merlin is able to regulate many of the protumorigenic signaling 

components listed above, such as EGFR, Rac1, and YAP1, and directly interacts with cadherin components 
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to regulate junction stability (reviewed in (Curto & McClatchey, 2008)). Thus, the regulation of contact 

inhibition and HIPPO pathway activation sits squarely at the membrane, revolving around the cadherin 

complex and its associated proteins.  

Recently, the study of contact inhibition has moved out of the cell culture dish into animal models, 

and the HIPPO pathway is now known to have major roles in regulating organ size, tissue differentiation, 

and tumorigenesis (reviewed in (Pan, 2010)). In the intestine, YAP1 activity is highest in the 

undifferentiated progenitor zone of the intestinal crypt, and increased YAP1 signaling leads to alterations in 

tissue structure, hyperplasia, and tumor formation (Barry et al, 2013; Cai et al, 2010; Camargo et al, 2007; 

Zhou et al, 2011). Interestingly, we observe decreased p120 staining in the same cell population with active 

YAP1, and p120 staining increases after differentiation and the transition to quiescence. Thus, it is 

tempting to speculate that the cadherin complex may regulate a form of “contact inhibition” in vivo, with 

reduced functionality of the cadherin complex allowing for active YAP1 and RTK signaling in the crypt 

and/or tumor. Indeed, E-cadherin modulation in the intestine influences proliferation and cell 

differentiation in a manner consistent with this hypothesis (Hermiston et al, 1996), and α-catenin KO 

phenotypes appear to be YAP1-dependent in many organ systems (Schlegelmilch et al, 2011; Silvis et al, 

2011). Thus, p120 and the cadherin complex likely contribute to adhesion-based regulation of proliferation 

and cell-growth both in vivo and in vitro.  

Finally, p120 may modulate early tumor formation through regulation of RhoA and its ability to 

modulate anoikis, a type of programed cell death induced by cell detachment. Importantly, anoikis is 

associated with anchorage-independent cell growth (AIG), which is imperative for tumor progression as it 

allows cancer cells to survive detachment, invasion, circulation, and colonization (reviewed in (Taddei et 

al, 2012)). Interestingly, p120 has been previously shown to mediate AIG through its ability to inhibit 

RhoA activation (Dohn et al, 2009). Experiments in which AIG was used as a readout for MDCK cell 

transformation have illustrated that p120 is required for both Src- and Rac-induced transformation and 

AIG, which was rescued by inhibiting of any component of the RhoA signaling cascade (i.e. RhoA, ROCK, 

or LIMK). Taken together, these data suggest p120 may function to mediate survival of early transformed 

cells, and can contribute to tumor formation by overcoming RhoA-induced cell death. 
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Hypothesis 

For my thesis work, it is my hypothesis that p120-catenin directly contributes to early 

tumorigenesis in the intestine. This seems likely, as p120 ablation in a variety of organ systems has led to 

tumor formation, and the pathology literature describes multiple changes to p120 and cadherin complex 

proteins in both early and late tumorigenesis. Furthermore, it is likely that an involvement for p120 in CRC 

will center around the cadherin complex, although there are many ways in which this could occur. On the 

other hand, it is also possible that p120 does not actively contribute to tumor formation, as our previous 

studies with p120 KO in the intestine speculate that tumor formation is due to indirect inflammatory 

mechanisms. However, chronic inflammation is a well-known risk factor for CRC, thus even an indirect 

effect on tumor formation may contribute to CRC development. Thus, the primary objective of my work 

will not only contribute to our understanding of p120 biology, but also to the functional relevance of p120 

to CRC.  
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CHAPTER II 

 

MATERIALS AND METHODS 

 

Animals 

Mice containing the floxed p120 allele (f) were generated as described previously by our lab 

(Davis & Reynolds, 2006) and backcrossed onto a C57bl/6 background. p120f/f mice were crossed with 

Vil-CreERT2 mice (el Marjou et al, 2004) to target tamoxifen-inducible p120 ablation to the small intestine 

and colon. p120f/f; Vil-CreERT2 mice were then crossed with Apc1638 or ApcMin
 
tumor models to 

generate experimental populations for tumor studies. After genotyping, p120 KO was induced by IP 

injection of 1 mg/20g mouse weight of tamoxifen (TAM) dissolved in corn oil for 3 consecutive days. Mice 

were sac’d when moribund and tumors counted macroscopically on a Zeiss Stemi 2000-C dissecting 

microscope. For p120 KO in established tumors, ApcMin; p120 f/f; Vil-CreERT2 mice were aged at least 3 

months prior to TAM treatment.  

To generate p120 heterozygous mice, p120f/f mice were crossed with transgenic mice expressing 

Cre-recombinase gene under the control of the adenovirus EIIA promoter. Resulting p120f/ΔCre pups were 

verified to express only one p120 allele and then crossed into C57bl/6 strain to yield the p120+/- line. 

These mice were crossed with ApcMin to yield ApcMin; p120+/+ and ApcMin; p120+/- littermate sets. 

Matched mice were sac’d when one reached tumor burden endpoint, or sac’d at 4 weeks for microadenoma 

analysis.   

For conditional Apc ablation, Apc cKO mice were obtained from Jackson labs and crossed with 

Lrig1-CreERT2/+ mice. Homozygous Apc flox mice expressing Lrig1-CreERT2 were injected with 1mg 

TAM dissolved in corn oil by IP to induce complete Apc loss. Littermate control mice were treated with 

corn oil alone.  
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Kaiso global null mice have been reported previously. To investigate the consequences of Kaiso 

loss in the context of Apc ablation, Kaiso null mice were crossed with the Apc cKO model to yield 

KaisoΔ/y; Apcf/f; Lrig1-CreER and Kaiso+/y; Apcf/f; Lrig1-CreER cohorts. As Kaiso is X-linked, 

experiments were limited to male littermate mice with and without Kaiso. Mice were treated by IP with 

1mg TAM to induce Apc loss and sacrificed 5 days post TAM for immunohistochemical analysis. 

All experiments involving animals were approved by the Vanderbilt University Institutional 

Animal Care and Use Committee. Mice were maintained under a strict 12-hour light/dark cycle and with 

free access to chow and water. Genotyping was done as described previously (Davis & Reynolds, 2006; el 

Marjou et al, 2004; Kuraguchi et al, 2006; Powell et al, 2012; Prokhortchouk et al, 2006). 

 

Immunohistochemistry 

 Swiss-rolled intestinal tissue was fixed in 10% neutral buffered formalin overnight at 4C and then 

embedded in paraffin. Tissue processing and H&E staining were performed by the Vanderbilt Translational 

Pathology Shared Resource using standard technique. For fluorescent IHC, sodium citrate antigen retrieval 

was used for the majority of antibodies. After blocking, samples were incubated with primary and 

secondary antibodies overnight at 4C and for 2 hr at room temperature, respectively. See Table 2 for a list 

of primary antibodies. Secondary antibodies were conjugated to either 488 or 594 Alexa-fluor dyes 

(Invitrogen). Nuclei were visualized by brief incubation in 1μg/ml Hoechst dye. Fluorescence images were 

taken on an Axioplan 2 microscope (Carl Zeiss, Inc.) with a Hamamatsu Orca-ER digital camera. Images 

were analyzed and processed with MetaMorph (MDS Analytical Technologies) software. To quantify 

proliferative and apoptotic cells and total nuclei, the MetaMorph count nuclei application was used. For 

microadenoma analysis, sections from 4-week ApcMin; p120+/+ and ApcMin; p120+/-
 
mice were serial 

sectioned every 50μm for 1mm. Slides were stained with β-catenin to visualize microadenomas.  
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Human small adenoma and FAP samples were compiled by Vanderbilt pathologist, Dr. Kay 

Washington, and IHC for Kaiso and β-catenin was done by Frank Revetta in the Vanderbilt Pathology 

Department. For IHC, each sample was scored on a 0-4 intensity scale, where 0 = negative, 1 = faint 

expression, 2 = low expression, 3 = moderate expression, and 4 = high expression. Scores were recorded 

for total protein and for nuclear and cytoplasmic cell fractions. Statistical analysis and agreement report 

was done by Greg Ayers of the Vanderbilt Biostatistics Department.  

 

Cell culture 

HEK293, HCT116, SW480, LS174T, and CaCo2 cell lines were obtained from ATCC and 

cultured in DMEM supplemented with antibiotics and 10% heat-inactivated fetal bovine serum (FBS). 

IEC6 cells were further supplemented with 10μg/ml insulin (Invitrogen). To stimulate various signaling 

pathways, cells were treated with 50mM LiCl, 100ng/ml BMP4 (R&D), and 5μM DAPT for 24 hours, 5μM 

etoposide (Sigma) for 48 hours, or Wnt3a conditioned media as needed. To generate conditioned media, 

Wnt3a expressing and non-expressing L-cells were ordered from ATCC and grown in DMEM with 

antibiotics and 10% fetal bovine serum. Confluent 10-cm plates were split 1:10 and seeded into a 15-cm 

plate with 20ml media and grown for 5 days. After 5 days, conditioned media was harvested and filtered 

through a 0.45μm filter. Media was mixed 1:1 with fresh media for Wnt3a stimulation experiments.  

 

Lentiviral and Retroviral manipulation 

For generation of lentivirus, 2μg vector DNA and 1μg each pCMV-PAX2 and pMD2.G 

(Addgene) was transfected into HEK293T cells via Polyethylenimine (PEI). For retroviral constructs, 4μg 

target vector was transfected into Phoenix (ϕ) packaging cells. Virus was harvested 48 hours post-

transfection. CRC cells were infected with lentivirus or retrovirus containing media supplemented with 

4μg/ml polybrene for 6 hours, followed by drug selection by puromycin or neomycin 48 hours post-

infection. 
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Table 2. Antibodies used for immunohistochemistry.  

*antibodies were diluted 1:1 in glycerol if necessary before determining working concentration. 
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For Kaiso KD, 5 Sigma MISSION shRNA constructs were used (#358, #751, #1539, #1799, and 

#2600) along with a scrambled, nontarget control sequence. Construct #1539 consistently yielded the best 

knockdown in almost all cells tested, followed by #2600 and #358, thus were designated shRNA #1, 

shRNA #2, and shRNA #3, respectively. For Kaiso overexpression, pDONR Kaiso cDNA was obtained 

from the Harvard PlasmID resource and shuttled into an LZRS-neo-flag vector using the Gateway cloning 

system (Invitrogen) to generate the LZRS-neo Kaiso-Flag construct. The puromycin selectable DN-TCF4 

plasmid (EdTP) is previously described (Fuerer & Nusse, 2010) (Addgene).  To generate the control EP 

plasmid, the EdTP was cut with BamHI and self-ligated.  

 

Cell Immunofluorescence 

Cells were plated on glass coverslips and fixed in 3% paraformaldehyde for 30 minutes. After 

PBS washes, cells were permeabilized in PBS with 0.2% TritonX-100 for 5 minutes. After more PBS 

washes, non-specific binding was blocked using 3% nonfat milk. Cells were incubated in primary antibody, 

anti-Flag (1:1000, Sigma) and anti-Kaiso (1:1000, Reynolds lab), for 30 minutes. Coverslips were then 

washed and incubated in secondary antibody for 30 minutes (Alexa-Fluor, 1:800, Invitrogen). After final 

washes, nuclei were stained using 0.5μg/ml Hoechst dye. Coverslips were coated in ProLong gold 

(Invitrogen) and mounted on glass slides. 

 

Western Blot Analysis 

Protein was isolated as previously described (Mariner et al, 2004).  Briefly, cells were washed 

with PBS, lysed in RIPA buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, 0.5% 

Deoxycholic Acid, 0.1% sodium dodecyl sulfate] containing inhibitors (1mM henylmethylsulfonyl 

fluoride, 5 μg/mL leupeptin, 2 μg/mL aprotinin, 1mM sodium orthovanadate, 1mM EDTA, 50mM NaF,) 

and spun at 14,000rpm at 4°C for 10 minutes. For whole intestinal lysates, intestines were harvested and 

flushed with ice-cold PBS. 2cm sections of mouse ileum were splayed and lysed on ice in RIPA buffer 

containing 20μl/mL protease (Sigma P8340) and phosphatase inhibitor cocktails (Sigma P004 and P5726). 
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Samples were homogenized with a motor fitted with a Kontes Microtube Pellet Pestle Rod and cleared by 

spinning at 14,000rpm at 4
o
C for 10 minutes. Cleared total protein from all sources was quantified using a 

bicinchoninic acid assay (Pierce). 10-40 μg of protein per sample was boiled in 2X Laemmli sample buffer 

and separated by SDS-polyacrylamide gel electrophoresis. Proteins were transferred to nitrocellulose 

(PerkinElmer), and non-specific binding was blocked by incubating membranes in Odyssey blocking buffer 

(LI-COR) prior to addition of primary and secondary antibodies. Anti-p120/pp120 (0.1μg/mL, BD 

Biosciences), anti-p120/F1αSH (0.25μg/ml, Reynolds lab), anti-E-cadherin (0.1μg/mL, BD Biosciences), 

anti-tubulin/DM1α (1:1000, VAPR), anti-β-catenin (1:5000, Sigma), anti-α-catenin (1:1000, Sigma),  anti-

Kaiso (1:1000, Reynolds lab), anti-cleaved caspase 3 (1:1000, Cell Signaling Technology), anti-p53 

(1:1000, Cell Signaling Technology), anti-phospho-p53 (1:1000, Cell Signaling Technology), anti-Flag 

(1:500, Sigma) and anti-TCF4 (4μg/mL, Sigma Aldrich) antibodies were used. The Odyssey system was 

used for detection of secondary goat anti-mouse IgG IRDye 800 and goat anti-rabbit IgG IRDye 700 

antibodies (1:10,000 LI-COR). 

 

CTNND1 mRNA expression 

CTNND1 mRNA expression was queried from Illumina HiSeq RNASeqV2 data available through 

the TGCA colon adenocarcinoma (COAD) dataset. Samples include normal adjacent tissue (n=39) and 

colon adenocarcinoma (n=264). Normalized RSEM expression data was Log2 transformed and median-

centered at 1 for visualization. 
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Real-time qPCR 

Cell pellets or 2cm of whole mouse ileum were homogenized in Trizol. Total RNA was purified with 

RNeasy Mini kit with on-column DNaseI treatment (Qiagen) according to manufacturer’s instructions. 

cDNA synthesis performed using the SuperScript VILO cDNA synthesis kit (Life Technologies). Real-time 

PCR was performed on a BioRad CFX96 real-time cycler using LuminoCT SYBR green master mix 

(Sigma). After pre-incubation at 95
o
C, two-step cycling was performed from 95

o
C (10s) to 60

o
C (30s) for 

40 cycles. GAPDH was used to calculate normalized fold change. Melting curves of the resulting PCR 

products were analyzed using CFX Manager software (BioRad) to exclude amplification of nonspecific 

products. Primers not previously cited were designed using NCBI-GENE-‘Pick Primers’ function with PCR 

product limited to 120 bp. See Tables 3-5 for complete primer lists.  

 

Laser capture microdissection 

Tissue was collected into adhesive caps using the Veritas Laser Capture Microdissection System 

and processed for DNA using the Pico Pure DNA extraction kit (Arcturus cat# KIT0103).  10-30 μL of 

proteinase K solution was used per sample. Extracted DNA was PCR amplified for the p120 null or floxed 

alleles and run on 2% agarose gels for viewing. 

 

ENCODE ChIP-seq analysis 

Results from Kaiso ChIP-seq screens were queried from HCT116, HEPG2, GM12878, and K56 

cell lines. Peaks were called and assigned to target promoters manually. Analysis yielded 405 genes with 

Kaiso binding peaks in multiple cell lines. Pathway analysis and promoter analysis were done with the help 

of Steven Chen in the Vanderbilt Department of Biostatistics. 
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Table 3. List of mouse qRT-PCR primers. 

Table 4. List of rat qRT-PCR primers. 
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Table 5. List of human qRT-PCR primers. 
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Statistics 

Statistical analyses were performed using GraphPad Prism software (GraphPad La Jolla, 

California, USA). For assays with or without normal distribution, two-tailed Student’s t-tests or Mann-

Whitney tests were performed, respectively. A p-value of <0.05 was considered statistically significant.  

 

Intestinal enteroid and tumoroid culture 

 Cultures from the small intestine and ApcMin tumoroids were established based on published 

protocols (Mahe et al, 2013; Sato et al, 2011a). Detailed protocols for establishment of small intestinal 

enteroids and tumoroids as well as organoid passaging, freezing, paraffin embedding, and lentiviral 

infection are described in Appendix B.  
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CHAPTER III 

 

A GATEKEEPER FUNCTION FOR THE E-CADHERIN COMPLEX IN INTESTINAL 

TUMORIGENESIS 

 

Introduction  

The vast majority of human colorectal cancer (CRC) is triggered by inactivation of the tumor 

suppressor, Adenomatous Polyposis Coli (APC), a key negative regulator of canonical Wnt signaling 

(2012; Fearon & Vogelstein, 1990). Progression to malignancy occurs over many years and is typically 

driven by frequently encountered alterations in a handful of “major” drivers (e.g., APC, K-Ras, SMAD4, 

p53), and evidently, a substantially larger number of so called “minor” drivers, genes mutated infrequently 

but too often to be accounted for by chance. Mortality is generally caused by complications arising from 

metastasis, a phenomenon often linked to downregulation or loss of the epithelial cell-cell adhesion 

molecule E-cadherin. Indeed, E-cadherin-loss is typically observed in advanced tumors (Berx et al, 1998; 

Moll et al, 1993; Palacios et al, 2003; Vos et al, 1997) and thought to be causally associated with the 

transition to metastasis(Birchmeier & Behrens, 1994; Perl et al, 1998; Vleminckx et al, 1991; Yap, 1998). 

E-cadherin is responsible for the major cell-cell adhesion system in epithelial cells and widely 

viewed as a master organizer of the epithelial phenotype (Takeichi, 1995). Its cell-cell adhesion activity is 

mediated by a tetrameric protein complex comprised of transmembrane E-cadherin and cytoplasmic 

binding partners p120-, α-, and β-catenins (Yamada et al, 2005). Assembled in stages, E-cadherin 

translocates with β-catenin to the cell surface and is then retained by p120, which blocks endocytic 

reuptake via physical interaction with the cadherin juxtamembrane domain (Davis et al, 2003; Ireton et al, 

2002; Xiao et al, 2003). α-catenin bridges the complex to the actin cytoskeleton through interaction with β-

catenin. Loss of any one of these core activities eliminates an essential function and abrogates adhesion. 
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Although E-cadherin well established as a tumor and metastasis suppressor, the mechanisms 

underlying this activity are not fully understood. Maintenance of cell-cell adhesion is clearly critical, but 

the E-cadherin complex also suppresses Wnt signaling through sequestration of β-catenin (Fagotto et al, 

1996; Gottardi et al, 2001) and regulates density-dependent growth inhibition (aka contact inhibition) 

through modulation of several effectors including EGFR, the tumor suppressor Merlin, and components of 

the HIPPO pathway (e.g. YAP/TAZ) (Azzolin et al, 2014; Curto et al, 2007; Kim et al, 2011; Takahashi & 

Suzuki, 1996).  E-cadherin is a bona fide classical tumor suppressor in lobular carcinoma of the breast and 

familial gastric cancer, where mutations are relatively common and loss of expression for both alleles 

contributes causally to tumorigenesis (Berx et al, 1995; Machado et al, 1999). In the vast majority of 

carcinoma types, however, E-cadherin downregulation occurs epigenetically (e.g., promoter methylation) 

or by various mediators of the epithelial-to-mesenchymal-transition (EMT) (Berx et al, 1998; Bolos et al, 

2003; Cano et al, 2000; Graff et al, 1995; Ma et al, 2010).  Downregulation or loss by these mechanisms 

typically occur in late stage cancer and are believed to play a major role in the transition to malignancy.  

