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ABSTRACT 

 
 
 

CHARACTERIZING THE ROLE OF NKD1 IN COLORECTAL CANCER 
 
 

 
Roman Kondra                                                                          Advisor: 
University of Guelph, 2013                                                        Dr. Terry Van Raay 
 
 
The Wnt signaling pathway is a highly conserved pathway critical for 

development and homeostasis of stem cells. Aberrant Wnt signaling causes 

developmental defects and disease. Over 90% of colorectal cancers (CRC) 

contain mutations in Wnt signaling which constitutively activate the Wnt pathway 

independent of a Wnt ligand. Nkd1 is a negative feedback regulator of Wnt 

signaling and functions by binding and preventing nuclear accumulation of the 

central signaling component, β-catenin. Nkd1 is upregulated in a large number of 

CRC but its function in CRC's is unknown. As NKD1 function is dependent on 

membrane localization it is hypothesized that Nkd1 is activated by the binding of 

a Wnt ligand to its receptors. To explore NKD1's function and activation, 

cancerous and mammalian cell lines were used to examine NKD1's response to 

Wnt. Results show that, under Wnt stimulation the distribution of NKD1 changes 

and interaction between NKD1 and β-catenin increases. 
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Chapter 1 - Introduction 

1.1 Wnt signaling pathways 

Signaling pathways are necessary for the existence of every animal, as they 

provide critical cellular communication during development, coordinating growth 

of the organism. The Wnt, Notch, Hedgehog or TGF-β pathways are all examples 

of major signaling pathways that control embryonic development (Klaus and 

Birchmeier, 2008; Nusse, 2008). In adults, these pathways are utilized to achieve 

tissue regeneration and homeostasis (Gordon and Nusse, 2006). As these 

pathways are so critically important, multiple levels of regulation have evolved to 

ensure proper spatial and temporal gene expression. Numerous ligand and 

receptor families, as well as various transcriptional activators and repressors, all 

contribute to this complex process. Strict regulation of signaling is crucial at all 

stages of development and for maintaining homeostasis. Dramatic fluctuations 

can result in devastating effects such as developmental disorders or cancer.  

 The Wnt family of growth factors and their associated pathways are a 

prime example of such signaling. Being highly conserved throughout evolution 

they have crucial roles in all metazoans. The Wnt signaling cascade is highly 

active from embryonic development through to adulthood and controls cellular 

processes such as polarity, proliferation and differentiation (Cadigan and Nusse, 

1997; Fuerer et al., 2008; Miller and Moon, 1996). Abnormalities within the Wnt 

signaling pathways have been implicated in developmental defects, 

osteoporosis, coronary artery disease, Schizophrenia, Alzheimer's disease, 

leukemia and over 90 percent of colorectal cancers (Barker et al., 2009; Clevers, 
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2006; Klaus and Birchmeier, 2008; The Cancer Genome Atlas Network, 2012). 

While our understanding of Wnt signaling initiation is well developed, much 

remains unknown with regard to the regulation and maintenance of Wnt signals.   

 

1.2 Wnt: origin and overview 

Thirty-two years ago, the first Wnt gene was discovered in mice by Roel Nusse 

and Harold Varmus at the University of California. They used a mouse mammary 

tumor virus to promote tumorigenesis and activated a previously unknown proto-

oncogene they named integration 1 (Int1) (Nusse and Varmus, 1982). Previously, 

a Drosophila gene, that controls segment polarity during larval development had 

been discovered and named wingless (wg) (Nüsslein-Volhard and Wieschaus, 

1980). wingless was shown to be a fly homolog of the mammalian integration1, 

and the Wnt gene family emerged as an amalgam of a wg and int (Cabrera et al., 

1987; Nusse et al., 1991; Rijsewijk et al., 1987).  

 Wnt genes are defined by sequence homology to int1 and wg encoding 

secreted glycoproteins 350–400 amino acids long, that contain a conserved 

pattern of 23-24 cysteine residues (Cadigan and Nusse, 1997). Genome 

sequencing has revealed that mammalian species have approximately 20 

secreted Wnt proteins, 19 of which are present and conserved in humans 

(Clevers, 2006; Roose et al., 1998). Mutations in other Drosophila genes share 

phenotypes with Wg mutations establishing the Wnt signaling pathway (Klaus 

and Birchmeier, 2008; Nusse and Varmus, 1982). 

 



 3 

1.3 Non-canonical Wnt signaling 

Although Wnt signaling is involved in many cellular processes, Wnt proteins 

appear to be involved in the activation of two main pathways. The canonical 

Wnt/β-catenin pathway, which is primarily involved in proliferation and 

differentiation, and the non-canonical Wnt pathway, which is primarily involved in 

polarity and can be further subdivided into the Wnt/Planar Cell Polarity (PCP) 

pathway or the Wnt/Ca2+ pathway. These two non-canonical pathways are not as 

thoroughly understood as canonical Wnt/β-catenin signaling. While these non-

canonical pathways have crucial roles in development, the studies presented 

here focus solely on canonical Wnt/β-catenin signaling. For comprehensive 

overviews on non-canonical Wnt signaling pathways see the following reviews 

(Kohn and Moon, 2005; Montcouquiol et al., 2006; Veeman et al., 2003; Widelitz, 

2005). 

 

1.4 Wnt signaling resting state 

Canonical Wnt signaling utilizes β-catenin, a 90 kDa transcriptional co-activator, 

to act as a central signaling molecule (Sharma et al., 2012). It is a homologue of 

the Drosophilla armadillo gene, necessary for cell adhesion as well as cell 

signaling (Noordermeer et al., 1994; Orsulic and Peifer, 1996). Two separate 

'pools' of β-catenin exist, a highly stable membrane bound pool is involved in cell-

cell adhesion within adherens junctions, and a smaller cytoplasmic pool involved 

in Wnt signaling. When investigated no evidence was found that these pools β-

catenin can interchange. (Cowin, 1994; Gumbiner, 1993; van Noort et al., 2002). 
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Thus Armadillo/β-catenin is a dual-functioning protein, encoded by a single gene 

in most animals and in humans (Bienz, 2005). The following research focuses on 

cytoplasmic β-catenin in Wnt signaling and its function as a transcriptional co-

activator.  

 In the absence of an extracellular Wnt ligand, a constitutively active 

destruction complex facilitates degradation of β-catenin (Figure 1.1). This 

destruction complex consists of two scaffolding proteins Axin1 and Adenomatous 

Polyposis Coli (APC), two kinases (Glycogen Synthase Kinase 3β (GSK3β) and 

Casein Kinase 1α (CK1α)) and a ubiquitin ligase, (β-TrCP) (Klaus and 

Birchmeier, 2008; Stamos and Weis, 2012). The cytosolic pool of β-catenin is 

efficiently captured by Axin1 and APC (Hart et al., 1998). It is then 

phosphorylated at Ser45 by CK1α (Liu et al., 2002). This primes phosphorylation 

of β-catenin by GSK3β on the N-terminal residues Thr41, Ser33, and Ser37 

(Peifer et al., 1994). These phosphorylated Ser/Thr residues target β-catenin for 

ubiquitination by the ubiquitin ligase β-TrCP and β-catenin is then degraded via 

the proteasome (Figure 1.1; Latres et al., 1999; Liu et al., 1999; Stamos and 

Weis, 2012; Winston et al., 1999). In the absence of a Wnt ligand, the 

constitutively active destruction complex maintains a low cytoplasmic 

concentration of β-catenin, thus reducing its nuclear translocation. As β-catenin 

is a transcriptional co-activator, without it the co-repressor transducin-like 

enhancer protein (TLE) (Groucho in Drosophila) complexes with histone 

deacetylases and the Transcription Factor/Lymphoid Enhancer Factor (TCF/LEF) 
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family of transcription factors to form a repressive complex, blocking transcription 

of Wnt target genes (Cavallo et al., 1998; Chen et al., 1999; Roose et al., 1998). 
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Figure 1.1: Canonical Wnt signaling, resting state. In the absence of an 
extracellular Wnt ligand, the destruction complex targets β-catenin for destruction 
via the proteosome. This constant destruction of β-catenin maintains a low 
cytoplasmic concentration, thus preventing any nuclear accumulation. Wnt target 
genes then remain in the repressed state. APC: Adenomatous Polyposis Coli; 

CK1: Casein Kinase 1; Fz: Frizzled; GSK3β: Glycogen synthase kinase 3β; 
Lrp 6: Lipoprotein receptor-related protein 6; P: phosphorylated residue (purple); 
TCF/LEF: T Cell-specific transcription Factor/ Lymphoid Enhancer-binding 
Factor; Ub: Ubiquitin residues (blue triangles). See text for details. 
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1.5 Wnt signaling active state 

Canonical Wnt signaling is activated when a Wnt ligand binds both the Frizzled 

(Frz) receptor and the co-receptor LRP6 (LDL receptor-related protein, known as 

Arrow in Drosophila) (Figure 1.2; Pinson et al., 2000; Tamai et al., 2000). First 

this induces phosphorylation of one of the 5 PPPSPXS motifs on LRP6 by 

GSK3β which primes it for subsequent phosphorylation by CK1ε/γ kinases 

(Davidson et al., 2005; MacDonald et al., 2008; Tamai et al., 2004; Del Valle-

Pérez et al., 2011; Zeng et al., 2005). Fz recruits the scaffolding protein 

Dishevelled (Dvl) to the plasma membrane but it is currently unknown whether 

this interaction is under Wnt regulation (MacDonald and He, 2012). Dvl binds 

Axin and CK1ε/γ kinases, effectively recruiting components of the destruction 

complex to the site of active Wnt signaling (Schwarz-Romond et al., 2007). Axin1 

binds to a phosphorylated PPPSPXS motif on LRP6, which recruits more GSK3β 

and CK1ε/γ kinases, promoting phosphorylation of all 5 of the LRP6 PPPSPXS 

motifs. This results in a rapid but transient amplification of the Wnt signal, 

referred to as a Wnt signalosome (Figure 1.2; Davidson et al., 2005; Zeng et al., 