Curiously, in CRC (and many other carcinoma types), E-cadherin is rarely mutated, as is also the case for 

p120 and α-catenin. 

In cultured epithelial cells and in mice, p120 ablation is followed rapidly by E-cadherin 

endocytosis and degradation, resulting usually in morphological alterations and impaired cell-cell adhesion 

(Bartlett et al, 2010; Davis et al, 2003; Davis & Reynolds, 2006; Ireton et al, 2002; Kurley et al, 2012; 

Perez-Moreno et al, 2006; Smalley-Freed et al, 2010; Stairs et al, 2011).  Thus, it is widely suspected that 

p120 itself may behave as a tumor and/or metastasis suppressor. Indeed, the frequent occurrence of p120 

downregulation in most epithelial cancers, including CRC, is extensively documented, but not well 

understood (Bellovin et al, 2005; Bondi et al, 2006; Gold et al, 1998; Karatzas et al, 1999; Skoudy et al, 

1996).  In cKO mouse models, the extent of E-cadherin loss upon p120 KO varies widely from 50- to near 

100%, depending on the tissue. Phenotypes are often severe, but vary widely depending on tissue, timing 

and context.   In the skin and esophagus, both squamous epithelia, retain barrier function but nonetheless 

develop significant cell autonomous inflammatory phenotype and eventually cancer.  While development 

of cancer is quite rare, most other epithelia exhibit some degree of adhesion phenotypes and altered 

morphology. At one extreme, the nascent mammary gland doesn’t form at all because the cells lose 
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adhesiveness altogether and dissociate into the lumen. Conversely, p120 KO in the prostate has no obvious 

phenotype although it persists through the life of the animal (ABR unpublished data). 

p120 knockout in more than 50% of the intestinal epithelium is ultimately lethal. Barrier defects, 

inflammation and mucosal damage accumulate leading to intestinal bleeding and death by 21 days of age 

(Smalley-Freed et al, 2010). To study long-term effects of p120 KO, a tamoxifen regime was developed to 

limit the extent of p120 KO (Smalley-Freed et al, 2011). Reducing p120 KO to ~10% of the intestinal 

epithelium (hereafter “limited” p120 KO) produced long-lived animals, outwardly indistinguishable from 

controls. Stochastic p120 ablation was clearly compatible with stem and progenitor cell function as 

immunostaining revealed clonal microdomains of p120 null cells interspersed with normal epithelium that 

persisted for life.  Unexpectedly, over 45% of the animals developed tumors, none of which exhibited 

outright loss of p120. The majority, however, showed evidence of Wnt pathway activation, including 

sharply elevated levels of β-catenin, suggesting a molecular explanation for the tumors but few clues as to 

the role of p120.  

Here we identify p120 as an obligatory haploinsufficient tumor suppressor in Apc-sensitized mice. 

Although early experiments targeted both p120 alleles, biallelic ablation was restricted to wild type tissue 

and never observed in the context of a tumor. Similarly, the mutant Apc allele was initially expected to be 

synergistic.  Instead, biallelic p120 ablation and Apc-LOH are mutually exclusive.  Nonetheless, “limited” 

p120 KO induced a 10-fold increase in tumor multiplicity, apparently driven by the by loss of one p120 

allele.  Given that p120 is rarely mutated in CRC, a relevant question is whether the outcome of halving 

p120 levels by any means is in fact meaningful in the larger scheme of tumor progression. Interestingly, the 

Sleeping Beauty transposon introduces mutations randomly throughout the genome in a fashion that 

approximates the forces at work in human tumors (reviewed in (Mann et al, 2014)).  The method strongly 

selects for tumor drivers and does it in a way that puts a legitimate number on the relative tumor promoting 

potency of a hundreds of candidate drivers. Remarkably, α-catenin and p120 ranked 2nd and 3rd, 

respectively, among the 919 candidates identified in an Apc-sensitized background. At number 37, E-

cadherin is nonetheless among the top 4%.  Notably, although obligatory haploinsufficiency is relatively 

rare, our findings and evidence from the literature indicate that α-catenin and E-cadherin behave like p120. 
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Results 

 

Characterization of p120 expression in the small intestine before and after APC LOH.  

To characterize p120 in the intestine, we first colocalized p120 and β-catenin in the normal small 

intestine and in intestinal adenomas induced by APC loss (Figure 3).  As expected, p120 and β-catenin 

colocalized at basolateral membranes, but in both cases staining in the crypt was reduced relative to that 

along the villus (Figure 3A, white brackets).  Interestingly, p120 staining was also reduced in adenomas 

derived from ApcMin and Apc1638 mouse models of intestinal cancer (Figures 3B and 3C, respectively, 

white arrowheads). ApcMin mice typically develop 30-100 tumors per animal, whereas mice carrying the 

substantially weaker Apc1638 allele present with 2-7 tumors (Fodde et al, 1994; Moser et al, 1990). The 

strength of the Min allele is often reflected by high levels of cytoplasmic/nuclear β-catenin (Figure 3B, 

arrowheads). Note that p120 and β-catenin staining vary together, as before, in untransformed parts of the 

tumor, but diverge sharply in adenomatous areas where β-catenin accumulates in the cytoplasm and 

nucleus. Curiously, as illustrated at lower magnification in a typical Apc1638 adenoma (Figure 3C), 

reduced p120 staining was a consistent feature of adenomatous transformation.    

 Importantly, p120 staining was also reduced in early adenomas obtained from Familial 

Adenomatous Polyposis (FAP) patients (Figure 3D). As with Apc mutant mice, FAP patients inherit a 

mutant APC allele and are thus predisposed to CRC (Nakamura et al, 1992; Nishisho et al, 1991). Although 

small human adenomas are generally quite advanced relative to the adenomas from mice, we were able to 

histologically identify seven very small human adenomas (i.e., well under the 0.5 cm extraction benchmark 

used for colonoscopy) that were in the same general size range as their mouse counterparts. Notably, 100 

percent (7/7) of these “micro” FAP adenomas displayed regions of markedly reduced p120 staining (Figure 

3D, arrowheads) relative to adjacent normal tissue. The effect was clearly evident in the smallest sample, a 

single crypt microadenoma (first panel), and in each of the six small adenomas (represented by second 

panel). 

  



42 
 

Figure 3. p120-catenin (p120) staining is decreased following APC loss. (A) Mouse small intestine (B) ApcMin 

tumor and (C) Apc1638 tumor were stained for p120 (green), β-catenin (red), and Hoechst (blue). Tumor tissue 

shows decreased p120 staining concurrent with altered β-catenin (arrowhead) as compared to adjacent WT tissue 

(asterisk). Decreased p120 staining is also seen in the crypt (brackets). Scale bar 50μm. (D) IHC analysis shows 

decreased p120 staining in small adenomas (arrowhead) from human FAP patients compared to adjacent WT 

tissue (arrow). Scale bar 100μm. (E) p120 mRNA (CTNND1) is decreased in TGCA adenocarcinomas samples as 

compared to normal tissue controls. Data was Log2 transformed and median centered (****P < 0.0001, Students 

t-test).     
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We searched the publically available databases for evidence of molecular alterations in human 

CRC that could be consistent with the observed reduction in p120 staining.  Notably, analysis of CRC 

genomes from The Cancer Genome Atlas (TCGA) project indicated that the gene encoding p120 (aka 

CTNND1) is not frequently mutated (2012). Other TCGA data, however, reveal compelling evidence for 

partial CTNND1 loss at the mRNA level (TCGA research network) (Figure 3E).While the mechanism has 

not been identified, the evidence is consistent with partial loss of p120 as a factor contributing to tumor 

progression. 

 Next we asked whether reduced p120 staining in the crypt is indeed a function of reduced p120 

levels (Figure 4). Driven by canonical Wnt signaling, most of the crypt is dedicated to the rapid mitotic 

expansion of progenitor cells (Barker et al, 2012; Schepers & Clevers, 2012). Stem cells at the base give 

rise to progenitors, which undergo 4 – 5 rapid rounds of mitosis as they rise through the transit-amplifying 

region. Under normal circumstances, this so called “crypt-progenitor” phenotype then gives way to 

terminal differentiation and growth arrest as the cells transition over to the villus.  The mature cells then 

migrate to the villus tip over 3 – 5 days, at which point they are lost to the lumen. In contrast, early stage 

adenomas induced by Apc-LOH are maintained in a crypt-progenitor–like state by autonomous Wnt 

signaling and continue to proliferate (Sansom et al, 2004; van de Wetering et al, 2002). 

   To better resolve this region for qualitative and quantitative biochemical comparisons, we used 

an Lrig1-CreER driver and tamoxifen (TAM) in a homozygous Apc floxed background (Apc cKO) to 

induce synchronous Apc KO in the progenitor compartment across the entire intestine (Figure 4A) 

(Kuraguchi et al, 2006; Powell et al, 2012). Following induction, the intestinal epithelium was harvested 

daily and processed for immunochemical and/or biochemical analyses. Under the constitutive influence of 

cell autonomous Wnt signaling (i.e. Apc ablation), the progenitor population failed to differentiate as the 

cells moved up onto the villus and continue in their undifferentiated state to the villus top.  As illustrated in 

figure 4A, the upward progress of the crypt-progenitor phenotype over time (white dotted lines) is marked 

by reduced p120 staining. Likewise, these cells show high levels of expression for p120’s nuclear binding 

partner Kaiso, which is normally confined to the crypt.  Figure 4B shows the p120 low/Kaiso high 

population also displayed altered β-catenin localization, as expected with homozygous Apc loss.  
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Figure 4. Decreased p120 staining does not reflect altered levels of cadherin complex components. 

Homozygous Apc floxed mice were crossed with the Lrig1-CreER line to drive TAM-inducible Apc KO in the 

intestinal epithelium (Apc cKO). (A) Time-course analysis of p120 (green) and Kaiso (red) staining in the ileum at 

day 0 and days 3, 4, and 5 post TAM. Kaiso staining marks upward progress of Apc null/p120-low cells over time 

(dotted line). (B) p120 (green), β-catenin (red) and Hoechst (blue) staining in Apc WT (above line) and KO (below 

line) tissue shows mislocalized β-catenin concurrent with p120 decrease. (C) WT (top) and cKO (bottom) ileum 

stained with p120 (green), Kaiso (red), and H&E shows transformed Apc null cells comprise the majority of the 

intestinal epithelium by 5 days post TAM. Scale bars 100μm.  (D)  No change in p120 protein was detected with 

p120 monoclonal (mAb) or polyclonal (pAb) antibodies in protein lysates from day 5 corn oil (WT) or TAM 

(cKO) treated mice. Tubulin = loading control. (E) No change in p120 mRNA from day 5 WT and cKO samples 

by qRT-PCR. (n=5 mice per group). Axin2 used for positive control. (F) Proximal ligation assay (PLA) detects 

p120/E-cadherin protein complexes. No decrease in binding was seen in tumor tissue as compared to normal 

villus, despite overall reduced p120 staining. Scale bars 50μm. (G) Representative Lrig1-Cre; Ctnnb1ΔEx3 

adenoma shows similar expression for p120.Increased Kaiso marks adenoma (arrowhead). Scale bars 50μm. 
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Because immunofluorescence is notoriously unreliable for protein quantification, epithelial tissue 

from the distal ileum was isolated at day 5 post-TAM and proteins were quantified directly by SDS PAGE 

and Western blotting (Figures 4C and 4D). Figure 4C illustrates the WT control (top) and TAM-induced 

Apc KO tissue at this time point immunolabeled for p120, Kaiso or by H&E stain. Kaiso robustly marks 

every cell in the WT crypt and is then extinguished at the crypt/villus boundary. In contrast, the crypt-

progenitor-like phenotype extends to the top of the villi in tissue from the TAM-treated animal. Yet despite 

the large discrepancy in immunofluorescence staining intensity, biochemical quantification reveals no 

difference in protein levels for p120 or E-cadherin (Figure 4D) following Apc deletion. β-catenin and Kaiso 

levels, on the other hand, show the expected increase. Similarly, mRNA levels for Ctnnd1 do not change, 

but an increase in excess of five-fold is observed for established Wnt target Axin2 (Figure 4E). Consistent 

with the Western result, we found no evidence of punctate staining due to E-cadherin internalization (and 

subsequent degradation) in our immunofluorescent studies. Together with the unchanged protein levels 

detect via Western blot, these data suggest that individual E-cadherin complexes are likely retained intact at 

the plasma membrane, but perhaps redistributed in a fashion that affects detection.  

To directly visualize intact cadherin complexes, as opposed to conventional immunofluorescence 

localization of individual proteins, WT (villus) and tumor tissue were labeled by Proximity Ligation Assay 

(PLA) with E-cadherin and p120 antibodies (Figure 4F). PLA differs from conventional double-

immunofluorescence in that the secondary antibodies are coupled to oligonucleotides.  To generate a signal, 

the two secondary antibodies must be close enough to one another for the oligonucleotides to anneal.  Thus, 

staining puncta reflect highly amplified signals based on a single protein-protein interaction and predicated 

generated by the original binary annealing. Interestingly, similar staining amounts were seen in both WT 

and tumor tissue.  Interestingly, these PLA experiments suggest that that the aforementioned staining 

discrepancy is unlikely to reflect dissolution of the cadherin core complex (CCC) and that it remains intact 

at the cell membrane. 
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Figure 5. Limited p120 loss increases tumor number following Apc mutation. Apc1638; Vil-

CreER; p120f/f mice were treated with corn oil alone or with TAM (n=6 per group) to induce p120 

loss. (A) Tumor multiplicity increased 10-fold in p120 KO mice (49±6 vs 4.5±1, **P < 0.01, Mann-

Whitney test). Error bars represent SEM. (B) Representative images from Apc1638 tumors show that 

complete p120 KO was never seen in the tumor tissue (bottom panel, dotted line), but is readily 

observed in adjacent tissue (solid line). Tumors from p120 KO mice (middle, bottom) have a similar 

staining decrease as control tumors (top). Scale bars 100μm. (C) Intestines were divided into the 

proximal (PSI), middle (MSI), and distal (DSI) small intestine, cecum, and colon. Limited p120 KO 

increased tumor number in in all areas of the intestine. (D) DNA extracted from tumor (T) and adjacent 

normal (N) tissue from Apc1638; Vil-CreER; p120f/f mice simultaneously detects both floxed and 

recombined p120 alleles, indicating loss of only one floxed allele. 
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Also notable is that adenomas generated by activated β-catenin transgenes (e.g. Ctnnb1ΔEx3/+) 

(Figure 4G) were essentially indistinguishable from Apc-generated adenomas, and recapitulated the crypt-

progenitor phenotype shown in other parts of Figure 4. Indeed, p120 staining is decreased and Kaiso is 

highly expressed in the nucleus, similar to their appearance in the WT crypt. In all cases, it appears that the 

alterations to both p120 and Kaiso are ultimately Wnt-driven and comprise elements of the larger molecular 

program behind the crypt-progenitor phenotype (van de Wetering et al, 2002). Furthermore, Apc loss 

constitutively activates this progenitor program, as evidenced in part by the extension of crypt-like p120 

and Kaiso staining patterns to virtually all APC and/or β-catenin-initiated adenomas (Sansom et al, 2004).   

 

p120 functions as an obligatory haploinsufficient tumor suppressor following loss of Apc 

To clarify the long term effects of p120 loss in the intestine, we crossed the “limited” p120 

ablation model onto an Apc1638 background (Apc1638; p120f/f; Vil-CreER) and TAM-induced to 

determine how p120 loss might impact tumorigenesis or tumor progression in an Apc mutant background 

(Figure 5). Experimental (+TAM) and control (corn oil alone) mice were treated and sacrificed after 9 

months for analysis of tumor burden. Surprisingly, the TAM-treated p120 KO cohort showed a 10-fold 

increase in tumor number relative to controls (Figure 5A), but none of the tumors were in fact null for 

p120. Instead, Figure 5B shows a further decrease in p120 staining in a typical adenoma from the TAM 

treated cohort (middle panel) relative to the reduction associated above with the crypt progenitor phenotype 

(top panels, oil only) (Table 6). Of the 52 total tumors analyzed by IHC from the TAM-treated cohort, none 

exhibited complete loss of p120, despite the presence of p120 negative pockets distributed throughout the 

surrounding WT epithelium (Figure 5B, bottom panels). Gross tumor distribution was largely unaffected by 

p120 ablation except for the selective appearance of significant numbers of cecal tumors (average = 11 per 

mouse vs none in Apc1638 control) (Figure 3C). Further analysis by Laser Capture Microdissection (LCM) 

and PCR (Figure 5D) revealed loss of a single p120 allele, not both, suggesting not just haploinsufficiency, 

but also obligatory retention of at least one p120 allele within the tumor tissue. This condition is apparently 

restricted to the tumor as pockets of biallelic p120 ablation in normal epithelium exhibited no evidence of 

negative selection over the 9 month time-span.  
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Table 6. p120 staining in Apc1638 and Apc1638/p120 KO tumors. Tumors from Apc1638 and 

Apc1638/ p120 KO mice were stained for p120 and then scored according to level of staining.  Scoring 

Scale: 0= complete p120 KO; 1+= staining similar to that seen in tumors confirmed to only have 1 

allele of p120; 4+=wild type levels of p120; 2+ and 3+ are respectively higher than the levels seen with 

loss of 1 p120 allele, but less than wild type levels. 

n=3 mice per genotype. *P=.043 
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To examine this phenomenon further, we repeated the above experiments in an ApcMin 

background (Figure 6).  Notably, when p120f/+ and p120f/f mice were compared in this background (with 

ApcMin; p120+/+ mice as controls), the results were essentially identical, with a similar increase in tumor 

number (Figure 6A) and decreased survival (Figure 6C). Tumors from all groups displayed similar 

upregulation of β-catenin (Figure 6B), and despite the association of cell-cell adhesion loss with tumor 

progression and metastasis, p120 loss did not increase invasion in either the ApcMin or Apc1638 mouse 

models. Furthermore, while no difference in proliferation was observed (Figure 6D), both p120f/+ and 

p120f/f tumors showed a minor increase in apoptotic index (Figure 6E). Although the tumor fold increase in 

this model (just under 2-fold) was small compared to the 10-fold increase in the Apc1638 background, the 

absolute increase in tumor number was similar. Differences in performance between the models are likely a 

function of inherent differences in potency and timeframe (9 months vs. 5 months) of the Apc alleles, 

whereas the effects of p120 reduction reflect a similar, if not identical phenomenon.  