2005; MacDonald et al., 2008). As well, when Axin1 is bound to a phosphorylated 

PPPSPXS motif, other phosphorylated PPPSPXS motifs in the vicinity of the 

Axin1-GSK3β complex directly and specifically inhibit GSK3β-mediated 

phosphorylation of β-catenin (Cselenyi et al., 2008; Piao et al., 2008; Wu et al., 

2009). Therefore, when the five PPPSPXS motifs are fully phosphorylated they 

secure binding of Axin1 to LRP6. This inhibits GSK3 from phosphorylating β-

catenin (Wu et al., 2009). To complete the circuit, inhibiting the kinase GSK3β 
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allows for the phosphatase PP1 to dephosphorylate Axin1. Axin1 then takes on a 

'closed' conformation, promoting auto-inhibition (Kim et al., 2013). 

Dephosphorylated Axin1 is unable to associate with phospho-LRP6 or β-catenin, 

causing disassembly of destruction complexes. Thus, newly synthesized β-

catenin remains stable, accumulates in the cytoplasm and then translocates into 

the nucleus (Klaus and Birchmeier, 2008). The cytoplasmic stability of β-catenin 

and its nuclear translocation is at the epicenter of canonical Wnt signaling 

(reviewed in Stamos et al, 2014). 
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Figure 1.2: Canonical Wnt signaling, active state. Canonical Wnt signaling 
begins with the Wnt ligand binding both Frz and the co-receptor LRP6. This 
induces phosphorylation of LRP6 by GSK3β leading to stimulation of the Wnt 
pathway. Phosphorylated LRP6 and Fz recruit Dishevelled (Dvl) and Axin to the 
plasma membrane, which in turn recruit GSK3β to the membrane. Sequestered 
membrane bound GSK3β  is unable to phosphorylate β-catenin allowing β-
catenin to accumulate in the nucleus activating its transcriptional program. See 
text for details. 
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1.6 β-catenin and Wnt target genes 

The nuclear import of β-catenin not yet fully understood as it lacks any 

discernible nuclear localization signal (NLS) and occurs independently of 

classical Importins, yet is still found inside the nucleus (Fagotto et al., 1998; 

Orsulic and Peifer, 1996; Van Raay et al., 2011). It is known that β-catenin 

Armadillo (ARM) repeats 9–12 adopt a very similar conformation to Importin-β 

HEAT repeats (Lee et al., 2000). Deletion studies confirmed that ARM repeats 

10–12 and the C terminus of β-catenin are necessary and sufficient for nuclear 

import (Koike et al., 2004). In human cells, it was found that β-catenin enters the 

nucleus through direct interaction with nucleoporins (Sharma et al., 2012). 

Moreover, Importin-β competes with β-catenin for docking to the nuclear pore, as 

both are observed to directly bind yeast nucleoporins in vitro (Fagotto et al., 

1998). This competition is intriguing and demonstrates that β-catenin import is 

likely a parallel mechanism to classical importin α/β dependent import. 

 Once inside the nucleus, β-catenin replaces the transcriptional repressor 

Transducin-like Enhancer of split (TLE), which was bound to the TCF/LEF 

transcription factors. The resulting heterodimeric complex, formed by binding to 

the N-terminal regions of TCF/LEF, activates transcription of Wnt target genes 

(Brunner et al., 1997; Cavallo et al., 1998). Nuclear β-catenin provides a 

transactivating domain, while TCF/LEF supply the DNA binding domain (van de 

Wetering et al., 1997).  

 The Wnt pathway has a remarkable number of target genes, coding for 

proteins involved in cell proliferation, patterning the nervous system and 
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organizer formation (Cadigan and Nusse, 1997). Wnt signaling also activates 

many genes that are components of the Wnt pathway itself allowing for 

autoregulation (Logan and Nusse, 2004; Klaus and Birchmeier, 2008). Some of 

these genes include Fz, LRP6, β-TrCP, and TCF/LEF. While transcription of the 

majority of Wnt target genes is context dependent, there are two negative 

feedback regulators Naked1 (Nkd1) and Axin2 that are believed to be universal 

and obligate targets of the Wnt pathway (Jho et al., 2002; Van Raay et al., 2007; 

Wharton et al., 2001; Yan et al., 2001a; Zeng et al., 2000). These negative 

feedback regulators are one way to intrinsically regulate Wnt signaling and their 

activity is important for proper development and homeostasis. Loss of Nkd1, for 

example, leads to lethal developmental defects in Drosophila and affects 

homeostasis of adult stem cells contributing to cancer (Guo et al., 2009; Zeng et 

al., 2000). Whereas Axin2 mutations cause familial tooth agenesis and 

predispose cells to colorectal cancer (CRC) (Lammi et al., 2004). 

 

1.7 Wnt signaling in cancer 

Wnt signaling maintains the stem cells in the colon and small intestine (Barker et 

al., 2009; Reya and Clevers, 2005). Mutations in the β-catenin destruction 

complex or in the phosphorylation sites of β-catenin constitutively activate the 

Wnt signaling pathway within these cells, independent of a Wnt ligand (Korinek et 

al., 1997; Liu et al., 2000; Morin et al., 1997).The constant induction of Wnt target 

genes through mutation prevents colonic stem cells from exiting the stem cell 

cycle, leading to the formation of adenomas (Barker et al., 2009; Klaus and 
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Birchmeier, 2008; Krausova and Korinek, 2014). Subsequent mutations in 

oncogenes such as Kras, c-Myc, Smad4 or p53 transition the adenoma into an 

adenocarcinoma or colorectal cancer (CRC) (van der Flier and Clevers, 2009). 

Greater than 90% of all CRC contain activating mutations in this signaling 

cascade (Giles et al., 2003; The Cancer Genome Atlas Network, 2012). Wnt 

signaling mutations are also associated with medulloblastoma, basal cell 

carcinoma and ovarian cancer among others (Saldanha et al., 2004; Wang et al., 

2008; Zurawel et al., 1998). 

 Wnt signaling was first linked with human cancer when the adenomatous 

polyposis coli (APC) protein and β-catenin were found to interact (Rubinfeld et 

al., 1993; Su et al., 1993). As the name suggests, APC plays a significant role in 

colorectal carcinogenesis. APC is a known tumor suppressor in human cancers 

and its mutation relates strongly to the regulation of β-catenin (Polakis, 2007; Su 

et al., 1993). For example, in the absence of Wnt stimulation, the half-life of β-

catenin is 50 minutes in AtT20 (pituitary tumor) cells, but 3 hours in SW480 colon 

cancer cells, which have a known mutation in APC (Munemitsu et al., 1996). 

Germline mutations in APC characterize familial adenomatous polyposis (FAP), 

an autosomal dominant disease predisposing affected individuals to cancer. 

Patients typically develop numerous benign colorectal tumors (polyps) that can 

progress to malignant forms (Kinzler et al., 1991; Sansom et al., 2007). A single 

APC mutation whether inherited or sporadic is insufficient for the induction of 

CRC, and a second 'hit' in a proto-oncogene such as K-ras or c-Myc is required 

(Polakis, 1997; Segditsas and Tomlinson, 2006). Thorough biochemical analysis 
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of APC has identified several key motifs including: three Axin binding sites, two 

types of β-catenin binding repeats, and a mutation cluster region (MCR) between 

codons 1280-1500, in which the majority of the sporadic APC truncating 

mutations are localized (Figure1.3; Polakis, 1999). The MCR contains β-catenin 

and Axin binding sites, so MCR deletions compromise APC binding with both 

Axin and β-catenin (Figure1.3; Miyoshi et al., 1992; Morin et al., 1997; Polakis, 

1997, 2000; Behrens et al., 1998). If this binding is interrupted, degradation of β-

catenin will not occur (Figure1.4; Morin et al., 1997; Hart et al., 1998; Kawahara 

et al., 2000; Curtin and Lorenzi, 2010).  

 Although APC loss-of-function mutations are more common in CRC, β-

catenin gain-of-function mutations are just as detrimental (Polakis, 1999, 2007). 

β-catenin gain-of-function mutations alter serine/threonine phosphorylation sites 

used by GSK3β. This prevents phosphorylation and subsequent proteasomal 

degradation of β-catenin (Figure 1.4; Morin et al., 1997; Polakis, 1999; Stamos 

and Weis, 2012). A prototypical example of this is HCT116 cells which contain a 

3-bp deletion in β-catenin that removes Ser45, a critical phosporylation site for 

destruction of β-catenin. Recent mutational surveys suggest the frequency of β-

catenin mutations in CRC is between five to seven percent. Mutations in β-

catenin have also been reported in a variety of other cancers (The Cancer 

Genome Atlas Network, 2012).  
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Figure 1.3: Schematic of the APC protein. APC is 2843 aa, has three 15-
amino-acid repeats that independently bind β-catenin and seven 20-amino-acid 
repeats that bind to β-catenin only if β-catenin is phosphorylated. Also there are 
three Axin binding sites. The mutation cluster region (MCR) between codons 
1280-1500 contains five out of the seven previously mentioned 20 amino acid β-
catenin binding repeats and two of three Axin binding sites. MCR deletions 
compromise APC binding to both Axin and β-catenin. Figure from Polakis, 1999. 
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Figure 1.4: Wnt signaling in cancer. Mutations to APC or β-catenin stabilize β-
catenin and facilitate transcription of Wnt target genes independent of Wnt 
ligand. The black shading on β-catenin and APC indicated that these proteins are 
mutated and not functioning normally. APC: Adenomatous Polyposis Coli; Fz: 
Frizzled; GSK3β: Glycogen synthase kinase 3β; Lrp 6: Lipoprotein receptor-
related protein 6; TCF/LEF: T Cell-specific transcription Factor/ Lymphoid 
Enhancer-binding Factor. See text for details. 
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 It was also discovered that the cell proliferation gene, c-MYC, is a direct 