While clearly suggestive of a haploinsufficient tumor suppressor function, we wanted to rule out 

possible field effects due to relatively ubiquitous p120 null “microenvironments,” (e.g., inflammation, 

ROS) which were associated with the limited p120 ablation model.  Indeed, in that context, “limited” p120 

ablation by itself induced intestinal tumors in mice, albeit at substantially reduced levels, likely due to 

chronic inflammation. To address this issue we generated a heterozygous (p120+/-) mouse by germline 

inactivation of one p120 floxed allele. These heterozygous mice show clear reduction in p120 staining 

across the entire intestinal epithelium (Figure 6F), and western blot analysis revealed obvious quantitative 

reduction of p120 levels to about half that of WT epithelium (Figure 7A). As expected, decreased p120 

levels were accompanied by loss of E-cadherin, α-, and β-catenin protein, but not mRNA (Figure 7B). 

Despite global reduction of p120 and cadherin complex proteins, these mice appeared relatively normal, 

with no change in basal rates of proliferation and apoptosis, and no overt differences in intestinal linage or 

stem cell markers. A slight increase in cellular migration rate, however, was consistently observed (Figure 

7C).  
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Figure 6. p120 is a haploinsufficient tumor suppressor in the intestine. (A) A similar increase in tumor 

multiplicity is seen in both p120f/+ (110.7±11.6) and p120f/f (100.1±11) ApcMin cohorts as compared to 

p120+/+ controls (72.8±5.1, **P < 0.01, Mann-Whitney test). Difference between p120f/+ and p120f/f 

groups is non-significant (B) Representative tumors from each genotype stained for p120 (green) and β-

catenin (red). (C) Decreased survival observed in both in p120f/+ (**P < 0.01) and p120f/f cohorts (***P < 

0.001, Log-rank test) as compared to WT. (D) No change in tumor proliferation measured by phospho-

histone H3 staining. (E) Increased apoptotic index was seen by cleaved-caspase 3 staining in p120f/+ and 

p120f/f tumors (***P < 0.001, **P < 0.01, Student’s t test). (F). Global p120 heterozygous (p120+/-) mice 

show decreased p120 expression in both small (top panels) and large (bottom panels) intestine. All scale 

bars 100μm (G) p120+/-; ApcMin mice display 2-fold increase in tumor number over littermate controls 

(98.3±6.6 vs. 50.7±4.3, ***P < 0.001, Mann-Whitney test). (H) p120 heterozygousity does not affect 

microadenoma number (n=9 per group). (ns, Mann-Whitney test). Error bars on all graphs represent SEM. 
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Figure 7. Characterization of p120 heterozygous mice. (A) Western blot of small intestinal tissue 

shows decreased expression for p120, E-cadherin, β-catenin, and α-catenin. Tubulin used as loading 

control. (B) mRNA analysis of whole intestine shows decreased p120 message, but no change in other 

stem cell or linage markers. (C) p120 WT and heterozygous mice were injected with BrdU 30 hours 

prior to sacrifice. p120 heterozygous mice show increased cell migration by analyzing position of 

BrdU positive cells (red) (170.2±3.7 vs. 206.3±5, ***P < 0.001, Mann-Whitney test). Quantification 

on right. Error bars represent SEM. (D) No change in apoptosis as measured by cleaved-caspase 3 

staining. (E) No change in proliferation as measured by phospho-histone H3 staining. 
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The effect of p120 heterozygousity was then examined in the ApcMin background as a means of 

re-visiting potential p120 haploinsufficiency in the absence of all other variables. Importantly, the data 

showed that heterozygous p120 behaves in a manner that is essentially indistinguishable from the “limited 

(ApcMin) p120 ablation” model (compare Figure 6A to Figure 6G).  Thus, it appears that the effects on 

tumor number seen in previous ApcMin and Apc1638 tumor studies are indeed due to p120 

haploinsufficiency, and cannot be attributed to a requirement for microenvironmental side effects of the 

limited ablation model. 

To distinguish between tumor initiation and tumor progression, the ileums from 4-week-old 

ApcMin; p120+/- and ApcMin; p120+/+ mice were analyzed by β-catenin staining for the presence of 

microadenomas. While significant variation was seen in tumor number in general, Figure 6H shows little 

overall difference in the average number of microadenomas. Thus, it appears that the effect of monoallelic 

p120 loss manifests predominately downstream of Apc LOH without appreciably affecting the rate of 

tumor initiation. Furthermore, these data argue against significant roles for inflammatory or 

microenvironmental effects, as overall Apc mutation rates appear unchanged. 

 

p120 is essential for Apc-induced tumorigenicity in the intestine 

Throughout these studies, outright p120 loss was never observed in adenomas unless acutely 

forced (Figure 8). Areas of complete p120 ablation were often seen in close proximity to adenomatous 

tissue, but could be easily distinguished as WT by H&E and lack of β-catenin upregulation (Figure 8A, area 

enclosed by white dashed line). Strikingly, no instance of true p120 KO was found in any tumors analyzed 

from either the Apc1638 (52 tumors) or ApcMin (191 tumors) limited p120 ablation tumor models (Figure 

8B). However, these were long-term studies. To better understand the apparent incompatibility of p120 loss 

and tumor formation, we examined the immediate fate of tumor cells following tamoxifen-induced p120 

ablation in 3-month-old ApcMin mice with numerous established tumors. Tumors were analyzed 2 days-, 1 

week-, or 1 month-post induction (Figure 8B). Unlike the long-term tumor studies, short-term results show 

areas of complete p120 KO as small foci in adenoma tissues (Figure 8C, white boxes). These areas were 
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detected at days 2 and 7 post-TAM, but were never present at one month, indicating that the p120 null areas 

are lost altogether within 2-4 weeks. Exactly how these cells are cleared is unknown, as no differences in 

apoptosis were observed (Figure 8D) and there was no defect in proliferation (Figure 8E). Together without 

our ApcMin and Apc1638 tumors studies, these observations indicate (1) that monoallelic p120 ablation 

increases tumor multiplicity and (2) that total p120 ablation is well tolerated in WT intestinal epithelium, 

but selectively incompatible with tumor cells leading to consistent retention of 1 allele. 

 

p120 is dispensable for Kaiso expression and canonical Wnt signaling 

The BTB/POZ transcription factor Kaiso can directly interact with p120 and has been suggested to 

strongly suppress canonical Wnt signaling in a manner alleviated by p120-dependent nuclear export 

(Daniel & Reynolds, 1999; Kelly et al, 2004; Park et al, 2005; Spring et al, 2005). To examine these 

relationships and potential feedback loops that might explain the rapid elimination of p120-ablated tumor 

cells in vivo, we characterized the expression of Kaiso and p120 in the small intestine and colon by 

immunofluorescence staining of FFPE tissue (Figure 9). Notably, staining intensities of Kaiso and p120 

were inversely correlated in the small and large intestine (Figure 4A, Figure 9A), and Kaiso upregulation in 

the crypt, for example, coincided with reduced p120 staining.  Conversely, Kaiso is extinguished as cells 

enter the villus, whereas p120 relocated to AJs and staining increased.  In the large intestine, Kaiso and 

p120 formed vertical gradients oriented in opposite directions along the crypt axis (middle panels).  The 

third set of panels show a representative ApcMin adenoma co-immunostained for β-catenin and Kaiso, 

where Kaiso staining sharply delineates the adenoma.  Interestingly, strong expression of Kaiso protein and 

mRNA in samples from the small intestine coincided with areas of active Wnt signaling, such as the crypt, 

adenoma, and any area of the intestine after Apc ablation (Figure 9A and 9B). However, despite indications 

that p120’s interaction with Kaiso might serve to physically remove it from the nucleus, Kaiso expression 

patterns in the colon were not obviously affected by p120 status in crypts expressing 0, 1, or both p120 

alleles (Figure 9C).   Thus, the effect of p120 loss on tumor cell viability is not mediated through Kaiso or 

its ability to modulate Wnt signaling.  
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Figure 8. Tumor-specific requirement for p120 in ApcMin adenomas. (A) p120 KO is absent from 

adenomas. Analysis of 191 tumors from ApcMin p120 KO mice reveals total p120 loss was often seen 

near tumor tissue (dotted line), but was never adenomatous. Scale bars 100μm. (B) Forced p120 KO in 

established tumors results in rapid loss of null foci. In contrast to previous Apc1638 and ApcMin studies, 

small areas of p120 KO were observed within adenoma tissue 2-7 days post TAM, yet these areas were 

invariably lost within 1 month. (C) Representative image shows p120 KO within adenoma tissue (boxes) 

with increased β-catenin and Kaiso staining, indicating adenoma tissue. Scale bar 50μm. (D) p120 KO 

cells are not lost due to increased apoptosis (cleaved-caspase 3) or decreased proliferation (phospho-

histone H3). Staining quantified on right. Error bars represent SEM. 
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Figure 9. Kaiso staining correlates with Wnt activation irrespective of p120 expression. (A) Kaiso 

expression (red) is seen in the crypts of the small (top) and large intestine (middle) and overlays with high β-

catenin staining (green) in ApcMin adenomas.(B) Kaiso (Zbtb33) mRNA increases following Apc loss in 

samples from day 5 Lrig1-Cre; Apc cKO mice. c-Myc = positive control (n=5 mice per group). (C) Kaiso 

expression remains constant despite changes in p120 levels. Representative section from limited p120 KO 

mouse shows Kaiso staining in the context of WT p120 (2 alleles, arrow), reduced p120 (1 allele, 

arrowhead), and p120 KO (outline). All scale bars 100μm. 
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 Most proteins linked physically or functionally to p120 are tumor suppressors or oncogenes (e.g. 

Src, Receptor Tyrosine Kinases, E-cadherin, Rac, RhoA, chronic inflammation), thus p120 loss may 

dysregulate numerous growth and/or tumor associated pathways. To determine if any of these pathways or 

other cell death programs could explain the rapid loss of p120 null adenoma cells, extensive 

immunohistochemical studies were performed (Figure 10). Interestingly, common readouts for growth 

factor receptor activation, phos-AKT, phos-ERK, and phos-cJun, showed similar staining patterns in p120 

WT and null adenoma cells. While p120 loss completely disrupts cell polarity in many cell culture and 

organ systems, these markers in the intestine (Crumbs3 and NaK ATPase) illustrate that p120 null adenoma 

cells are able to preserve normal polarity. Moreover, p120 loss was not found to induce cellular senescence 

by upregulation of p16, p19 or p21, nor autophagy (measured by ATG5 and LCA3). p120 loss not 

responsible for increased DNA damage and DNA double strand breaks (phos-H2AX), nor did it’s short 

term loss induce the effects of chronic inflammation found in long-term p120 limited ablation models, and 

the short-term time points did not appear to be sufficient to induced neutrophil recruitment or Cox2 

expression. Thus, the mechanism behind p120’s requirement for adenoma cell viability remains unclear. 
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Dysregulation at the level of the cadherin complex is a common denominator in intestinal tumorigenesis 

p120 levels are known to determine cadherin levels via a direct binding mechanism required for 

cadherin stability, and α- and β-catenins are stabilized via binding to E-cadherin (Davis et al, 2003; Ireton 

et al, 2002). Thus, p120 ablation is typically accompanied by rapid degradation of α- & β-catenins, along 

with E-cadherin, which culminates with reduced cell-cell adhesion. Previously, we found reduced p120 

staining in the crypt and adenoma, although this reduction is not due to a quantifiable drop in p120 levels. 

Furthermore, we found no change in E-cadherin or α-catenin protein, and in fact the cadherin complex 

appears to remain bound as determined by PLA analysis. To further characterize the relationship between 

p120 and cadherin complex proteins, ApcMin tumors and Apc cKO intestines were stained for α-catenin, β-

catenin, and E-cadherin (Figure 11).  While β-catenin is the obvious outlier owing to loss of APC and the 

subsequent inhibition of the β-catenin destruction complex, α-catenin and E-cadherin continued to track 

precisely with p120. Taken together with the biochemical data in Figure 4, these data suggest p120 is 

repositioned along with the cadherin complex in a manner that is underrepresented by fluorescent labeling 

methods. It is further likely that this reflects a physical and/or mechanistic change in status of the cadherin 

complex itself which functions as the mechanistic driver behind p120’s phenotypes in vivo. 

These experiments were originally based on the notion that p120 ablation was likely to 

recapitulate some or all phenotypes known to associate with loss of E-cadherin. An obvious question, 

particularly given p120’s role in the complex, is whether the haploinsufficient phenotype reflects a role 

unique to p120, or a phenotype in fact dependent on the E-cadherin complex as an intact functional unit. 

Indeed, each of the core positions in the cadherin complex is essentially indispensable for adhesion.  
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Figure 11. p120, E-cadherin, and α-catenin track together following Apc loss. E- cadherin and α-

catenin staining is decreased along with p120 in (A) ApcMin tumors and (B) Apc cKO intestine as 

compared to WT tissue (asterisks). Apc null and tumor tissue are characterized by upregulated and/or 

mislocalized β-catenin (arrowhead). Scale bars 50μm. (C) Unchanged mRNA expression is seen for in 

all members of the cadherin complex in Apc cKO intestine, although the Wnt target Lgr5 increases as 

expected. (n=5 mice per group). Error bars represent SEM.   .    
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To address the question as directly as possible we turned to the Sleeping Beauty transposon 

system optimized recently by Copeland and Jenkins, and in particular, a series of SB screens targeted to the 

mouse intestine and conducted in the four major backgrounds predisposing toward human colon cancer. 

(i.e. mutant forms of Apc, K-Ras, Smad4, and p53). The system itself has been described recently in detail 

(Dupuy et al, 2006; Dupuy et al, 2009; Mann et al, 2012; Mann et al, 2014; March et al, 2011). Figure 12A 

is a schematic illustrating the transposon and a simplified summary of the mechanism(s) underlying its 

ability to generate both gain- and loss-of-function mutations throughout the genome by insertional 

mutagenesis. A manuscript describing the global analysis of these four screens is in preparation as a 

separate report (Neal Copeland, personal communication).   Here, we extracted the relevant data for E-

cadherin (Cdh1), p120 (Ctnnd1), α-catenin (Ctnna1), β-catenin (Ctnnb1) and plakoglobin (Jub) from all 

screens.   Figure 12B shows raw hit data for Apc, Ctnnd1 and Ctnna1. Genomic structures are shown in 

green across the center. Blue bars are individual hits and show location of mutations across the gene, and 

on each allele (above and below gene). In line with its role in initiation of human CRC, Apc was by far the 

most frequently hit gene in most screens (Smad4 screen is a notable exception). Notably, the insertion 

patterns on Ctnnd1 and Ctnna1 are consistent with gene inactivation, as hits are distributed randomly 

across both alleles. Remarkably, the Apc hit map generated by SB (top panel) is all but indistinguishable 

from its real human counterpart, including the signature near absence of mutations on the 5’ half of the 

upper allele. The result is a striking example of the efficacy of SB at recapitulating tumor progression with 

a very similar mode of action relative to forces driving human tumor progression.  
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Figure 12. Dysregulation of the cadherin complex in multiple drivers of intestinal tumorigenesis. (A) 

Schematic of the T2Onc2 Sleeping Beauty transposon. The transposon yields “gain of function” mutations 

by driving transcription of nearby genes through an MSCV-driven splice donor. Insertion within a gene 

leads to “loss of function” by terminating transcription through a birectional-polyA signal. (B) Raw 

insertion sites for Apc compiled from all 4 genetic backgrounds (ApcMin, KrasG12D, Smad4f/+, and 

p53R175H) closely mimic human mutation patterns. Insertion sites for Ctnnd1 (middle) and Ctnna1 

(bottom) in the Smad4 SB background are consistent with gene inactivation. Scale bar 10Kb. (C) CIS 

analysis shows a high percentage of tumors with mutations in p120 (Ctnnd1), E-cadherin (Cdh1), and α-

catenin (Ctnna1) in all genetic backgrounds. Collectively, mutations that target the cadherin complex 

(p120, E-cadherin, and α-catenin combined) were observed in close to 60% of all intestinal tumors. (D) 

Overall rankings for insertions of Ctnnd1, Ctnna1, Cdh1, Ctnnb1, and Jub in each SB genetic background. 

Total CISs identified in each background are shown at bottom. (E) Cadherin complex mutations were not 

mutually exclusive, as seen by overlapping insertions in Smad4 SB tumors. 
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Key data are summarized in Figure 12C. The four screens are organized by genetic background, 

each of which constitutes an independently conducted screen. For each screen, hit frequencies are shown 

for Apc (black), Ctnnd1 (green), Cdh1 (orange), and Ctnna1 (blue). Figure 12D shows overall rankings for 

each member of the complex as a function of their place in the field out of ~400 drivers identified. Because 

loss-of-function at any one of the three positions (i.e. p120, E-cadherin, α-catenin) inactivates the entire 

complex, the true impact of these mutations may be best represented by the sum of hits to these three 

components. This is indicated by the red bars in each set (red, Figure 12C), which show the non-

overlapping sum of Ctnnd1, Cdh1, and Ctnna1 gene insertions.  The magnitude of these numbers – 44, 59, 

51, and 58%, respectively for the different backgrounds, means that about half of all tumors, irrespective of 

genetic initiator, sustained a quantifiable tumor-promoting hit to the E-cadherin complex. While one hit 

should be sufficient to inactivate the cadherin complex, Figure 12E, shows that mutations to different 

complex components in the same tumor were not necessarily mutually exclusive, which be due to tumor 

heterogeneity and high selection rates in separate clonal populations. The combination of 

haploinsufficiency and actionable hit frequencies in roughly 50% of all tumors is extraordinary, and the 

mutation rate at the level of the cadherin complex is second only to major gatekeeper mutations, such as 

Apc, in each background. 
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Discussion  

Although E-cadherin downregulation is typically viewed as a late event in intestinal tumor 

progression, new evidence presented here suggests that the integrity of the E-cadherin complex may be 

targeted/breached early and more often in the course of tumorigenesis than previously suspected. Focusing 

first on p120, we show here for the first time that p120 functions as an obligatory haploinsufficient tumor 

suppressor in the context of Apc LOH. Monoallelic p120 loss in an Apc1638 background, for example, 

results in a 10-fold increase in tumor multiplicity, although retention of one allele appears to be a 

requirement for tumor growth.  An obvious question, particularly given p120’s cadherin stabilizing role, is 

whether the haploinsufficient phenotype reflects a role unique to p120, or a phenotype dependent on the E-

cadherin complex as an intact functional unit. To address the question we turned to the Sleeping Beauty 

transposon system and a series of SB screens targeted to the mouse intestine and conducted in four major 

CRC predisposing backgrounds (i.e. mutant forms of Apc, K-Ras, Smad4, p53). Remarkably, p120, α-

catenin and E-cadherin are consistently among the highest ranked hits, objectively highlighting the E-

cadherin complex as a key mediator of tumor early progression.  

The work described here was originally motivated by the notion that p120 ablation was likely to 

influence intestinal tumorigenesis through cell-cell adhesion defects and associated inflammation. 