target of β-catenin and Wnt signaling (He et al., 1998). Since then the expression 

of many other genes commonly implicated in cancer are known to be affected by 

Wnt–β-catenin signaling. In an effort to determine cancer markers for activated 

Wnt/β-catenin signaling, Yan et al.(2001) used quantitative real-time PCR to 

measure AXIN2 and NKD1 expression levels in 30 different cancer and primary 

cell lines (Yan et al., 2001a). These cell lines were derived from many differing 

tissues and high expression levels of axin2 and nkd1 mRNA were only observed 

in colon cancer cell lines. In these patient-derived colorectal cancer tumors 

mRNA expression levels of axin2 and nkd1were increased by 63% and 72% 

respectively (Yan et al., 2001a). All of these colon cancer cell lines have been 

shown to harbor mutated APC or β-catenin (Rowan et al., 2000). Thus these data 

provide clear evidence that the negative feedback regulators axin2 and nkd1 are 

markers for activated Wnt/β-catenin signaling. Analysis of axin2 and nkd1 

expression in multiple microarray datasets corroborates this (Oncomine.org 

database). A more thorough understanding of Wnt signaling and its regulation by 

these negative feedback regulators may help towards the reestablishment of 

homeostatic expression levels in deregulated cells. The ability to restore 

homeostasis in cancer or precancerous cells would have significant therapeutic 

potential. 
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1.8 Nkd1, a negative feedback regulator 

Continued investigation has established Nkd1 and Axin2 as likely obligate and 

universal targets of the canonical Wnt/β-catenin pathway. Axin2 has been shown 

to be functionally equivalent to Axin1 and this mechanism of action has been well 

characterised (Chia and Costantini, 2005). However the function of Nkd1 is not 

completely understood and is the focus of this study. Nkd1 was first identified as 

an inducible antagonist of Wnt signaling in Drosophila, termed naked cuticle 

(nkd), and then later in vertebrates (Yan et al., 2001b; Zeng et al., 2000). In 

humans, nkd1 and nkd2 were discovered as vertebrate homologues of 

Drosophila nkd (Wharton et al., 2001). Since then, nkd1 has become the 

accepted ortholog of nkd as it is Wnt-induced and antagonizes both canonical 

and non-canonical Wnt signaling (Angonin and Van Raay, 2013; Van Raay et al., 

2007). Hereafter, Nkd will refer to the Drosophila protein and Nkd1 or Nkd2 will 

refer to vertebrate homologues.  

 The name nkd originates from its effect on the ventral cuticle of larval 

Drosophila. Drosophila nkd mutants are embryonic lethal, due to patterning 

defects, which result in a naked cuticle phenotype. The larvae lack the typical 

hair-like protrusions from their ventral cuticle and thus appear “naked” (Jürgens 

et al., 1984). These nkd null mutants phenocopy Wg (Wnt) gain of function 

mutations and APC loss of function mutants, further confirming that nkd is a 

negative feedback regulator (Zeng et al., 2000). Nkd/Nkd1 has several 

conserved domains including: an N-terminal myristoylation sequence; Naked 

Homology Region 1 (NHR1), which contains an EF-hand motif; NHR2 whose 
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function is unknown and a Histidine-Rich tail at the C-terminus (Figure1.5). 

These domains are described in more detail below. 

 

 

Figure 1.5 Depiction of the hNkd1 protein. hNkd1 is made up of 470 aa. 
Myristoylation sequence is involved in membrane localization. Naked Homology 
Regions (NHR), are highly conserved in all vertebrate homologues. The EF-Hand 
is found within NHR1, and NHR2 has unknown function. The His-Rich tail binds 
to Axin but may also have a role in membrane localization due to its high positive 
charge. 
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 Myristoylation sequences commonly play a role in membrane localization, 

and the interaction of Nkds with the plasma membrane is crucial to their function. 

As Drosophila Nkd lacks a myristoylation sequence, it was initially thought that 

Nkd is unable to localize to the membrane. More recent in vivo work has 

demonstrated that Drosophila Nkd can indeed localize to the membrane, via the 

N-terminal, and this association is required for its activity (Chan et al., 2007). 

Vertebrate Nkd1 and Nkd2 also localize to the cellular membrane, via their 

myristoylation sequence and this localization has been shown to be required for 

activity (Li et al., 2004; Van Raay et al., 2007, 2011). Thus, in both vertebrates 

and Drosophila, the N-terminal sequence is required for membrane localization 

and activity.  

 Furthermore, work from our laboratory has demonstrated that Nkd1 binds 

to and inhibits nuclear accumulation of β-catenin (Figure 1.6; Van Raay et. al., 

2011). In order for Nkd1 to function it needs to be released from the membrane 

and indeed, preliminary work in zebrafish has demonstrated a change in Nkd1 

cellular localization in response to Wnt signaling (Figure1.6; Larraguibel et al., 

Submitted). Interestingly, myristoylation sequences, by themselves, are 

insufficient to localize proteins to the membrane.  Positively charged amino acids 

elsewhere in the protein are also involved in helping myrsitoylated proteins bind 

to the membrane (McLaughlin and Aderem, 1995). Further, the NHR1 contains a 

putative EF-hand which, when combined with a myristoyl moiety creates a 

myristoyl switch protein that can respond to calcium concentrations with a 

conformational change (McLaughlin and Aderem, 1995). However, studies in our 
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laboratory and others have demonstrated that the EF-hand is dispensable for 

Nkd1 function in antagonizing canonical Wnt/ β-catenin signaling and instead 

may be important for non-canonical Wnt signaling (Van Raay, unpublished; D. 