Interestingly, both etiologies are associated with inflammatory diseases of the intestine, including Crohn’s 

colitis and ulcerative colitis, which over time can predispose to colon cancer. Indeed, previously we found 

that limited p120 KO in the intestine by itself was sufficient to generate tumors in 45% of the animals 

(Smalley-Freed et al, 2011). While none of these tumors were null for p120, local inflammatory effects 

were clearly generated by p120 null tissues, which appeared to account for increased mutation and 

tumorigenesis. Indeed, p120 clearly has a cell autonomous role in controlling inflammation, and in some 

tissues, such as the esophagus, inflammation induced by p120 ablation is capable of generating invasive 

tumors (Stairs et al, 2011). Nonetheless, the contribution of p120 loss to inflammation seems to vary widely 

according to tissue and its role in intestinal tumorigenesis remains ill-defined.  
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To clarify the contribution of p120 to intestinal tumor development, we turn to well-established 

mouse models of intestinal tumorigenesis (Fodde et al, 1994; Moser et al, 1990). Here, we report that 

limited p120 ablation in Apc1638 mice containing floxed p120 alleles (p120 f/f) resulted in a 10-fold 

increase in tumor multiplicity. As tumors were found to be monoallelic for p120, we suggest a 

haploinsufficient tumor suppressor role. Surprisingly, inflammation does not seem to play a major role in 

driving the increase in tumor multiplicity in these studies. By substituting a p120 heterozygous mouse for 

the p120f/f mouse required for outright ablation, local inflammation induced by p120 negative areas was 

eliminated altogether. In these cases, an essentially identical increase in tumor multiplicity (relative to 

controls) was observed despite the absence of p120 ablation.  Loss of one p120 allele being the only 

remaining variable, it appears that the haploinsufficient phenotype is a direct function of monoallelic loss 

and cannot be significantly dependent on inflammation or potential unknown derivatives of the p120 null 

microenvironment.  

In our limited p120 KO tumor studies, loss of the second allele was never observed within the 

tumor tissue and turns out to be selectively incompatible with tumor viability. The outright absence of p120 

null cells in the context of the adenoma is striking, and holds true for all tumors analyzed to-date. 

Interestingly, p120 null foci can be induced transiently by tamoxifen and are readily detectable in tumors 

harvested early (1 week post TAM), but not late (1 month). Thus, it appears that the tumor cells are 

selectively dependent on p120 for survival and those without are rapidly eliminated. These findings reveal 

an obligatory haploinsufficient tumor suppressor role for p120, as loss of one p120 allele strongly promotes 

tumorigenesis yet retention of the second allele is likely a process of selection given that the cells are 

dependent on it to survive. The phenomenon was recently termed “nononcogenic addiction” after the better 

known “oncogenic addiction”, reflecting the potential therapeutic window of opportunity afforded by the 

tumor-specific requirement for p120 (Luo et al, 2009; Solimini et al, 2007). Interestingly, this is not the 

first time we have encountered a transformation-specific requirement for p120. While its KD is normally 

well tolerated, p120 is essential for tumorigenesis (i.e., anchorage independent cell growth) in MDCK cells 

transformed by Src- and Rac1- but not H-Ras (Dohn et al, 2009). Thus, Apc, Src and Rac1 all appear to 

require p120 for tumorigenic transformation.  
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Further analyses of SB insertional mutagenesis screens provide strong support for a 

haploinsufficient tumor suppressor role for p120, as well as α-catenin and E-cadherin. Strikingly, 40-60% 

of all intestinal tumors generated by SB contained at least one inactivated allele of p120, α-catenin or E-

cadherin, irrespective of the initiating genetic background. Thus, our evidence strongly suggests that the 

integrity of the E-cadherin complex is breached early and often in the course of intestinal mutagenesis, such 

that monoallelic loss at any of these three loci is sufficient to substantially accelerate tumor progression.  

Moreover, previously published studies from both Fodde and Noda provide strong independent support for 

obligatory haploinsufficiency as the mode of action for these proteins (Shibata et al, 2007; Smits et al, 

2000). Indeed, E-cadherin heterozygousity in the Apc1638 model leads to an almost identical increase as 

reported in Figure 5, and α-catenin is likewise shown to be required for tumorigenesis in Apc mutant mice.   

Importantly, the SB system vastly accelerates the random accumulation of mutations genome-

wide in a fashion that closely approximates the forces at work in human tumors. Tumorigenic events are 

self-selecting in that they promote tumors, thus more efficient tumor promoting mutations are found more 

frequently. The final tally of drivers emanating from each screen, therefore, is effectively a top to bottom 

quantitatively-significant ranking of tumorigenic potency. Remarkably, in the field out of >400 drivers 

identified, α-catenin and p120 are ranked 2
nd

 and 3
rd

 in the Apc-sensitized background, with E-cadherin still 

in the top 4% (March et al, 2011). These results were relatively consistent in all backgrounds tested. Given 

that appear to be obligatory haploinsufficient, it seems that their impact on tumorigenesis/progression is 

mediated at the level of the E-cadherin and best represented by the sum of their hits. Remarkably, the 

collective hits to p120, E-cadherin, and α-catenin are second only to the primary gatekeepers and suggest 

an important role for the cadherin complex in early tumorigenesis directly downstream of tumor initiation. 
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While just one mutation should serve to inactivate the cadherin complex, mutations to different 

complex components in the same tumor are not mutually exclusive. However, the data returned by SB is in 

the form of hits per gene per tumor, and thus it cannot distinguish separate hits in two different cells in a 

tumor (i.e. haploinsufficiency) from hits on both alleles in the same cell (i.e. classic tumor suppressor 

mechanism). Interestingly, our finding of obligatory haploinsufficiency for p120 is key to interpreting this 

data, as we establish that hits to both p120 alleles is not tolerated following Apc LOH. This leaves 

haploinsufficiency as the only option available to SB for p120, α-catenin, and E-cadherin. Accordingly, the 

E-cadherin complex can be inactivated by single hits on either of two alleles for each of these three genes, 

as all six alleles inactivate the same complex. 

Although E-cadherin downregulation is typically viewed as a late event in intestinal tumor 

progression, new evidence presented here suggests that the integrity of the E-cadherin complex is among 

the earliest and most important barriers breached in the course of intestinal tumorigenesis. Given that 

several components of the same complex have roughly equivalent monoallelic phenotypes, we suggest that 

the activity of the cadherin complex en toto is the functional unit of selection for Sleeping Beauty and the 

ultimate mechanism behind the tumor-promoting effects observed in p120 tumor models. Late stage 

alterations to the cadherin complex are well characterized and often mark a definitive transition to 

malignancy. Our data suggest that the E-cadherin complex is compromised both early and late over the 

course of tumor progression and highlight the global importance of their collective tumor suppressor roles.   
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CHAPTER IV 

 

POTENTIAL ROLES FOR KAISO IN INTESTINAL HOMEOSTASIS AND CANCER 

 

Introduction 

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths in the United States, 

estimated to cause over 50,000 deaths in 2014 (Siegel et al, 2014). Strikingly, almost 80% of spontaneous 

CRCs appear to be initiated by mutations in a single gene, the Adenomatous Polyposis Coli tumor 

suppressor gene (APC) (2012; Fearon & Vogelstein, 1990). The protein product of this gene, APC, 

negatively regulates the Wnt pathway by degrading excess cellular β-catenin as part of a large protein 

complex with AXIN1, GSK3β, CK1α, and β-TrCP (reviewed in (Clevers & Nusse, 2012)). Under normal 

Wnt ligand-induced activation, this complex is inhibited, which permits the accumulation and nuclear 

translocation of β-catenin, where it binds to TCF/LEF transcription factors to initiate transcription. In the 

intestine, active Wnt signaling is necessary to maintain the intestinal stem cell population (ISCs) by 

controlling powerful regulators of proliferation, differentiation, and stemness, such as c-Myc, CyclinD1, 

Ascl2, and Lgr5 (reviewed in (Schepers & Clevers, 2012)).  Importantly, loss of APC inactivates the β-

catenin destruction complex, leading to constitutive activation of the Wnt pathway, unchecked 

proliferation, and rapid cell transformation (Sansom et al, 2004).  

Originally identified as a binding partner of p120-catenin (p120), Kaiso (ZBTB33) is a member of 

the BTB/POZ-ZF (broadcomplex, tramtrack, bric-a-brac/poxvirus and zinc finger) subfamily of 

transcription factors (Daniel & Reynolds, 1999). Historically, Kaiso has been shown to bind both an 

unmethylated consensus sequence (KBS) and methylated CGCG motifs (Buck-Koehntop et al, 2012b; 

Daniel et al, 2002; Prokhortchouk et al, 2001; Ruzov et al, 2004), and is thought represses such genes as 

MMP7 (matrilysin), BCL6, CDKN2A (p16), Wnt11, and CyclinD1 through both KBS- and CGCG-mediated 

mechanisms (Donaldson et al, 2012; Kim et al, 2004; Koh et al, 2013; Lopes et al, 2008; Spring et al, 

2005). Interestingly, Kaiso’s methyl-binding ability is rather unique, as the Kaiso family proteins (Kaiso, 
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ZBTB4, and ZBTB38) are one of only 3 protein groups known to bind methylated DNA. Thus Kaiso and 

its family are suspected to have broad roles in chromatin maintenance and epigenetic regulation (Defossez 

& Stancheva, 2011; Fournier et al, 2012; Sasai et al, 2010a). 

Kaiso’s repressor function is further mediated by its protein binding partners. Kaiso has been 

shown to form repressive complexes with N-CoR, HDAC1, and MTG16, and is able to modulate function 

of CTCF (Barrett et al, 2012; Defossez et al, 2005; Iioka et al, 2009; Yoon et al, 2003). However, despite 

being the first Kaiso-binding partner identified, p120’s interaction with Kaiso is still poorly understood. 

p120 has long been thought to inhibit Kaiso’s transcriptional roles, as all three zinc fingers are required for 

p120 binding which would preclude simultaneous binding to DNA (Daniel & Reynolds, 1999). Functional 

studies have since shown p120 can indeed mediate Kaiso-induced transcriptional changes, either by 

competitive binding or by inhibiting Kaiso through cytoplasmic sequestration (Kelly et al, 2004; Kim et al, 

2004; Park et al, 2006; Spring et al, 2005). Interestingly, Kaiso has also been reported to bind p120 family 

member δ- catenin and appears particularly important to neural development (Rodova et al, 2004).  

Importantly, over the past decade Kaiso has been implicated in canonical Wnt signaling through 

multiple mechanisms. Kaiso is thought to directly regulates canonical Wnt targets such as c-Myc, c-Fos, 

Siamois, and CyclinD1 (Donaldson et al, 2012; Park et al, 2005), as well as mitigate Wnt-dependent 

transcription through interactions with TCF3/TCF4 which disrupts their interactions with β-catenin and/or 

target promoters (Park et al, 2005; Ruzov et al, 2009). While most studies are in agreement that Kaiso 

functions to negatively regulate of Wnt signaling, others have shown more pleiotropic roles. Interestingly, 

studies from Iioka et al. demonstrate that Kaiso is able to regulate Wnt in a bi-modal fashion, and can 

activate or inhibit the pathway based on Kaiso amount and context (Iioka et al, 2009). Thus, broad 

conclusions about Kaiso’s precise role in Wnt signaling may be premature, yet a functional interaction 

between the two pathways is well-supported. 
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Interestingly, as opposed to the negative role reported in the majority of cell culture models, in 

vivo and pathology studies mostly suggest a positive role for Kaiso in Wnt and protumorigenic signaling. In 

mice, global Kaiso knockout is apparently well tolerated and Kaiso null mice show no discernable 

differences from their WT littermates. However, when combined with the ApcMin tumor model, Kaiso loss 

mediates a protective phenotype, which delayed tumorigenesis and extended survival (Prokhortchouk et al, 

2006). Conversely, Kaiso overexpression leads to dramatic alterations in tissue structure and cell 

differentiation (Chaudhary et al, 2013). Furthermore, increased Kaiso expression has also been reported in 

tumors from the breast, lung, and prostate, and is often associated with aggressiveness and decreased 

prognosis (Dai et al, 2009; Jones et al, 2014; Jones et al, 2012; Vermeulen et al, 2012). Thus, these studies 

point to a tumor promoting role for Kaiso, and furthermore a relevance to cancer formation and progression 

in a variety of tissues.  

In addition to the Wnt pathway, Kaiso has other reported functions that may contribute to its 

protumorigenic effect. For example, Kaiso has been linked to p53, apoptosis, and DNA damage responses, 

and a study by the Melnick group found that Kaiso loss sensitizes CRC cells to chemotherapy by allowing 

expression of methylated tumor suppressors such as CDKN2A (Lopes et al, 2008). Importantly, this 

function in DNA methylation may be particularly relevant to CRC.  While virtually all colon tumors 

display abnormally methylated genes, a unique molecular subgroup displays a CpG island methylator 

phenotype (CIMP) with an unusually high rate of gene methylation. (Lao & Grady, 2011). The putative 

Kaiso target gene, CDKN2A, is one such gene commonly silenced in CIMP (+) tumors. Taken together, 

these studies suggest many opportunities for Kaiso to influence CRC progression and therapeutic strategies, 

although its exact contribution to intestinal tumorigenesis is yet unknown.  

Here, we describe for the first time Kaiso expression and localization in normal and transformed 

intestinal epithelium. Interestingly, these results show Kaiso is most highly expressed in areas dependent on 

robust Wnt activation (i.e. crypt and adenoma). While this observation makes Kaiso a likely target of Wnt 

gene induction, cell culture experiments fail to show a direct correlation between Wnt activation and Kaiso 

expression. Furthermore, in spite of numerous studies to the contrary, Kaiso itself did not dramatically alter 

downstream Wnt signaling as measured by either TOPFlash or Wnt target induction in CRC cell lines. 
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However, we found that Kaiso may contribute to Wnt regulation through inhibition of BMP signaling. To 

gain better insight into Kaiso’s role in tumor formation and identify CRC-relevant target genes, we queried 

a large ChIP-seq dataset publically available through the Encyclopedia of DNA Elements (ENCODE) 

database. Surprisingly, these studies resulted in the identification of a new consensus site for Kaiso binding 

(eKBS), and we verified two such targets, HNRNPK and BANP, as likely targets of Kaiso repression in the 

intestine. Thus, while Kaiso’s role in tumorigenesis is still unknown, these data add new complexity to the 

Kaiso literature while high-lighting Kaiso’s context-specific nature.  

 

Results 

 Kaiso has been implicated in multiple pathways relevant to tumorigenesis, including 

transcriptional control of tumor suppressors, Wnt signaling, apoptosis, proliferation, and invasion. 

Furthermore, Kaiso expression is often increased in epithelial cancers, and this expression correlates with 

increased tumor aggressiveness and poor prognosis.  However, Kaiso’s exact contribution to tumorigenesis 

is poorly understood and whether it represents a potential therapeutic target in CRC is still unknown. 

 

Kaiso is expressed in proliferative zones in the intestine 

To study Kaiso in the context of the intestine, we first characterized its expression in both normal 

and transformed tissues (Figure 13). As the majority of studies to-date which link Kaiso to the Wnt 

pathway has suggested an inhibitory role, we were surprised to see that Kaiso is predominantly expressed 

in nuclei of the crypt region. A decrease in staining is observed at the crypt neck, and thus Kaiso loss 

appears to correlate with the transition to differentiation and quiescence (Figure 13A). However, Kaiso 

expression is not solely limited to proliferative cells, as seen in Figure 13B. While Ki67 staining marks 

proliferating cells, mostly found in the transit amplifying region, nuclear Kaiso expression can be seen in 

every crypt cell regardless of proliferative status. Nor is Kaiso limited to undifferentiated cells, and 

expression is clearly seen in terminally-differentiated Paneth and CBCs. Kaiso expression was highly 

elevated in transformed cells, and expression is readily apparent in adenomas from both ApcMin and 
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Apc1638 mouse models (Figure 13A,). Interestingly, Kaiso appears to be an immediate consequence of 

transformation and robust staining can be noted even in the smallest microadenomas, as seen in Figure 

13C.  

 To determine if the change in Kaiso staining reflected alterations at the protein and/or mRNA 

level, homozygous Apc floxed mice were crossed with an Lrig1-CreER  driver (Apcf/f; Lrig1-CreER, aka 

Apc cKO) to allow synchronous Apc ablation and cell transformation across the entire intestinal epithelium 

(Powell et al, 2012; Shibata et al, 1997). Western blot and qRT-PCR analysis from this tissue reveal 

increased Kaiso expression in both protein (Figure 13D) and mRNA (Figure 13E). Interestingly, this 

expression pattern is highly suggestive of Wnt-driven transcriptional upregulation. 

To determine if Kaiso expression was likewise increased in human intestinal tumors, a set of 151 

small polyp samples was obtained through the Vanderbilt Translational Pathology Shared resource and 

serial sections were stained for Kaiso and β-catenin (Figure 14). Because staining in murine tumors was 

almost exclusively nuclear, we were surprised to see increased Kaiso expression with both cytoplasmic 

(Figure 14A) and nuclear localizations (Figure 14B). Indeed, both staining patterns occurred at similar 

frequencies (Figure 14C) and most often both localization patters were found in different areas of the same 

tissue sample. All told, Kaiso appeared to be upregulated in the epithelial cells of ~68% of polyp samples, 

suggesting early human tumors shows a similar phenotype as found in our Apc mutant mouse models. 

Interestingly, a subset of these samples also showed clear Kaiso staining in the infiltrating immune cell 

populations (Figure 14B, arrowhead), although the significance of this expression is unknown. 
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Figure 13. Kaiso is highly expressed in areas of Wnt activation in the intestine. (A) Sections of 

WT small intestine (top), large intestine (middle), and ApcMin adenoma (bottom) were analyzed by 

fluorescent immunohistochemistry for Kaiso (red) and β-catenin (green). (B) Single intestinal crypt 

stained for Ki67 (green) and Kaiso (red) (C) Microadenoma (arrow) shows concurrent increase in β-

catenin (green) and Kaiso (red) expression. All scale bars = 100μm (D) Protein lysates from Apc null 

intestine show increased Kaiso protein by WB. Tubulin was used as a loading control. (E) mRNA 

analysis of Apc null intestine shows increased expression of c-Myc (positive control) and ZBTB33.  
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Figure 14. Kaiso is increased in human small adenoma samples. Serial sections from 151 small 

adenoma samples were stained for β-catenin and Kaiso. Kaiso staining in the adenoma showed both (A) 

cytoplasmic and (B) nuclear expression. Staining could also be observed in infiltrating immune cells 

(arrow) in some samples. (C) Kaiso expression breakdown in all samples based on staining intensity and 

localization. (D) Agreement report between β-catenin and Kaiso nuclear intensities shows no direct 

correlation. 
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 Interestingly, the above data suggest that Kaiso may be a direct transcriptional target of Wnt 

activation. To investigate this hypothesis more closely, the human IHC samples were scored on a 0-4 

expression scale (0 = negative, 1 = faint expression, 2 = low expression, 3 = moderate expression, and 4 = 

high expression). As seen in Figure14D, agreement between Kaiso and β-catenin intensity scores was not 

significant.  These results were also recapitulated at a single cell level through collaboration with GE and 

the use of MultiOmyx imaging analysis (data not shown). This technology is unique in that it allows 

sequential fluorescent staining of the same sample with numerous probes, allowing quantitative 

colocalization of multiple markers in a single cell analysis (Nelson et al, 2013). As seen with the standard 

IHC approach, while Kaiso expression correlated regionally with increased β-catenin, it was not dependent 

on nuclear beta catenin expression on a cell-by-cell basis (McCulloch, personal communication). Taken 

together these data suggest Kaiso expression may be dependent on Wnt activation, but is likely not a direct 

target.  

 

Kaiso expression is not dependent on Wnt activation  

Most mouse and human IHC studies broadly suggest that Kaiso expression is dependent on 

canonical Wnt pathway activation. To directly test for Wnt-based regulation of Kaiso transcription, a panel 

of CRC cell lines was used for in vitro analysis (Figure 15). Cells were utilized to represent much of the 

CRC progression spectrum, and included HEK293 (human embryonic kidney), IEC6 (normal rat intestine), 

HT29 (well-differentiated colorectal carcinoma), CaCo2 (moderately differentiated colorectal carcinoma), 

and HCT116 (poorly-differentiated colorectal carcinoma). Cell lines were treated with Wnt3a conditioned 

media for 24-72 hours and assayed for Kaiso and Wnt target-gene expression. While it is important to note 

than some of these cell lines are unresponsive to Wnt due to pathway mutation, none of the cell lines 

exhibited an increase in Kaiso protein. (Figure 15A). Kaiso mRNA levels also remain unchanged even after 

3 days of continuous Wnt stimulation, despite clear induction of the Wnt target AXIN2 (Figure 15B).  
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Conversely, to determine if Wnt inhibition could downregulate Kaiso expression, Wnt signaling 

was ablated through stable infection of a DN-TCF4 lentiviral construct in which the N-terminal activation 

domain has been removed (Fuerer & Nusse, 2010). In agreement with complete shut-down of TCF4 

mediated transcription, AXIN2 mRNA drops to almost undetectable levels, particularly in cell lines with 

constitutive Wnt pathway mutations. Again, no change in Kaiso expression was detected via protein or 

mRNA (Figure 15C and 15D). Interestingly, recent studies have shown that Notch activation is important 

for stem cell activity and may be a mechanism through which Paneth cells help to maintain the ISC 

population (reviewed in (Clevers & Bevins, 2013)). To determine if Notch signaling was able to modulate 

Kaiso expression, cells were treated with a γ-secretase inhibitor (DAPT), which inhibits Notch signaling by 

preventing the formation of the Notch C-terminal domain (NCID).  As expected, treatment dramatically 

increases mRNA levels ATOH1 and SPDEF, which are normally subject to Notch-base inhibition. 

However, only a subtle increase in Kaiso was observed (Figure 15E and 15F). Thus, despite Kaiso’s high 

expression in areas of Wnt activation, it is unlikely that Kaiso is directly controlled by the Notch or Wnt 

signaling cascades, and thus the mechanism of its regulation remains unclear. 
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Figure 15. Wnt activity does not directly regulate Kaiso expression. Cell lines were treated with 

Wnt3a or control CM and analyzed after 24 hours for Kaiso (A) protein or (B) mRNA. Kaiso showed 

no change even though AXIN2 mRNA was clearly induced. (C) Inactivating Wnt through expression of 

a dominant negative TCF4 (DN-TCF4) yields no change in Kaiso protein or (D) mRNA. Kaiso mRNA 

expression was queried with two separate qRT-PCR primer sets. (E) Cells were treated with 5μM 

DAPT or DMSO for 24 hours. Little change in protein or (F) mRNA levels.  
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Investigating Kaiso function in the intestinal epithelium 

To begin to elucidate Kaiso function in the intestine, we developed a series of CRC cell lines with 

altered Kaiso expression through both shRNA-mediated knockdown and lentiviral overexpression (Figure 

16). Interestingly, these modifications often yielded only modest changes in Kaiso protein (Figure 16A), 

and the results were highly variable between cell lines. As seen in Figure 16C and 16D, Kaiso 

overexpression in the SW480 line results in higher nuclear expression in almost all cells, while 

overexpression is barely detect in LS174T cells, if at all, despite cell growth during drug selection. An 

intermediate phenotype is illustrated by HCT116 cells, where overexpression results in both cytoplasmic 

and nuclear expression in a much smaller portion of cells.  

Kaiso KD, while still variable, was more consistent. Five Sigma Mission shRNA constructs were 

tested, and one construct, #1539, consistently yielded the best knockdown results in almost all cell lines, 

followed by #2600 and #358. Thus, these constructs were designated shRNA-1, shRNA-2, and shRNA-3 

respectively for use in future experiments. As seen in figure 16A, substantial knockdown could be obtained 

in HCT116, HT29, and SW480 cells. However, KD lines were attempted with CaCo2 cells and LS174T 

cells, but these attempts resulted in widespread cell death and no yielded no detectable KD in the 

puromycin-selected populations. It is tempting to speculate that these cells are somehow dependent on 

Kaiso expression. Thus, while useful to study the role of Kaiso in CRC, development of these tools further 

highlight the variability of Kaiso expression and regulation. 
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Figure 16. Development of Kaiso knockdown and overexpressing cell lines. (A) CRC cells were 

infected with 5 shRNA constructs to mediate Kaiso KD along with a scrambled, nontarget control. 

Protein expression after selection is shown via WB. (B) 3 best KD constructs analyzed for Kaiso 

mRNA. shRNA1 = #1539, shRNA2 = #2600, shRNA3 = #358. (C) Cell lines were infected with LZRS-

Neo-Kaiso-Flag construct. Kaiso and Flag expression is analyzed by WB. Overlay clearly shows 

presence of Kaiso-flag protein in some cell lines. (D) Cells were stained for Flag tag (green) and Kaiso 

(red). Localization and amount of overexpressing cells varied between cell lines. (E) mRNA analysis of 

Kaiso overexpression. 
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Kaiso does not directly influence Wnt signaling transduction 

 Kaiso is consistently reported to attenuate Wnt signaling. To determine if Kaiso can inhibit Wnt in 

CRC cell lines, Kaiso KD and OE cells were tested for Wnt-responsiveness by functional and 

transcriptional readouts (Figure 17). TOPFlash experiments in RKO cells show no change in Wnt-based 

readouts upon Kaiso knockdown using either Wnt3a conditioned media or LiCl, which highly activates 

Wnt-mediated transcription by inhibiting GSK3β (Figure 17A). Likewise, Kaiso overexpression in IEC6 

cells yields no change in Axin2 induction over a 72 hour time-course. Interestingly, a subtle difference was 

noted in HCT116 cells. AXIN2 transcription in this cell line consistently shows a gradual increase up to 48 

hours, followed by a slight decrease at 72 hours. Kaiso OE cells appeared to shift the time-course, resulting 

in the highest AXIN2 expression at an earlier time point than control cells. However, both cells lines 

returned to similar levels by 72 hours (Figure 17B). Thus, it is possible Kaiso plays a more subtle role in 

Wnt signaling than previously thought, fine-tuning the Wnt response in a context-specific manner as 

opposed to global regulation. 

 Kaiso loss increases tumor latency and increases survival time in the ApcMin mouse. As the 

authors reported no change in proliferation, apoptosis, or other tumor characteristic, the reason behind this 

delay is still unclear. In an attempt to delineate Kaiso’s role in adenoma formation in a shorter time-frame, 

we crossed Kaiso null mice with our homozygous Apc floxed mice (Apc cKO) to yield Kaiso null; Apcf/f; 

Lrig1-CreER mice. Following tamoxifen (TAM) induction, Apc loss drives immediate transformation as 

evidenced by increased proliferation and altered migration. These cells are pushed up the villus in a 

consistent and time dependent fashion until death of the mouse at approximately 5-6 days post TAM. To 

analyze changes in these Kaiso and Apc double null cells, cohorts of Kaiso null and WT cKO mice were 

sac’d 5 days post induction. Changes in cell proliferation, apoptosis, migration, and survival were measured 

between littermates. Surprisingly, Kaiso loss showed no outright phenotype, and no changes in apoptosis, 

migration, or survival were observed (Figure 17C). It is worth noting that Kaiso loss does induce a small, 

but statistically significant decrease in proliferation; however whether this change is physiologically 

relevant remains to be determined. Taken together, these data suggest a minor role for Kaiso in Wnt-

signaling, and suggest that Kaiso is not a robust contributor to tumorigenesis or tumor progression in CRC.  
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Figure 17. Kaiso does not alter Wnt activation in vitro or in vivo. (A) Kaiso was knocked down in 

RKO cells expressing a SuperTOPFlash reporter (STF). TOPFlash luciferase assays were completed 

after 24 hour stimulation with Wnt3a CM or 5μM LiCl. (B) LZRS-Kaiso and LZRS-Neo control IEC6 

and Hct116 cells were treated with Wnt3a for up to 72 hours and analyzed for Wnt activation by AXIN2 

expression. (C) Synchronous Apc loss induced was in mice with or without Kaiso expression. 

Proliferation was measured by phospho-histone H3 (top), apoptosis by cleaved caspase 3 (middle) and 

distance travelled by Ki67 (+) transformed cells (bottom) at 5 days post TAM. Because migration can 

vary between intestinal segments, migration data was collected separately for proximal (PSI), middle 

(MSI), and distal intestine (DSI).  p120 costain is in green and staining is quantified on the right. 
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Kaiso and p120 expression and localization are not codependent  

p120 was Kaiso’s first identified binding partner, and studies have suggested that p120 may inhibit 

Kaiso-mediated transcription by physically removing it from the nucleus. Importantly, intestinal adenomas 

from Apc mutant mouse lines show a striking decrease in p120 staining, which may be due to 

mislocalization. It is interesting to note that p120 staining is altered in the same cell population with high 

Kaiso expression, thus it seems likely that p120 may be mislocalized in an attempt to remove Kaiso from 

the nucleus in early tumor formation. We therefore stained both Kaiso WT and Kaiso null intestinal 

samples to determine if Kaiso expression could influence p120 localization. However, as seen in Figure 15, 

decreased p120 staining is still observed in the crypt (Figure 18A) and adenoma (Figure 18B) of Kaiso null 

mice, therefore it is unlikely that p120 mislocalization is a direct response to increased Kaiso protein levels. 

Conversely, to determine if p120 expression influences Kaiso localization, we stained intestinal samples 

with limited p120 ablation (Chapter 3) and mosaic p120 KO in approximately 10% of the intestinal 

epithelium (Smalley-Freed et al, 2011). It is quite clear from these studies that p120 loss has no appreciable 

effect on Kaiso localization. Figure 18C shows colon tissue with loss of 2 (dotted line) p120 alleles, 1 

(arrowhead) p120 allele, and no p120 loss (arrow). As seen with p120, neither Kaiso localization nor 

expression levels change with varying levels of its binding partner. Therefore, while both proteins appear to 

play a role in CRC initiation, these roles are most likely separate. The context in which Kaiso and p120 

interact in vivo is still unknown. 
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Figure 18. Localization and expression of p120 and Kaiso are not codependent. (A) Small 

intestine sections were stained for p120 (green) and Kaiso (red) in either WT (top panels) or Kaiso 

null mice (bottom panels). Decreased p120 staining in the crypts is still observed in Kaiso null mice. 

(B) Decreased p120 staining (green) is still seen in adenomas from both WT (top panels) and Kaiso 

null (bottom panels) ApcMin mice. (C) Colon tissue from p120 limited KO mice was stained for 

p120 (green) and Kaiso (red). Kaiso localization is similar in p120 null (dotted line), heterozygous 

(arrowhead), and WT (arrow) tissue. 
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A role for Kaiso in p53-mediated apoptosis 

A final role for Kaiso as suggested by the literature which may contribute to CRC tumorigenesis 

and/or progression is Kaiso-mediated regulation of apoptosis and p53.  Kaiso has been proposed to both 

inhibit and induce p53 activation as part of the apoptotic response (Koh et al, 2014; Lopes et al, 2008). 

While the Melnick group asserts that Kaiso loss sensitized cells to etoposide by alleviating repression of 

methylated tumor suppressor genes, studies from Koh and colleagues report that DNA damage is able to 

induce Kaiso expression and potentiate an apoptotic response. Importantly, these studies have major 

implications for chemosensitivity, and a heightened DNA damage response could offer a potential 

mechanism for the increased tumor latency observed in mouse models.   

To determine the effect of Kaiso KD on apoptosis in CRC, cells were treated with 5μM etoposide 

for 48 hours and analyzed for Kaiso expression, p53 activation, and apoptosis (Figure 19). Interestingly, as 

reported by the Korean group, increased Kaiso is seen following etoposide treatment in the HCT116 cell 

line (Figure 19A). However, Kaiso induction is not seen in any other cell line tested, and while expression 

in SW480 cells is unchanged, Kaiso expression actually decreases following etoposide treatment in the 

HT29 line (Figure 19B and 19C). Furthermore, based on the model proposed by Koh et al., one would 

expect decreased apoptosis due to Kaiso loss. However, the opposite effect more often occurred and slight 

increases in cleaved caspase 3 staining are seen in all three KD lines. Most surprising, perhaps, was that 

Kaiso KD alone induced p53 expression and activation, as measured via phospho-p53, in SW480 cells 

(Figure 19C). This increase was only seen in the SW480 line, and furthermore the SW480 Kaiso KD lines 

did not display additional p53 activation following DNA damage.  Oddly, SW480 cells also had the least 

reduction in Kaiso protein, thus a Kaiso-specific effect was somewhat surprising, but is a logical conclusion 

based on previous failed KD attempts in CaCo2 and LS174T lines. On the whole, these data do suggest 

cross talk between the Kaiso and p53 pathways, but once again highlight that Kaiso’s role can be variable 

and highly contextual. 
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Figure 19. Kaiso influences p53 activation in CRC cell lines. Control and Kaiso KD CRC cells were 

treated with 5μM etoposide for 48 hours and analyze by WB for Kaiso, p120, p53, phosphorylated 

(activated) p53, and cleaved caspase 3 (CC3). (A) Etoposide treatment induced Kaiso only in HCT116 

cells. (B) HT29 cells showed no difference with Kaiso KD. (C) SW480 cells show activated p53 

following Kaiso KD. Tubulin was used as a loading control for all experiments. 
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Identification and validation of Kaiso ChIP-seq targets 

 Kaiso literature over the past decade has generated an extensive list of potential Kaiso target 

genes. Many of these genes, such as CyclinD1, and CDKN2A, are known tumor suppressors, yet Kaiso-

mediated changes in gene expression have yet to be identified in vivo. Thus, to identify bona fide Kaiso 

target genes that may contribute to Kaiso’s function in the intestinal tumorigenesis model, we turned to a 

recent ChIP-seq screen done by the Myers lab as a part of the Human Genome Project (HGP) and made 

publically available through the Encyclopedia of DNA Elements (ENCODE) database. This screen includes 

results from 4 different cell lines, HCT116, HepG2, GM12878, and K562.  By this approach, we were able 

to generate a list of over 400 genes in which Kaiso binding peaks are apparent in multiple cell lines (see 

example Figure 20A).  

To begin characterization and validation of these new target genes, we subjected this gene list to 

pathway and promoter analysis (Figure 20). Surprisingly, none of Kaiso’s previously identified targets was 

confirmed by this screen, and subsequent promoter analysis only 5 identified genes (out of 405) which 

contained a full KBS site (Figure 20B). Instead, the top-rated gene set included genes regulated by a 

previously “unknown” binding motif (TMTCGCGANR) (Figure 20C).  Unlike previously identified Kaiso 

targets, presence of this well-conserved motif is typically associated with transcriptional activation (Guo et 

al, 2008; Mikula et al, 2010; Wyrwicz et al, 2007; Yamashita et al, 2007). Interestingly, this gene set 

includes numerous protein production and mRNA translation genes with high levels of expression. Thus, 

Kaiso may mediate expression of genes responsible for maintaining continuous proliferation and would 

likely be transactivated to positively regulate these targets. Thus, while Kaiso clearly inhibits KBS-

dependent reporter constructs, whether this scenario recapitulates Kaiso’s true function is unclear. 
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Figure 20. Identification of new Kaiso target genes through ENCODE analysis. Kaiso ChIP-seq 

results were queried from the ENCODE database. (A) Representative Kaiso binding peak. (B) 

Identification of known Kaiso binding sites by promoter sequence analysis. (C) Top 20 results from 

pathway analysis of 405 putative Kaiso target genes. “Unknown” motif gene set is highlighted. (D) WT 

intestine (top panels) and ApcMin adenoma (bottom panels) was stained for HNRNPK expression or 

(E) BANP. 
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Since the time of our analysis, other studies have been published which identify the new Kaiso 

binding site (ENDOCDE Kaiso binding site, or eKBS) and verify Kaiso binding by ChIP experiments 

(Raghav et al, 2012). However, no study to-date has shown Kaiso-mediated changes in eKBS target 

transcription. Thus, we examined expression of a subset of eKBS targets in Kaiso KD and OE cell lines, 

and those results are listed in Table 7. Interestingly, while there is generally little change in target gene 

mRNA, some of the greatest changes was noted in KD lines for HNRNPK and BANP. Therefore, these 

proteins were analyzed by fluorescent staining in the normal intestine and ApcMin adenomas (Figure20D 

and 20E). Surprisingly, in spite of data suggesting that Kaiso promotes expression of eKBS genes, both 

HNRNPK and BANP are expressed in an exact inverse pattern to Kaiso, showing decreased staining in the 

crypt and adenoma. While these data argue that Kaiso still likely functions primarily as a transcriptional 

repressor in vivo, the identification of new Kaiso target creates new avenues by which to explore Kaiso’s 

function in this tissue.  

 

A role for Kaiso in BMP signaling 

In order to maintain homeostasis, tight control over Wnt signaling is necessary for proper 

regulation of proliferation and stemness. In the intestine, other morphogenic pathways, such as BMP, work 

in opposition to Wnt. While canonical Wnt signals serve to maintain an undifferentiated state in the 

intestinal crypt, BMP4 expression is highest in the villus where it promotes differentiation and inhibits 

Wnt-induced proliferation. We have previously established that Kaiso transcription is not responsive to 

Wnt or Notch, but it remains a possibility that Kaiso expression is instead due to negative regulation 

through a pathway such as BMP. To test if BMP-mediated signaling can influence Kaiso expression, 

mammary and CRC cell lines were treated with 100ng/mL BMP4 for 24 hours and assayed for Kaiso 

mRNA by qRT-PCR (Figure 21A and 21B). After 24 hours stimulation, increased transcription was readily 

seen in established BMP4 targets such as ID1 and SMAD6, yet we observed no change in Kaiso. Thus, 

Kaiso regulation appears to be independent of all major developmental pathways influencing intestinal 

homeostasis. 
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Interestingly, a subset of Kaiso eKBS targets (e.g. DIDO1, MAD1L1, and MKL2) has been 

implicated in BMP- and transforming growth factor β (TGFβ)-mediated signaling (Braig & Bosserhoff, 

2013; Hein et al, 2011; Li et al, 2012a; Werner et al, 2001). To test whether Kaiso could indirectly mediate 

Wnt by regulating responses to BMP or TGFβ signaling, we treated both WT and Kaiso OE cells with 

BMP4 to determine if Kaiso could affect BMP-induced transcription. Surprisingly, Kaiso overexpression 

inhibited the induction of the established BMP target genes ID1, SMAD6, and SMAD7. Furthermore, 

DIDO1, MAD1L1, and MKL2, were all responsive to BMP signaling and displayed increased mRNA 

expression following BMP treatment. Importantly though, BMP-induced upregulation of these targets was 

inhibited with Kaiso overexpression, however this upregulation was abolished with Kaiso overexpression 

(Figure 21C). Taken together, these results suggest a novel role for Kaiso in the intestine through regulation 

of BMP signaling, which may begin to elucidate Kaiso’s role in the intestine and intestinal tumorigenesis.  