Slusarski, University of Iowa, pers. comm.).  

A possible mechanism for Nkd1’s release from the membrane may be 

through post-translational modifications such as phosphorylation. MARCKS is a 

myristoylated protein whose membrane localization is dependent on 

unphosphorylated amino acids. In the case of MARCKS, the myristoyl switch is 

electrostatic instead of EF-Hand based (Thelen et al., 1991). It was shown that 

phosphorylation of MARCKS by Protein Kinase C (PKC) introduces a negative 

charge and this triggers release of MARCKS from the membrane (McLaughlin 

and Aderem, 1995; Thelen et al., 1991). Not only does phosphorylation trigger 

membrane release, but an increase in ionic strength can reverse the binding of 

MARCKS to phospholipids (Kim et al., 1994). Nkd1 has 2 highly conserved PKC 

sites and 4 highly conserved Casein Kinase 2 sites, thus this 'electrostatic switch' 

mechanism may very well be used by Nkd1 as well (Figure 1.7). 
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Figure 1.6: The activity of Nkd1. Binding of a Wnt ligand may activate Nkd1 
and release it from the plasma membrane. Similar to MARCKS this could occur 
by phosphorylation of Nkd1 which introduces a negative charge. Upon activation 
by a Wnt ligand, Nkd1 binds β-catenin in the cytoplasm, preventing nuclear 
accumulation and transcription of Wnt target genes. Nkd1: Naked Cuticle 
homologue 1. Abbreviations as per Figure 1.1.  
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Figure 1.7: Amino acid sequence alignment of Human, Murine, Chicken, Xenopus and Zebrafish Nkds. Red boxes 
identify identical residues. Overlying bars define the different conserved domains: Myristoylation sequence, NHR1, EF 
hand, NHR2, Histidine rich domain. Coloured boxes represent potential phosphorylation sites.  The consensus 
phosphorylation site for Casein Kinase 2 is purple and the consensus phosphorylation site for Protein Kinase C is green. 
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1.9 Nkd1-protein interactions 

To date, little is known about Nkd1's activation or mode of action. Work in 

Drosophila has established that Nkd acts between Dvl and β-catenin, and its 

inhibitory activity is dependent on intact and active Wnt signaling (Rousset et al., 

2001). To better understand Nkd1, investigations into Nkd1 interacting proteins 

were carried out. Independent in vivo zebrafish work and in vitro yeast two-hybrid 

screening, found that Nkd/Nkd1 interacts with Dvl (Rousset et al., 2001; Yan et 

al., 2001; Van Raay et al., 2011). It was determined that the PDZ domain of Dvl 

is necessary to bind Nkd, but it is not sufficient, therefore binding requires other 

regions of Dvl (Rousset et al., 2001). Conversely, it was discovered that the 

highly conserved EF-hand domain of Nkd/Nkd1 is sufficient to bind Dvl but not 

necessary, as Nkd/Nkd1 with a mutated or deleted EF-hand retains function and 

can co-immunoprecipitate with Dvl (Rousset et al., 2001; Van Raay, pers. 

comm.). Interestingly the PDZ domain of Dvl also interacts with Fz and many 

other proteins, suggesting that Nkd1 competes with other proteins for binding to 

Dvl (Punchihewa et al., 2009; Wallingford and Habas, 2005; Wong et al., 2003). 

 One model of Nkd1 function suggests Nkd1 simply sequesters Dvl away 

from the Wnt signalosome, freeing up the destruction complex to degrade β-

catenin thus inhibiting canonical Wnt/β-catenin signaling (Guo et al., 2009). 

However, recent data from our laboratory has shown that overexpression of 

Nkd1 has no effect on cytoplasmic levels of β-catenin, arguing against this 

sequestration model (Van Raay et al., 2011). 
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 Recently, a proteomics approach was taken to identify novel Wnt 

inhibitors. It combined a protein–protein interaction mapping screen with two 

functional screens: cDNA overexpression and siRNA knockdown screen of 640 

genes. Eleven bait proteins involved in Wnt signaling were chosen and Wnt 

activity was measured using a luciferase reporter. From this multi-screen assay 

Nkd1 was shown to interact with Axin1 and Axin2 (Miller et al., 2009). Further 

investigation revealed that Axin1 interacts with the C-terminal histidine-rich tail of 

Nkd1. In addition, abrogation of Axin1 with siRNA impaired Nkd1-mediated 

inhibition of Wnt signaling (Miller et al., 2009). This suggests that Axin1/2 may 

work cooperatively with Nkd1 to inhibit Wnt signaling. Interestingly, several N-

terminal or C-terminal Nkd1 deletion mutants were tested for their ability to 

repress Wnt signaling and all constructs were ineffective at inhibiting Wnt 

signaling, suggesting all components of this protein are required for proper 

function (Miller et al., 2009). 