 

Discussion 

 Previous work has demonstrated a complex and multifaceted role for Kaiso in regulation of many 

important cellular pathways. These studies have shown that Kaiso is able to inhibit Wnt signaling through 

both protein-protein interactions and direct repression of Wnt target genes, regulate p53-mediated 

apoptosis, and broadly contribute to epigenetic regulation through transcriptional suppression of methylated 

DNA. Here, we investigate the pleiotropic roles of Kaiso as they pertain to intestinal tumorigenesis and 

progression. Unlike the majority of in vitro studies, we found that Kaiso most likely has a positive function 

in Wnt signaling in vivo, possibly due to inhibition of BMP signaling. We further illustrate a role for Kaiso 

in p53-mediated apoptosis of CRC cells, although these results vary greatly depending on the cell line 

tested and broader roles will need to be further elucidated in in vivo systems. Furthermore, we report results 

obtained by query of a large ChIP-seq screen to identify novel Kaiso target genes. Surprisingly, the ChIP-

seq studies identified a new consensus Kaiso target site (eKBS), which is primarily found in genes required 

for mRNA translation and protein production. Together, these studies question much of the previous Kaiso 

literature, yet also highlight a highly contextual nature which may contribute to conflicting results 

regarding Kaiso function. 
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Figure 21. Kaiso inhibits BMP-mediated gene induction. (A) Mouse mammary tumor cell lines 

were treated with 100 ng/mL BMP4 and gene expression was analyzed by qRT-PCR. (B) Kaiso 

expression in HCT116 cell lines with (LZRS-Kaiso) and without (LZRS-Neo) Kaiso overexpression 

were treated with BMP4. No change in Kaiso expression was seen in either cell population. (C) 

Expression of BMP and Kaiso targets with and without BMP treatment. Kaiso overexpression 

inhibits induction of BMP targets ID1, SMAD6, SMAD7, and Kaiso targets DIDO1, MAD1L1, and 

MKL2. 
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 In the intestine, Kaiso is highly expressed in the crypt region as well as transformed adenomatous 

tissue from all tumor models analyzed to-date (Figure 13).  Both are highly proliferative, and similarities 

between the crypt and adenoma cells are well-established. Indeed, Apc loss is thought to confer a “crypt-

progenitor phenotype” by constitutive Wnt activation, which drives a permanent replication program and 

blocks the differentiation cells normally undergo at the crypt shoulder (Sansom et al, 2004; van de 

Wetering et al, 2002). Thus, many properties of crypt cells are preserved or amplified following Apc loss, 

such as activated/nuclear β-catenin, EPHB2 expression, proliferation, and a lack of differentiation. 

Interestingly, Kaiso appears to be another such marker of the progenitor phenotype, as its normal crypt 

expression is maintained and possibly amplified in the adenoma. Importantly, other markers of Wnt 

activation, such as Wnt target genes (i.e. Axin2, Lgr5), are often not expressed at high enough levels to 

reliably detect by common IHC methods. Likewise, β-catenin upregulation and/or nuclear localization can 

be quite subtle at the earliest stages of tumorigenesis, particularly in tumor models that fail to display 

massive β-catenin upregulation (i.e. Apc1638). Kaiso, on the other hand, is a robust and striking marker of 

Wnt activation that is apparent at the earliest events in tumorigenesis (Figure 13C). Thus, Kaiso expression 

should be a welcomed and useful addition to the “toolbox” for studying intestinal tumor formation and 

allow early detection of Apc loss and microadenoma formation.  

 Kaiso’s expression pattern in vivo is highly suggestive of Wnt-based regulation, yet we were 

unable to establish a connection between Wnt activation and Kaiso transcription (Figure 15). Kaiso was 

also not robustly regulated by other established developmental pathways in the intestine, namely Notch and 

BMP. However, other signaling pathways exist that may explain this expression pattern that have not yet 

been explored. For example, further ENCODE ChIP-seq studies have identified NFκB subunits bound at 

the Kaiso promoter, and epithelial NFκB activation has been observed both in the crypt and following Apc 

loss, where it is thought to contribute to stem cell maintenance and tumorigenesis (Myant et al, 2013; 

Schwitalla et al, 2013). Indeed, Kaiso expression may increase after certain types of cell stress, such as 

wound healing (Kondapalli et al, 2004). Furthermore, others have shown Kaiso transcription to be 

dependent on 3D morphology and signals derived from the extracellular matrix, which may suggest a role 

for the microenvironment in Kaiso regulation (Soubry et al, 2005). Thus, while the mechanism of Kaiso 

induction still remains unclear, and numerous avenues remain to be explored as the topic of future studies. 
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 In spite of numerous studies which have shown repressive roles for Kaiso, our studies failed to 

find any Kaiso-mediated impact on Wnt activation either in vivo or in vitro. Instead, we report Kaiso to be 

highly expressed in areas with robust Wnt activity, a pattern more consistent with a positive role in this 

pathway. This conclusion is further supported by the previous reports from Kaiso transgenic and knockout 

mouse models, as Kaiso loss delays tumor formation in the ApcMin model and Kaiso transgenic mice show 

an expansion of the crypt compartment. In all, our data show the possibility of a subtle, positive role for 

Kaiso, as evidenced by a slight reduction in proliferation following Apc loss in Kaiso null mice, and by a 

shift in the AXIN2 time-course in HCT116 cells. However, these results are likely too minor to account for 

the delayed onset of tumorigenesis in the ApcMin; Kaiso null study, or fully explain Kaiso’s function in the 

crypt or adenoma. 

Interestingly, cell culture studies suggest that Kaiso’s most likely intersection with Wnt signaling 

is through its ability to attenuate responses to BMP stimulation. In the intestine, BMP suppresses Wnt to 

promote differentiation and inhibit proliferation, and ablation of BMP signaling through receptor KO or 

ectopic expression of Noggin results in Wnt target repression, de novo crypt formation, and a phenotype 

similar to Juvenile polyposis syndrome (Haramis et al, 2004; He et al, 2004). Furthermore, downstream 

BMP-effector SMAD4 has been shown to directly inhibit β-catenin at the transcription level, and SMAD4 

deletion increases tumorigenesis and transcription of Wnt target genes in Apc1638 mice (Freeman et al, 

2012). Here, we show that Kaiso overexpression can completely block BMP4-mediated upregulation of 

ID1, SMAD6, and SMAD7 in HCT116 cells. DIDO1, MAD1L1, and MKL2, potential Kaiso targets 

identified by ChIP-seq, are also induced by BMP treatment in a Kaiso-dependent fashion. Thus, these 

genes are likely bona fide Kaiso targets and subject to Kaiso-mediated repression in the context of BMP.  

Interestingly, these genes have been shown to mediate downstream signals from TGF-β, a closely related 

morphogen which utilizes many of the same downstream effectors as BMP. While the role of TGF-β in 

intestinal homeostasis is not well understood, recent data from the TCGA identified a surprising number of 

TGF-β pathway mutations, which indicate a more extensive role in CRC than previously believed (2012). 

While it is still unclear if Kaiso-mediated repression of DIDO1, MAD1L1, and MKL2 are also observed in 

the context of TGF-β stimulation, it is interesting to speculate that Kaiso may influence multiple aspects of 

CRC progression by modulation of both BMP and TGF-β activity.  
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Kaiso may also play a role in CRC development by regulation of inflammation and the immune 

response. The link between inflammation and cancer is well-established, and inflammatory bowel diseases, 

such as Crohn’s colitis and ulcerative colitis, are a major risk factor for CRC. As seen in Figure 14, positive 

Kaiso staining is often seen in infiltrating immune cells in human colon polyps. Studies analyzing Kaiso 

KO in the spleen report splenomegaly and atypical germinal centers, possibly due to Kaiso-mediated 

transcriptional changes in BCL-6, a B-cell specific gene often deregulated in lymphomas (Koh et al, 2013). 

Furthermore, pathway analysis of eKBS target genes identifies gene sets necessary for B-cell development 

and function, as well as those upregulated following probiotic treatment in the intestine (Figure 20C). 

Knockout of Kaiso’s binding partner, p120, has also been shown to generate an inflammatory response 

which has been causally linked to phenotypes in the skin, intestine, and the esophagus (Perez-Moreno et al, 

2006). Thus regulation of inflammatory responses may be an outlet for functional interaction between p120 

and Kaiso. Kaiso overexpression in the intestine leads to the development of several inflammatory features, 

such as increased neutrophil infiltration and activation, villi fusion, and crypt hyperplasia, although it is 

important to note that Kaiso expression in this model is restricted solely to epithelial cells, thus these 

particular changes are most likely regulated by non-cell autonomous mechanisms. However, taken together 

these data suggest Kaiso-mediated changes in inflammatory responses may be complex but broadly 

relevant to intestinal inflammation and tumorigenesis.  

Kaiso has been previously characterized as a transcriptional repressor whether binding a non-

methylated consensus site (KBS) or to di-methylated CGCG motifs. However, our analysis of Kaiso 

binding peaks in the ENCODE database failed to identify any previously reported target genes, and 

promoter sequence analysis revealed a full length KBS in only ~1% of the ChIP-seq identified genes. Thus, 

while Kaiso clearly modulates expression of KBS-based promoter constructs, these data do not support a 

biological relevance for the traditional KBS sequence. Surprisingly, gene pathway analysis of the ChIP-seq 

gene set identified a new binding motif (eKBS) that was previously characterized as an “orphan” motif 

with no known transcriptional regulators. Since our initial assessment, other groups have further validated 

the eKBS, further suggesting this site indeed is a bona fide Kaiso binding site (Raghav et al, 2012). The 

eKBS does include a core CGCG, and Kaiso binding in vitro is higher upon CGCG methylation. Together 

with the high rate of CGCG motifs in Kaiso target genes, these data are still consistent with Kaiso-mediated 
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repression of methylated DNA sequences. However, one important exception lies in work from the 

Farnham group, which used the Kaiso ENCODE genes and compared them with DNA methylation 

databases (Blattler et al, 2013). Here, eKBS-regulated Kaiso target genes were found to be some of the 

most actively transcribed genes in the genome and rarely methylated. Indeed, the eKBS motif appears to 

disproportionately regulate genes necessary for housekeeping, mRNA translation, and protein production, 

and Kaiso is often expressed in proliferative cell populations in vivo. Also, the eKBS sequence is known to 

be necessary for target gene activation, and mutation of the eKBS site in HNRNPK abolishes its 

transcription (Mikula et al, 2010). With these data, it is tempting to speculate that Kaiso primarily functions 

as a transcriptional activator in this gene set. However, here we show that protein from two such genes, 

HNRNPK and BANP, are expressed in an inverse pattern to Kaiso in the intestine and points back to 

transcriptional repression. Furthermore, it is important to note that Kaiso-mediated changes in eKBS target 

genes or eKBS reporter constructs have yet to be reported. Thus much work remains to be done on 

identifying both Kaiso target genes and the manner in which Kaiso contributes to their regulation.  

 Perhaps the most conclusive aspect of the data presented herein lies in the variability of Kaiso-

mediated phenotypes. It is important to note the frequency of conflicting reports on Kaiso function 

throughout the current literature: Kaiso both inhibits and augments the Wnt response. Kaiso binds 

methylated and non-methylated genes. Kaiso induces and attenuates p53-mediated apoptosis. Indeed, gene 

expression changes induced by Kaiso were rarely consistent across the three different knockdown 

constructs (Table 7) or across the different CRC lines tested (e.g., BANP upregulation is seen in HCT116, 

but not SW480 KD lines). Response to etoposide treatment in Kaiso KD cells was surprisingly variable; for 

example Kaiso knockdown activated p53 solely in SW480 cells. Thus, it appears Kaiso may play a highly 

contextual role which may vary dramatically between different between tissue and organ systems. 

Furthermore, caution may be necessary in extrapolating data from Kaiso-focused studies, particularly in 

cell culture-based model systems, as Kaiso’s exact function likely depends on tissue-specific changes in 

gene expression, available binding partners, and signaling pathways. Thus, much work remains to be done 

to fully understand Kaiso’s contribution, not only to the intestine and CRC, but other tissues as well.  
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CHAPTER V 

 

 

FUTURE DIRECTIONS 

 

 

Introduction 

Here, we show that p120, along with the E-cadherin complex, functions as a singular 

haploinsufficient entity in the context of Apc loss in the intestine. We further identify p120 as having 

obligatory haploinsufficiency, as loss of both p120 alleles was incompatible with adenoma growth despite 

being dispensable for WT tissue. Alterations to p120 and the cadherin complex appear to be a normal 

consequence of Wnt activation, as decreased p120 staining is observed in both the crypt and adenoma.  

Taken together, we suspect this is a product of a crypt-progenitor phenotype that functionally contributes to 

the rapidly expanding crypt and/or adenoma cells. These data were further extended to E-cadherin and α-

catenin by observation of nearly identical results with IHC, Sleeping Beauty mutagenesis screens, and 

mouse tumor models as reported by the literature. Thus, the cadherin complex appears to be a discreet 

functional unit, and removal of only one component will inactivate the complex as a whole. By virtue of its 

high selection in the Sleeping Beauty mutagenesis screens, in conjunction with the pathology literature, we 

believe that inactivation of the cadherin complex constitutes a major functional roadblock to early tumor 

establishment and progression.  
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p120’s binding partner Kaiso also likely contributes to tumorigenesis, although its functional 

contribution is still unknown. Here, we show Kaiso is dramatically upregulated in the Wnt-driven cells of 

the crypt and adenoma, and Kaiso expression is a robust and useful marker of Apc null cells. While 

numerous roles for Kaiso have been reported in Wnt signaling pathway regulation, our data suggest any 

effect of Kaiso on this pathway is quite subtle and not likely to account for the phenotype observed in the 

ApcMin line, where Kaiso loss delays tumorigenesis. Intriguingly, Kaiso may have a role modulating BMP 

signaling, which has multiple implications for intestinal homeostasis and CRC development. However, 

perhaps the most striking facet of Kaiso biology represented here lies in the identification of a new Kaiso 

binding site (eKBS), through query of publically available ChIP-seq screens. While literature suggests the 

eKBS mediates transcriptional activation, IHC studies of eKBS targets still imply that Kaiso functions as a 

transcriptional repressor, at least in the intestine. These studies have only just begun, and there are still 

many questions to be answered in order to fully understand p120 and Kaiso’s function in intestinal 

tumorigenesis and how this relates to human CRC development and progression.  

 

Contribution of the cadherin complex to intestinal tumorigenesis 

 While we show that p120’s contribution as a haploinsufficient tumor suppressor is most likely at 

the level of the cadherin complex, how the cadherin complex functionally contributes to tumorigenesis is 

still unknown. A number of molecular interactions exist which could explain these results. For example, 

inactivation of the cadherin complex has been shown to augment canonical Wnt signaling under a variety 

of scenarios by releasing membrane-associated β-catenin to participate in the Wnt cascade (Fagotto et al, 

1996; Heasman et al, 1994; Kuphal & Behrens, 2006). Indeed, aberrant Wnt activation was presented by 

the Fodde group as a possible mechanism for the effects of E-cadherin reduction on Apc1638 tumor 

formation (Smits et al, 2000). However, our studies have failed to generate any supportive evidence for a 

Wnt-dependent mechanism. Indeed, in the p120 null and p120+/- intestine and p120+/- enteroid culture, 

proliferation and cellular differentiation remain largely unaffected (Chapter 3, Appendix A). Surprisingly, 

mRNA analysis from these samples has often shown downregulation of Wnt target expression, rather than 

a p120-dependent increase. Moreover, analysis of aged p120+/- mice has found that, at baseline, these mice 
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are not predisposed to tumor formation and still require an initiating mutation for the tumorigenic effects 

described herein (data not shown). However, it is important to note that these results still cannot rule out a 

Wnt/cadherin-driven mechanism. Further experiments to conclusively address this scenario include mouse 

crosses with Wnt-reporter mice (e.g. Axin2 lacz), Wnt-reporter (i.e. TOPFlash) experiments in vitro or ex 

vivo, or further characterization of ex vivo enteroid cultures (e.g. plating efficiency, stem-spheroid 

formation, R-spondin dependency). 

The cadherin complex may also contribute to tumorigenesis by mediating RTK growth factor 

signaling pathways. Indeed, many have shown that cadherins and RTKs are able to colocalize, and in many 

systems cadherins suppress RTK activation and signaling (Qian et al, 2004; Takahashi & Suzuki, 1996). In 

vitro, cadherin-based inhibition of RTKs is associated with contact-inhibition of cell growth, where 

generation of cell-cell contacts shuts down proliferation upon monolayer confluence (Takahashi & Suzuki, 

1996). Contact inhibition is further dependent on the HIPPO pathway and its associated proteins, YAP1 

and Merlin, both of which have been shown to interact with the cadherin complex and its members (Curto 

et al, 2007; Hamaratoglu et al, 2006; Kim et al, 2011). Because staining for cadherin complex members 

shows alterations in areas of active proliferation in the intestine (i.e. crypt and adenoma), it is tempting to 

speculate that this may serve to mediate a form of contact-inhibition in vivo, and the cadherin is recruited 

back to the membrane at the villus to aid the transition to differentiation and cell quiescence. However, 

these data are not consistent with similar rates in proliferation and growth factor pathway activation (e.g. 

phos-AKT, phos-ERK, phos-YAP1) in p120+/- intestines or enteroids. Further mRNA analysis on 

TEAD/YAP1 dependent targets, such as Cdk6, may shed light on whether increased signaling through this 

pathway may help to mediate effects of p120 heterozygousity. Also, attempts to analyze phosphorylated 

EGFR levels by western blot have not yet been successful, but would be important to clearly establish the 

level of RTK activation in these models.   
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On the other hand, it is entirely possible that the decreased staining seen in the crypt and adenoma 

may not be functionally relevant to intestinal biology. Indeed, differences in cell size and morphology have 

been known to influence staining intensities. For example, the concentration of glucose transporters in 

adipocytes cells decreases with increased cell size, although the total number of transporters remains 

constant in the larger plasma membrane (Karnieli et al, 1986). A similar effect could serve to mediate the 

immunofluorescent intensities shown here. No data to-date has suggested a decrease in p120 protein or 

questioned its localization on the membrane, and even PLA studies show similar numbers of E-

cadherin/p120 complexes in both normal villus and tumor samples. However, both the crypt and adenoma 

cells are morphologically distinct from villi cells, which maintain more extensive cell-cell contacts. 

Therefore, the possibility remains that the decrease in staining is due to a similar number of cadherin 

complexes spread along a larger cell surface as opposed to its normal restriction at the lateral membranes. 

Testing this hypothesis would require further biochemical experiments, such as cell fractionations from the 

normal crypt, villi, and Apc KO intestine, as well as high resolution confocal microscopy.  

 While the use of in vitro methods could help investigate the role of the cadherin complex at a 

molecular level, the alterations observed in p120 are not reproducible in any CRC cell lines tested to date. 

However, recent advances have described ex vivo culture methods, allowing the culture of 3D crypt-like 

organoids from primary mouse intestine (Sato et al, 2011a; Sato et al, 2009). Importantly, viral-mediated 

genetic manipulation is possible, and these protocols have been used successfully (Koo et al, 

2011)(Appendix B). Therefore, future studies should be able to tease apart the contribution of the cadherin 

complex on cell growth, growth factor responsiveness, and Wnt activation in a biologically relevant model 

system. Furthermore, while clearly suggested by previous literature and the SB data, whether phenotypes 

due E-cadherin and α-catenin loss are truly identical to p120 is still unclear. For example, phenotypes 

associated with α-catenin loss in vivo are frequently more severe than that of E-cadherin in epithelial 

tissues, suggesting α-catenin may mediate non-cadherin associated roles in addition to its classical role at 

the membrane (Vasioukhin et al, 2001). The ex vivo system could allow for knockdown or overexpression 

studies with individual cadherin complex members or binding deficient mutants to clearly define functional 

similarities.  
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Interestingly, most phenotypes for p120 loss in vivo have been ultimately attributed to loss of cell-

cell adhesion. While limited p120 loss or p120 heterozygousity in the intestine shows little phenotype, both 

p120 heterozygous enteroid and tumoroid cultures show increased branching and morphological defects 

when cultured ex vivo (Appendix A).  Whether this represents a functional manifestation of in vivo roles is 

not yet clear. However, this phenotype, with cell sloughing, ductal occlusion, and aberrant ductal growth, 

mirror many in vivo phenotypes in other systems.  Thus, while the ultimate mechanism by which adhesion 

can influence tumorigenesis is still unknown, it is likely that the true phenotype behind loss of p120 and the 

cadherin complex in the intestine can be attributed to loss of cell-cell adhesion. 

 

p120’s requirement in CRC 

 p120 loss was incompatible with adenoma growth despite being quite well tolerated in the 

intestinal crypt. Yet how and why these cells are lost from the tumor is still unclear.  Interestingly, because 

p120 null crypts can persist long-term for the life of the animal, p120 is clearly not an absolute requirement 

for Wnt signaling or proliferation per se. Unfortunately, extensive investigation through IHC studies have 

to-date found no alterations in p120 null ApcMin adenoma cells that could account for their rapid loss. As 

identification of p120 null cells necessitates coimmunofluorescent staining approaches, further studies in 

this system are limited by quality antibodies that are reliable for fluorescent IHC. 

As shown in Appendix A, the requirement for p120 in ApcMin adenomas was further addressed by 

tumoroid 3D culture. Tumors from ApcMin; Vil-CreER; p120f/f and ApcMin; Lgr5-CreER; p120f/f mice 

were isolated and p120 KO was induced in culture by treatment with 4-hydroxy-tamoxifen (4-OH TAM). 

While it was originally our hope to generate widespread p120 KO for easier analysis, these cultures 

completely recapitulated the in vivo effects. Complete p120 KO was rarely seen, and the limited number of 

p120 KO cells found in the tumoroids did not commonly express the apoptosis marker, cleaved caspase 3, 

although numerous cleaved caspase 3-positive cells were found extruding from the epithelial layer in both 

control and 4-OH TAM-treated cultures. Furthermore, TAM-treated ApcMin tumoroids show extensive cell 

sloughing and shrinking over time (Appendix A, Figure X). This phenotype, combined with the limited 
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number of p120 KO cells and the rate of cell extrusion in these cultures in general, make likely that the size 

reduction and sloughing observed in treated enteroids could be due to adhesion-dependent loss of p120 KO 

cells into tumoroid lumen. Whether these cells are still viable at extrusion is unclear, but on the whole these 

data suggest the requirement for p120, mediated by the cadherin complex, could easily be due to alterations 

in cell-cell adhesion.  

The intestine is a highly dynamic environment, with a continuous process of proliferation, 

migration, and sloughing into the intestinal lumen. This phenomenon can also be observed in the tumors, 

and cells (both apoptotic and viable) can often be seen in the middle of adenomatous crypts. As described 

above, this may provide a mechanism for loss of p120 KO cells due to lack of adhesion and the ability to 

participate in collective migration. In human CRC, complete p120 null cells are not found in early stage 

tumors, but have been reported in late-stage CRCs. One possibility for this observation could be that  

mutation in a particular pathway (e.g. p53) may alleviate a “requirement” for p120, as p120 has been 

shown in vitro to be necessary for transformation by both Src and Rac, but not H-Ras (Dohn et al, 2009). 

With the establishment of the ex vivo tumoroid system, this can be tested by lentiviral-based expression of 

different oncogenes in the context of p120 loss. However, it is also possible that this retention is due to 

instead to the process of dedifferentiation and the loss of crypt/lumen structures for p120 null cells to be 

lost into. Support for this hypothesis also comes from work done on the requirement for p120 in the 

mammary gland. In the developing mammary gland, p120 null cells are lost and are likely sloughed into the 

ductal lumen due to defects in collective migration (Kurley et al, 2012).  However, tumors from the 

Polyoma Virus middle T (PyVT) mouse model, which have no luminal access and appear as a tightly 

packed cellular mass, are able to retain p120 KO cells. Metastases from these tumors, which must travel the 

vasculature to a secondary site, are invariably positive for p120 (ABR unpublished data). Thus, whether 

p120 is truly required for viability per se and whether this depends more on mutation or morphology 

remains to be determined.   
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The role of Kaiso in intestinal tumorigenesis 

 To-date, our studies on Kaiso have been inconclusive, and no direct function in the intestine has 

been found despite investigation of many tumor suppressing and promoting roles that have been reported in 

the literature. However, our in vitro studies suggest Kaiso may mediate the response to BMP signaling in 

the intestine, implicating a role for Kaiso in regulating a major pathway responsible for maintaining 

intestinal homeostasis. However, these studies have not yet been verified in vivo, for example by analysis 

of BMP target genes in Kaiso null and overexpressing mice. To-date, Kaiso null cultures have not been 

established in the ex vivo enteroid system, which could be utilized to determine more subtle phenotypic 

differences between Kaiso null, Kaiso OE, and Kaiso WT intestines. Furthermore, the BMP inhibitor 

Noggin is a required growth factor for enteroid culture. Modulating amount of Noggin could more clearly 

establish if any phenotypes are in fact due to alterations in BMP signaling or responsiveness. 

 Here, we identify a new Kaiso binding site and have generated an extensive list of potential Kaiso 

target genes by query of a publically available ChIP-seq database. While other groups have published 

results that further link Kaiso to the eKBS site, validation of these genes as bona fide, Kaiso-responsive 

targets has not yet been done. Thus, it is crucial to determine which genes are consistently regulated by 

Kaiso both in vitro and in vivo, as well as the manner of Kaiso’s effect on gene transcription. While 

literature on the eKBS itself suggests this sequence is primarily responsible for mediating transcriptional 

activation (Guo et al, 2008; Mikula et al, 2010; Wyrwicz et al, 2007), our IHC studies suggest that, at least 

in the intestine, this may not be the case. One possibility is that Kaiso differentially regulates these genes 

depending on the organ and tissue systems. Interestingly, Kaiso is also highly upregulated in mammary 

tumors from PyVT mice, and concurrent studies on Kaiso target genes in the mammary and intestinal 

systems may help elucidate context- and tissue-dependent roles. 
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Clinical Relevance 

 Extensive pathology literature reports p120 downregulation or mislocalization in various stages of 

human CRCs. Furthermore, our analysis of the TCGA data shows p120 is downregulated in at the mRNA 

level in a majority of colon adenocarcinomas. Thus, alterations to p120 appear to be widely applicable to 

human CRCs, although its use as a prognostic marker has been disputed. 

  Here, we show that a functional cadherin complex is an early factor in the development of 

intestinal tumors, thus it may be widely applicable to CRC cancers. While p120 itself is a poor drug target 

due to its requirement for cell homeostasis, many of the pathways p120 and the cadherin complex interface 

with can be reliably targeted. Therefore, elucidating the mechanism behind p120’s role in early tumor 

establishment may yield treatment or preventative measures in the clinic. It would also be interesting to 

know if the requirement for cadherin inactivation is the same in non-spontaneous CRCs, such as colitis 

associated cancers or hereditary nonpolyposis colorectal cancer (Lynch syndrome). While these tumors 

commonly rely on initiating mutations other than APC (Chaubert et al, 1994; Fishel et al, 1993; 

Papadopoulos et al, 1994), we have no reason to suspect the role for p120 and the  cadherin complex are 

not widely applicable based on the similarities in pathology and IHC studies across cancers from multiple 

tissue systems.   
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APPENDIX A 

 

CONSEQUENCES OF P120 LOSS IN INTESTINAL ORGANOID CULTURES 

 

Introduction 

 Recent technological advances have allowed the ex vivo culture of primary mouse intestinal tissue 

(Sato et al, 2009). Originally termed “mini-guts,” isolated murine crypts form elaborate structures in 3D 

Matrigel culture, in which crypt-like domains “bud” from a central lumen. Importantly, all differentiated 

cell types are seen in these cultures, thus effectively recapitulating many aspects of intestinal biology. The 

first “organoids” described crypt culture from the small intestine, but the organoid repertoire has been 

expanded to include: enteroids (small intestine), colonoids (colon), and tumoroids (adenoma), as well as 

cultures from human cancers and normal tissues (Sato et al, 2011a). 

 Our previous studies firmly establish p120 as a haploinsufficient tumor suppressor, and increased 

tumor numbers are seen with monoallelic p120 loss in a variety of mouse tumor models (Chapter 3). 

However, the phenotype of p120 loss and the exact manner in which it contributes to tumorigenesis has 

been elusive. These studies are complicated by the fact that many of our in vivo observations have been 

difficult to replicate in vitro. Some reasons for this include: 1) CRC cell lines are established from late 

stage tumors (i.e. adenocarcinomas or metastases) and are not representative of early tumorigenic 

phenotypes; 2) most CRC cell lines have activating Wnt pathway mutations and/or alterations to the 

adherens junction; 3) p120 knockdown by siRNA or shRNA reduces p120 expression significantly more 

than heterozygousity.  Therefore, we turned to ex vivo enteroid culture as a means to investigate potential 

mechanisms for cadherin contribution in both early tumorigenesis and crypt maintenance.  
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Results 

The effects of p120 heterozygousity in small intestinal enteroids 

Small intestinal enteroid cultures have been established and maintained according to the protocols 

described in Appendix B, and multiple cultures have been generated from global p120 heterozygous (p120 

+/-) mice and their WT (p120 +/+) littermates. While no overt difference were seen in plating efficiency, 

these calculations were complicated by the fact that p120 heterozygous tissue had noticeably decreased 

cell-cell adhesion, making  them much more sensitive the manipulations necessary for plating. In fact, to 

maintain these cultures at similar viability to matched WT lines, differential methodologies were used for 

passaging to ensure sufficient crypt shearing without excessive dissociation (Appendix B). Otherwise, both 

culture types readily establish, and reduction of p120 and cadherin complex proteins can be seen by WB 

and IHC analysis (Figure 23C and Figure 26B). 

 Although higher tumor counts were consistently seen in p120 heterozygous tumor models, few 

phenotypic differences are observed in homeostasis in p120 heterozygous mice as compared to WT 

littermates. Thus, it was quite surprising to see that in 3D culture, p120+/- enteroids have a dramatic 

phenotype and are morphologically distinct from WT controls (Figure 22A). This altered morphology, 

includes increased budding, increased secondary branching (arrowhead), narrower crypts, and elongated 

crypt outgrowths. Crypt budding was quantified by sequential counts over the course of 7 days, which 

reveals a significant budding increase in p120+/- cultures (Figure 22B). Interestingly, budding counts 

remain the same until approximately 4 days post plating, leaving the early budding timeline apparently 

unchanged. Instead, it appears that the branching phenotype is likely due to development of secondary buds 

in p120+/- enteroids. This phenomenon was rarely seen in the WT cultures, but quite frequent with p120 

heterozygousity (Figure 19A, arrowhead). Interestingly, despite the change in crypt buds, no change in 

proliferation was observed with p120 reduction (Figure 22C) and the same fraction of cycling cells was 

found in both WT and heterozygous cultures. However, it is possible that the p120+/- enteroids still have a 

higher total number of proliferating cells due to the higher number of crypt units. Higher numbers of crypts 

and their associated stem cells may increase proliferative, but only in a manner proportional to the other 

non-proliferative cell types.   
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Figure 22. Abnormal morphology and increased branching in p120 heterozygous enteroids. (A) 

Bright field images from p120 +/+ (top) and p120 +/- (bottom) enteroids from cultures 7 days post 

plating. Heterozygous enteroids show altered morphology, including increased budding, increased 

secondary branching (arrowhead), narrower crypts, and elongated crypt outgrowths. (B) Enteroid buds 

were counted daily over 7 days to show a higher number of crypt buds in p120 +/- enteroids. P < 0.05. 

(C) To measure proliferation, enteroids were embedded and stained for phospho-histone H3. 

Quantification shows similar percentage of pH3 (+) cells. Error bars ± SEM. 
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To further test whether increased Wnt signaling could drive the enteroid and/or tumor phenotype, 

mRNA was harvested from p120+/- and p120+/+ enteroids and subjected to qRT-PCR analysis (Figure 

23). Interestingly, Wnt targets in the p120 heterozygous enteroids were broadly decreased as compared to 

their WT controls, as seen for  Axin2, c-Myc, Tcf7, and CyclinD1 (Figure 23A). While markers for most 

differentiated cell populations reveal little change, it was surprising to see that markers of the ISC, Lgr5 

and Olfm4, were decreased by close to 50% in p120+/- enteroids despite the presence of more crypt-like 

structures (i.e. enteroid buds). Thus, although numerous in vitro studies have found increased Wnt 

activation when β-catenin is not sequestered by the cadherin complex, these data suggest that the Wnt 

pathway is likely not the primary driver of the increased tumorigenesis observed in our mouse models. 

Furthermore, while western blot analysis revealed the expected decrease in p120, α-catenin, and β-catenin 

protein, no change in activation of growth signaling pathways was detected (Figure 23C). Thus, the 

mechanism behind the increased branching in p120+/- enteroids, and the driver of increased tumorigenesis 

in vivo, still remains undetermined. 

 

Complete p120 ablation in ApcMin tumoroids 

While loss of one p120 allele increased tumorigenesis in our Apc mouse models, loss of both 

alleles appears incompatible with tumor cell viability (Chapter 3). However, extensive characterization of 

p120 null adenoma cells by immunofluorescent staining yielded no mechanistic insight into this 

requirement (Figure 10). To attempt these studies in a more robust model system, we turned to organoid 

culture of ApcMin tumoroids. Tumors from ApcMin; Vil-CreER; p120f/f mice were digested and 3D 

tumoroid cultures were established according to protocols described in Appendix B. As the liver is required 

to process TAM in animal models, p120 loss was induced by treatment of 1μM 4-hydroxy-tamoxifen (4-

OH TAM), an amount sufficient to induce complete gene KO (Farin et al, 2012). This treatment was 

continued for 3 days to ensure KO in a manner consistent with our in vivo treatment protocol.  
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Figure 23. Changes in mRNA and protein expression induced by p120 heterozygousity. 

p120 +/+ and +/- enteroids were harvested and homogenized in Trizol for mRNA or in RIPA 

buffer for WB analysis. qPCR analysis of (A) Wnt targets and differentiated cell markers and 

(B) regulators of proliferation, BMP, and Notch associated genes. (C) Western blot analysis 

shows expected decrease in p120, α-catenin, and β-catenin with little change in signaling 

proteins analyzed. Overall, no alterations were identified that are likely to account for the 

increased budding seen in p120 heterozygous enteroids. 
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As shown in Figures 24 and 25, induction of p120 KO ex vivo yielded striking results. Sequential 

images of a representative field illustrate loss of the round, spheroid morphology starting at approximated 

day 3 (last day of TAM treatment) that grew more pronounced over time, as the tumoroids shrink and grew 

noticeably denser (Figure 24A). While at first thought to be due to a loss of tumoroid viability, 

immunofluorescent studies confirmed these tumoroids still maintain an epithelial layer, and the change in 

both size and density is likely due to sloughing of apoptotic cells into the lumen (Figure 25A). In addition 

to changes in size, KO tumoroids also began to “bud” and develop numerous protrusions that appeared to 

be outgrowths from the tumoroid body (Figure 24B). Interestingly, the number of outgrowths appeared to 

proportional to the amount of p120 loss. 4-OH TAM-treated cultures from ApcMin; Lgr5CreER; p120f/f 

mice, which have a much more limited expression of cre recombinase, often showed a similar, but more 

restricted phenotype as cultures with a Vil-CreER driver.  

Attempts to induce p120 loss in ApcMin tumors in vivo yielded very small, clonal patches of null 

cells that were lost entirely 2-4 weeks post TAM induction. Surprisingly, these cells did not show increased 

rates of apoptosis and the reason for their loss is still unclear. To determine if p120 null cells were 

generated by ex vivo TAM treatment and whether the phenotype observed by bright field was due to 

widespread p120 loss, TAM-treated and control tumoroid cultures were paraffin embedded and sectioned 

for immunofluorescent staining (Figure 25). However, despite continuous 3-day culture with relatively high 

amounts of 4-OH TAM, tumoroids from all time points were still found to maintain p120 expression. 

Interestingly, p120 levels appear to be reduced as compared to untreated controls, making it likely that 

tumoroids display wide-spread loss of one allele, much as we found with tumors from KO mice in vivo 

(Figure 25A). Only small patches of complete p120 KO were found (Figure 25B, arrow), which were 

generally negative for the apoptosis marker used. Interestingly, numerous apoptotic cells could be found in 

both TAM and control cultures, and often appeared to be extruded from the epithelial layer (Figure 25B, 

arrowhead). Thus, it seems likely that p120 null cells could be extruded from the tumoroid monolayer, 

sloughing into the lumen and contributing to the shrunken, dense cultures observed by bright field.  
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Figure 24. Widespread p120 loss induces cell sloughing and morphological changes ex vivo. 

Tumors from ApcMin; Vil-CreER; p120f/f and ApcMin; Lgr5-CreER: p120f/f mice were cultured ex 

vivo and p120 KO was induced by 3 day culture with 10μM 4-OH TAM. (A) Time course images show 

tumoroid “shrinking,” likely due to dead cells sloughed into the tumoroid lumen, and altered 

morphology after TAM treatment. (B) Representative tumoroids show outgrowths of cells induced by 

p120 KO. Note that Lgr5-CreER tumoroids show a more restricted phenotype.  
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Figure 25. Limited p120 KO observed in ApcMin tumoroid cultures. Tumoroid cultures were embedded, 

sectioned, and stained for p120 (green), cleaved caspase 3 (red), and Hoechst (blue). (A) Representative images 

from untreated (top), day 3 (middle), and day 5 (bottom). Staining reveals very little p120 KO, although reduced 

p120 staining suggests widespread loss of one allele. Note morphological changes, as also observed by bright 

field. (B) As in vivo, very small areas of KO were observed (arrow), yet these areas were usually negative for 

cleaved caspase 3. Instead, apoptotic cells were most often seen extruding from the monolayer (arrowhead), 

suggesting cells are sloughed prior to death and not vice versa. 



136 
 

Discussion 

 Here, we utilized a recently developed ex vivo culture system in an attempt to elucidate the 

function of p120 in intestinal homeostasis and tumorigenesis. Unlike p120+/- mice at baseline, we find that 

enteroid cultures from p120+/- mice have a robust branching phenotype, although increased Wnt activation 

or proliferating cells were not found. Studies with ApcMin tumoroid cultures were designed in an effort to 

induce higher p120 KO that that observed in live mice. Interestingly, tumoroids display the same limited 

KO pattern seen in the in vivo tumor models and p120 KO cells were not more likely to be apoptotic than 

neighboring tumoroid cells. While this system did not prove to be more robust for elucidating the 

requirement for p120 in tumorigenesis, the results obtained here, from both enteroid and tumoroid cultures, 

reveal relevant manifestations of in vivo phenotypes which could reflect p120’s role in early intestinal 

tumorigenesis.  