 Axin1 directly interacts with all other core components of the destruction 

complex, thus making Axin1 a central scaffold molecule (Ikeda et al., 1998; 

Kishida et al., 1998; Liu et al., 2002; Sakanaka et al., 1998). As the least 

abundant component, Axin1 is the rate-limiting factor of the destruction complex 

(Lee et al., 2003). Because of this, it has been suggested that the cause of β-

catenin stabilization in Wnt-stimulated cells is the degradation of Axin1 (Mao et 

al., 2001; Tolwinski et al., 2003). This has been recently challenged and β-

catenin stabilization may be caused by sequestration of Axin1 at the membrane 
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(Li et al., 2012). Therefore, the exact function of Nkd1 and how its interaction with 

Axin contributes to inhibition of Wnt signaling is still unclear. 

 Another protein implicated in Nkd-mediated inhibition of Wnt signaling is 

PR72, a Protein Phosphatase type 2A (PP2A) regulatory subunit (Creyghton et 

al., 2005; Hendrix et al., 1993). PP2A is a phosphatase holoenzyme with roles in 

a wide variety of cellular processes and there are multiple families of PP2A 

regulatory subunits which confer substrate specificity to PP2A by mediating 

interactions with substrates (Millward et al., 1999). Co-immunoprecipitations 

revealed that Nkd1 binds to PR72 and this interaction is required for PP2A to 

complex with Nkd1, suggesting PR72 is a bridging factor between Nkd1 and 

PP2A (Creyghton et al., 2005). It was found that Naked cuticle is dependent on 

PR72 to antagonize Wnt signaling however no evidence was found that PR72 

regulates the phosphorylation status of hNkd1 in HEK 293 cells (Creyghton et al., 

2005). It is possible that the PR72/PP2A holoenzyme targets other proteins for 

phosphorylation, for example of β-catenin. Notably, no direct interaction was 

found between PR72 and other components of the Wnt signaling cascade. 

Furthermore, loss of PR72 mimics the loss of Nkd1 and results in activation of 

the canonical Wnt signaling cascade. In addition, simultaneous reduction of both 

Nkd1 and PR72 using shRNA did not result in hyper activation of Wnt activity 

(Creyghton et al., 2005). This suggests that dephosphorylation of Nkd1 by PP2A 

via PR72 is required for Nkd1 to antagonize Wnt signaling. 

 Shortly thereafter, the same laboratory discovered a new regulatory 

subunit of PP2A, PR130, which inhibits Nkd1, thereby acting as a Wnt signaling 
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agonist (Creyghton et al., 2006). PR130 and PR72 share a similar C-terminus but 

differ greatly at the N-terminus, PR130 being approximately 600 amino acids 

larger. It was found that PR130 is able to bind Nkd1 by co-immunoprecipitation, 

and through use of luciferase assays overexpression of PR130 was shown to 

upregulate Wnt signaling. In contrast to PR72, Nkd1 interaction with PP2A via 

PR130 somehow deactivates Nkd1, which increased Wnt signaling activity 

(Creyghton et al., 2006). Curiously, the mechanism for this has not been 

discovered they found no evidence of Nkd1 phosphorylation using phosphate 

labeling combined with gel electrophoresis assays. This information proposes a 

new mechanism for Wnt signaling regulation in which Nkd1 function is modulated 

by the relative activities of PR130 and PR72.  

 

1.10 New developments in Nkd1 function 

Nkd1-mediated inhibition of Wnt signaling is known to occur between the 

activation of Dvl and β-catenin. In zebrafish, Nkd1 was shown to bind and 

prevent nuclear accumulation of β-catenin (Van Raay et al., 2011). The regions 

of Nkd1 required to bind β-catenin are the EF-hand containing NHR1 and the 

NHR2, which overlap with the Nkd1-Dvl binding domains (Miller et al., 2009; Van 

Raay et al., 2011). This new data suggests that both Dvl and β-catenin likely 

compete for binding to Nkd1, and that Wnt signaling may promote binding 

between Nkd1 and β-catenin. This concurs with the observations that Nkd1 acts 

on β-catenin in the cytoplasm (Van Raay et al., 2011). It was also found that 

membrane localization of Nkd1 is dependent on its myristoylation sequence. A 

Glycine to Alanine (G2A) mutation in the myristoylation sequence of zebrafish 
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Nkd1 abolishes membrane localization (Van Raay et al., 2011). This G2A 

mutation and loss of membrane localization also prevents zebrafish Nkd1 from 

antagonizing Wnt signaling and binding β-catenin. Yet curiously, the G2A 

mutation does not alter the ability of Nkd1 to bind Dvl (Van Raay et al., 2011). 