  Based on the available literature, perhaps the most likely mechanism behind p120’s 

haploinsufficiency in vivo is the ability to activate the Wnt pathway by freeing β-catenin from the cadherin 

complex. However, our results are not consistent with this phenomenon, and instead we find decreased 

expression of Wnt target genes and stem cell markers in the p120+/- enteroids. One complication to this 

data may be the increased branching and cell numbers in the p120 het enteroids that could theoretically 

“dilute” the mRNA harvested from a small population such as the ISCs, leading to the decrease seen in Wnt 

target gene expression. Indeed, the results may be different if samples were instead taken from day 4 

enteroids before changes in branching are apparent. However, all other differentiated cell markers, even 

those that mark the “+4” stem cell, are unchanged.  

 Interestingly, the branching phenotype observed in p120+/- enteroids is further supported by 

studies in 3D tumoroid cultures. While 4-OH TAM treatment was meant to induce complete p120 loss, 

reduced fluorescent staining suggests wide-spread loss of one allele, just like that observed in the p120f/f 

tumor models. Therefore, it is likely that the morphological changes induced by TAM treatment are due to 

loss of one p120 allele, not two. However, the mechanism behind this phenotype, and how it influences 

tumor formation in vivo, is still unknown. The tumoroid outgrowths are reminiscent of crypt “buds” on 

normal enteroids, thus p120 loss could cause tumoroids dedifferentiation to mediate the budding 
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phenotype. This has not yet been tested, but based on the qRT-PCR results from normal p120+/- enteroids, 

it is possible that p120 loss reduces overall Wnt-tone in the tumoroids. On the other hand, loss of one p120 

allele dramatically increases tumor formation in the Apc1638 mouse model, where tumor formation is 

thought to rely on the ability to overcome a minimum threshold of Wnt activation. Thus, while overall 

these data do not suggest a significant increase in Wnt activation, a substantial decrease in Wnt signaling 

should cause fewer tumors, instead of the 10-fold increase observed in Apc1638 mice.  

 Tumors establish much more readily in p120 heterozygous mice, but are without any other 

phenotypic difference. Thus whether the branching increase is relevant to tumor formation at all can be 

debated. However, as phenotypes were consistent in both enteroids and tumoroid cultures, it likely reflects 

a subtle, but highly functional alteration that may not be apparent until the cells are freed from the confines 

of the intestinal architecture. Interestingly, while the intestinal crypts appear relatively normal with p120 

loss, many organ systems display morphological defects which are most commonly attributed to loss of 

cell-cell adhesion. Systems such as the mammary and salivary glands display cell sloughing and ductal 

occlusion, much as seen in the 3D intestinal cultures. Thus, it appears likely that the mechanism behind 

p120’s role in the intestine may still be attributed to altered cell-cell adhesion. Indeed, the only difference 

noted in the p120+/- intestine was a slightly higher rate of cell migration, a common manifestation of 

altered adhesion. This conclusion would also be consistent with the role observed for E-cadherin and α-

catenin in Chapter 3. Together, these data suggest that the intestinal architecture may be unusually efficient 

at constraining the altered morphology normally induced by p120 loss, thus these dramatic phenotypes only 

manifest when tissue is cultured ex vivo.  
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Loss of cell-cell adhesion may also be the driving force behind loss of p120 null adenoma cells. 

Here, we find that treatment with 4-OH TAM leads to rapid cell sloughing, even to the point that tumoroids 

grow significantly smaller. Much like the results in vivo, small pockets of p120 KO cells could be found, 

but these cells were not generally apoptotic. Cells undergoing apoptosis were readily found, however, and 

can be seen extruding from the epithelial layer in both untreated and TAM-treated cultures. Interestingly, 

the intestine is a highly dynamic environment and at the end of their transition up the villus cells are lost by 

sloughing into the intestinal lumen. This phenomenon can also be observed in ApcMin tumors, and cells 

(both apoptotic and viable) can often be seen in the middle of adenomatous crypts. Thus, this may provide 

a mechanism for loss of p120 KO cells, which may fall easy prey to extrusion due to lack of adhesion and 

the ability to participate in collective migration.   

While defects in cell-cell adhesion may account for the phenotype observed with p120 

heterozygousity and the fate of p120 null cells, this has yet to be conclusively demonstrated. Furthermore, 

while the p120+/- phenotype may be mediated by adhesion defects, how this defect contributes to the 

increase observed in tumor formation is still unclear. However, here we describe a series of novel, ex vivo 

models which may prove valuable for future studies on both p120 and its binding partner, Kaiso. 
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APPENDIX B 

 

PROTOCOLS FOR ORGANOID CULTURE AND ANALYSIS 

 

Establishing small intestinal enteroids 

Modified from Mahe et. al. (Mahe et al, 2013) 

1) Dissect out ~10 cm of small intestine on ice, removing tissue from the stomach to midway down 

the intestine. Flush with ice cold PBS* until PBS runs clear. Remove the first cm of intestine with 

the pyloric junction and from there measure 8cm of intestine. Splay open with blunt tip scissors. 

Wash 2X in cold PBS, 1X in PBS plus 0.01% bleach, and rinse again in PBS. Mince tissue with 

scissors and transfer into a 15mL conical tube with 5mL cold PBS. Rock at 4
o
 for 15 minutes.  

* Use purchased 1X PBS, without calcium and magnesium, for washes, incubations, and buffers. 

This ensures proper pH, and any calcium or magnesium will interfere with chelation. 

**To cut down on contamination, use sterile PBS and filter solutions as needed. I do as many 

steps as possible under the hood. 

2) Remove PBS and vortex on high for 5 seconds. Wash intestinal fragments 2X with 10mL PBS. 

After final wash, transfer into 5mL fresh chelation buffer (2mM EDTA in PBS*). Rock in cold 

room for 30 minutes. 

*For 20mL chelation buffer add 0.0117g EDTA 

3) Remove chelation buffer and wash intestinal fragments 2X in cold PBS by gently inverting 4-5 

times. Let intestinal fragments settle and remove PBS with a pipet. Add 5mL cold shaking buffer 

(PBS with 43.3 mM sucrose and 54.9 mM sorbitol*.) 

* For 500mL, weigh 7.41g sucrose and 5g sorbitol. Add PBS to 500ml. Filter and store at 4
o
 

4) Shake tubes gently (to the tempo of AC/DC Back in Black) for 2 minutes. After 2 minutes, check 

for crypts by pipetting 20μL onto glass coverslip (ideally see 5-10 crypts per drop). If crypt yield 

is lower, filter (step 5), add 5mL more shaking buffer, and shake for 2 more minutes.  
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5) Filter crypts through 70μm cell strainer into a 50mL conical. Rinse filter with 5mL cold shaking 

buffer. 

6) Count crypts number per 20μL drop and transfer enough volume for 300 crypts per well to a 5mL 

polystyrene round bottom tube.* 

*If crypts are concentrated enough, you can combine multiple wells per tube and bring pellet up 

in the appropriate amount of Matrigel 

7) Centrifuge at 150g (~900rpm) for 10 minutes at 4
o
C. Pour off shaking buffer by quickly dumping 

into a waste conical. Place tubes upside down on Kim-wipe as you process remaining tubes. After 

all tubes are processes, aspirate any excess liquid from side of tube. Be sure to remove as much 

excess water as possible since this will dilute your Matrigel. 

8) Resuspend crypts in 50μL Matrigel (BD 356231) per tube*, containing: 

o EGF: 50ng/mL (R&D 2028-EG-200) 

 To aliquot, add 2mL PBS to vial (200ug/vial) 

 Make 9 200uL aliquots + 20 10μL aliquots. Continue to thaw and split 200μL 

into 10μL aliquots as necessary 

o Noggin: 100ng/mL (1967-NG-025/CF) 

 To aliquot, add 500μL PBS to vial (25ug/vial) 

 20μl aliquot x 25 

o R-spondin 500ng/mL (VAPRSPON5 from core) 

 Calculated concentration to make 5μg aliquots 

 500ng will be 1/10
th

 of aliquot volume 

o Wnt3a: 100ng/mL (1324-WNP-010/CF) 

 To aliquot, add 200μL PBS to vial 

 20μL aliquot x 10 

 

*Store growth factor aliquots at -80
o
C 
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** When resuspending crypts, be sure to resuspend without adding bubbles and do not pipet up 

and down excessively, especially for p120+/- cultures 

9) Plate onto 12-well culture plates, forming a mounded dome with Matrigel in the middle of the 

well.  

10) Allow Matrigel to polymerize at 37
o
C for 30 minutes 

11) Overlay Matrigel with 500μL “mini-gut” culture media: 

o Mini-gut culture media 

 Advanced DMEM/F12 (Invitrogen #12634-010) 

 L-Glutamine (Invitrogen #25030) 

 Pen-Strep (Invitrogen #15140-148) 

 Hepes 10μM (Cellgro MT25060CI from core) 

 N2 Supplement 1:100 (Invitrogen #17502-048) 

 B27 Supplement 1:50 (Invitrogen #17504044) 

**Make 200ml of this media and freeze in 10ml aliquots for plating and splitting. Media will start 

to lose activity after 4 days at 4
o
C 

12) Every 4 days, replace media with fresh mini-gut media plus growth factors. 

 1μL R-Spondin (or 500ng/well) 

 1μL Noggin 

 0.25μL EGF 

 500μL media 
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Splitting enteroids 

1) Aspirate media and wash 1X with cold PBS. 

2) Add 1mL cold PBS per well. Coat p1000 pipet tip with 0.1% sterile BSA solution.* Use pipet tip 

to scrape plug off the bottom and transfer into a 15 mL conical tube on ice. 

*Pipet up and down in BSA to coat tip before pipetting enteroids. This keeps enteroids from 

sticking inside the pipet tip. Alternative to BSA solution is 0.1% FBS. 

3) Spin down at 200g for 3 minutes at 4
o
 to pellet enteroids 

4) Resuspend enteroid pellet in 1mL cold PBS. 

5) Shear enteroid buds by pulling into 1mL syringe fitted with a 25G needle. Go up and down 2X for 

p120+/- and 3-4X for WT (depending on size and quantity of enteroids). Be careful not to over-

shear and keep bubbles at a minimum. 

6) Spin at 200g for 5 minutes. 

7) Gently remove all PBS and the top part of pelleted Matrigel. Sheared crypts should pellet at the 

very bottom of the Matrigel, most cells scattered throughout are single cells and will not grow.  

8) Resuspend in Matrigel as done previously. Refeed as necessary. 

 

Freezing enteroids 

1) Harvest enteroid as per “splitting” protocol 

2) Spin down 200g for 3 minutes at 4
o
. 

3) Resuspend in organoid freezing media (80% Advanced DMEM F12, 10% heat inactivated FBS, 

10% DMSO). I generally freeze 2-3 wells worth of organoids in 1mL.  

4) Freeze enteroids at -80
o
C overnight and transfer to LN storage ASAP. 
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Establishing ApcMin adenoma organoids 

1) Sac 1 4-5 month old ApcMin mouse. Harvest whole intestine on ice and flush with cold PBS. 

Splay intestine open and wash 1Xwith PBS. 

2) Spread splayed intestine on bibulous paper. Isolate adenomas with as little normal intestinal 

epithelium as possible.  

3) Add isolated adenomas to 10mL chelation buffer in 15mL conical tube. 

o Chelation buffer (w/2mM EDTA) (Chelation buffer: distilled water with 5.6 mM 

Na2HPO4, 8.0 mM KH2PO4, 96.2 mM NaCl, 1.6 mM KCl, 43.4 mM sucrose, 54.9 mM 

D-sorbitol, 0.5 mM DL-dithiothreitol). Make up buffer without EDTA and store at 4
o
C, 

Add 2mM EDTA directly before tumor isolation.  

4) Rock tumor fragments in EDTA chelation buffer at 4
o
 for 1 hour. After 1 hour, shake gently for 2 

minutes to completely loosen normal epithelium. 

5) Aspirate chelation buffer and wash 1X with PBS. Add 5 mL pre-warmed digestion buffer (37
o
C) 

o Digestion buffer (10mL) 

 9.7mL plain DMEM 

 250μL FBS 

 100μL Pen-Strep antibiotic 

 1mg collagenase XI 

 1.25mg Dispase 

6) Rock/shake at 37
o
 for 30 minutes. I generally put tubes on a nutator in a cell culture incubator. Be 

sure to Parafilm the top of the tube.  

7) Shake tubes gently for 2 minutes. Let sit undisturbed for 1 minute for larger particles to settle. 

Collect supernatant. 
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8) Spin supernatant down at 200g for 5 minutes. Aspirate digestion buffer and wash pellet 1X with 

PBS. Spin down at 150g for 3 minutes. 

9) Aspirate as much PBS from the pellet as possible and resuspend pellet Matrigel as needed.* 

*I generally resuspend in ~1mL Matrigel for 1 aged ApcMin mouse 

** While not required, I add the standard growth factor compliment (EGF, Noggin, and R-

spondin) for the initial plating to help with yield.  

 

10) Add 50μL cell/Matrigel mix to individual wells on a 12-well plate. Allow Matrigel to polymerize 

for 30 minutes at 37
o
C, then overlay with 500μL tumoroid media. 

11) Tumoroid media: 

o 196mL Advanced DMEM/F12 

o 4mL Pen-Strep antibiotic 

12) Refeed and split as needed. To split cultures, shear 2X with a syringe fitted with 25G needle. 

Tumoroid cultures are much more sensitive to shearing than standard enteroid cultures. 
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Paraffin embedding for IHC staining 

1) Grow organoids and harvest according to standard splitting protocol. Collect enteroids in a 15 mL 

conical on ice and spin down at 200g for 3 min at 4
o
C. 

2) Aspirate PBS and as much Matrigel as possible without disturbing pellet. Resuspend in 1mL 10% 

neutral-buffered formalin. Fix on ice for 20 minutes. 

3) As cells are fixing, make up 2% agarose in PBS (10mL PBS + 0.2g agarose).*  

*Dissolve agarose carefully as this is a very small volume. If agarose boils over it will increase 

the percentage of your gel and decrease staining quality. 

4) Place dissolved agarose in 55
o
C water bath for at least 10 minutes prior to use.  

5) Wash enteroid 3X with ice-cold PBS to remove fixative. Spin down each time at 200g for 3 min at 

4
o
C. 

6) On final wash, aspirate as much liquid as possible to prepare for embedding. 

7) To prepare for agarose embedding: 

o Lay down a labelled piece of Parafilm to let the agarose plug solidify. Label where each 

sample plug will go. 

o Use low retention, blunt-tipped pipets (cut tips off normal ones). Using normal pipet tips 

will cause either enteroid dissociation, premature agarose polymerization, or both. 

8) Resuspend enteroids quickly in 90μL agarose. It is a small volume going into a cold tube, so just 

pipet enough to collect enteroids and pull them up. Spot agarose plug on to labelled Parafilm. 

* I like to use an excess of agarose, because bubbles in this scenario are a nightmare. But, the 

smaller your agarose plug the more concentrated your samples will be on the slide. Only spot as 

much as you need to get the majority of enteroids in the plug. 

9) Let agarose solidify for 10 minutes. 

10) Place plug in a labelled biopsy cassette and keep in 70% ethanol at 4
o
 until bringing to the TPSR 

core. 
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11) When submitting your samples to the core, be sure to specify “short processing cycle.” Otherwise, 

they should know what to do. You can see the agarose plug in the paraffin to know when to start 

cutting.  

**Overall, staining seemed most dependent on keeping the samples cold and on ice. 

Unfortunately, methylene blue stain will not work at colder temperatures, but the agarose is still 

easy enough to see where to cut in the paraffin block 
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Organoid lentiviral infection 

Virus production: 

1) Infect 2 10cm plates of 293T cells with lentiviral vectors via standard PEI transfection protocol. 

o PEI: Add 2μg vector DNA, 1μg PAX2 packaging plasmid, and 1μg MD2 packaging 

plasmid to 100μL plain DMEM media. Add 24μL PEI (1mg/mL) and vortex to mix. Let 

sit at room temp 10-15 minutes. Meanwhile, add 10mL fresh, complete DMEM with heat 

inactivated FBS. Add PEI mixture drop wise while swirling and incubate overnight. 

2) On the following day change media on 293Ts and add 10mL fresh media. Incubate 48 hours. 

3) After 48 hours, ensure transfection if possible (GFP/RFP expression, etc.) Collect lentivirus media 

and filter through a 0.45μm filter. Spin overnight at 8,000g at 4
o
C. 

Enteroid infection (next morning) 

4) Harvest enteroids for infection into conical tube on ice using 0.1% BSA coated pipet tips.* Spin 

down enteroids at 200g for 3 min (4
o
C) to pellet. 

*I normally do ~2 wells worth per vector, with approximately 50 enteroids per well.  

5) Resuspend in 1mL cold PBS. Dissociate enteroids by passaging through a 25G needle ~8 times.* 

*Shear more or less depending on density and branching in your cultures. The point is to get 

enteroids to cell clumps without complete dissociation. A good rule-of-thumb is shear 2X what you 

would to split the cultures. 

6) Spin down dissociated enteroids at 1000g for 5 minutes. Resuspend in 250μL concentrated virus 

(see step below) and transfer to 5mL polystyrene round bottom tube. 

7) To prep virus, after overnight spin pour off media and resuspend each viral pellet in 250μL mini-

gut media with: 

o Standard ENR growth factor compliment, 1μg/mL Wnt3a, 8μg/mL polybrene, and 10μM 

Y27632. 

* I have never actually seen a virus pellet, but I know that it’s there. I test my virus by 

having a spare plate of 293Ts on hand by adding ~1 drop of the concentrated virus 
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mixture. Be sure to add more polybrene for the amount of media used on the cells to keep 

it at 4-8μg/mL. 

8) Spin organoid pellet in concentrated virus at 600g at 32
o
 for 1 hour. 

9) Remove tubes from centrifuge and place in rack. Incubate rack at 37
o
 for 6 hours in incubator.  Do 

not disturb the cell/virus pellet. 

10) After 6 hours, add 3-4mL PBS to dilute the virus. Spin down at 1000g for 5 minutes at 4
o
C. 

11) Pour off media (similar to enteroid establishment protocol) and aspirate all liquid from the side of 

the tube. 

12) Resuspend organoid pellet in 200mL Matrigel with standard growth factor compliment, 10μM 

Y27632, and 1μg/mL Wnt3a. Allow to polymerize at 37
o
C and overlay with plain mini-gut media. 

13) Two days post infection, check fluorescence by microscopy. Infected GFP will clearly be in the 

epithelial cells (and NOT what you can see frequently in the lumen) See Figure 22 for example 

images. 
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Figure 26.  Validation of organoid protocols. (A) ApcMin adenoma tumoroids grow 

as cystic spheroids (B) IHC on FFPE enteroid samples. Note the decrease in staining in 

the p120 +/- enteroids as compared to WT, as expected. (C) Results of GFP infection 2 

days post infection. Note epithelial GFP expression. This was maintained over enteroid 

growth and passaging. 