Why does Nkd1 need to be localized to the membrane prior to interacting with β-

catenin in the cytoplasm and why is Nkd1 insufficient to inhibit β-catenin in APC 

colon cancers?  There may be a common mechanism at play that can provide 

answers to these questions. 

 

1.11 Conclusion 

Nkd1 is an obligate and universal target of canonical Wnt signaling, acting as a 

negative feedback regulator of this pathway. It has several conserved domains: 

the N-terminal, which is required for membrane localization and function; a single 

EF-hand, which seems to be dispensable for canonical Wnt signaling; a domain 

of high vertebrate homology with unknown function; and a highly conserved 

polyhistidine tail. The function of these last two domains is currently unknown. 

Nkd1 interacts with PR72 and PR130 suggesting that dephosphorylation may 

play a role in its function, but Nkd1 phosphorylation has not been demonstrated 

(Creyghton et al., 2005, 2006). While Nkd1 also interacts with Dvl and Axin we 

do not know how these interactions affect Nkd1 or Wnt signaling (Miller et al., 

2009; Wharton et al., 2001).  

 The current model suggests that Nkd1 activity is dependent on plasma 

membrane localization via its myristoylation sequence (Li et al., 2004; Van Raay 
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et al., 2007, 2011). Yet Drosophila Nkd is able to localize to the plasma 

membrane without a myristoylation sequence (Chan et al., 2007). This 

myristoylation sequence is not required for Nkd1-Dvl interaction, suggesting 

Nkd1 binds Dvl independent of its ability to localize to the plasma membrane 

(Van Raay et al., 2011). So, how can Nkd1 function be dependent on membrane 

localization while it functions in the cytoplasm to inhibit nuclear accumulation of 

β-catenin? Similar to MARCKS, Nkd1 may be phosphorylated and released from 

the membrane into an active state. Conversely, Nkd1 may be dephosphorylated 

and become activated. This membrane release cannot be the only mechanism 

involved in Nkd1 activation, since zebrafish Nkd activity is abolished with a G2A 

mutation in its myristoylation sequence (Van Raay et al., 2011). It has been 

hypothesized that in canonical Wnt signaling, Nkd1 activation is dependent on 

Wnt ligand binding to its receptors and transducing a signal to activate Nkd1, 

possibly through modifications to Nkd1, such as phosphorylation. These 

modifications may allow release of Nkd1 from the membrane and allow its 

association with Dvl and cytoplasmic β-catenin (Figure1.6). This activation may 

also result in a different complement of Nkd1 interacting proteins. Finally, this 

could explain why Nkd1 is insufficient to inhibit β-catenin in colon cancer cells. 

Since activation of this pathway in cancer cells occurs independently of a Wnt 

ligand, the abundant levels of Nkd1 in these cells could be inactive. Elucidating 

how Nkd1 is modified in the presence of a Wnt ligand, as well as identifying Nkd1 

binding proteins whose interaction with Nkd1 is Wnt ligand-dependent, is vital to 

our understanding of Nkd1's negative feedback function.  
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1.12  Research objectives 

Based on the known function of Nkd1 in zebrafish development I hypothesize 

that the function of Nkd1 as a negative feedback regulator of Wnt signaling is 

conserved in mammalian cells. Thus in this thesis I have 2 main objectives: 1) 

Survey Nkd1 distribution in mammalian and cancerous cell lines; 2) Investigate 

whether these cells respond to Wnt3a stimulation. It is important to fully elucidate 

Nkd1’s regulatory role, as this information will help control the Wnt pathway, 

especially in colorectal cancers when normal regulation goes awry. 
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Chapter 2 - Methods 

2.1 Constructs 

hNkd1-GFP is a carboxy terminus insert in a pEGFP-N2 backbone generously 

provided by Tian Hu in Dr. Coffey's Lab (Vanderbilt University). Nkd1-Flag was 

created by inserting hNkd1 into a pcDNA3 backbone (provided by Dr. Nina 

Jones, University of Guelph) with a triple flag tag on the carboxy terminus. 

 

2.2 Tissue Culture, Transfections and Stable Cell Lines 

Many cell lines used in this project were kindly provided to us by faculty of the 

University of Guelph, including Dr. Brenda Coomber (DLD1-L2A, DLD1-PC7, 

IEC-18, HCT116), Dr. Nina Jones (SW480, 293T, 293). L-cells or L-cells stably 

transfected with Wnt3a were kindly provided by Dr. L. Attisano (University of 

Toronto). All cell lines were cultured in HyClone Dulbecco's Modified Eagle’s 

Medium, High glucose medium supplemented with 10% heat inactivated FBS, 

1% L-Glutamine, 1% penicillin streptomycin, and incubated at 37°C in 5% CO2. 

At confluence, cells were lifted using 0.25% trypsin with 5mM EDTA. Conditioned 

medium was gathered by growing L cells or L cells stably transfected with Wnt3a 

to confluence, adding fresh medium and removing it 48 hours later and repeating 

twice more. Media were kept no longer than 2 months at 4ºC. The Wnt3a ligand  

was chosen for these experiments as it is a well characterized Wnt ligand, well 

established to activate canonical Wnt signaling in colorectal cancers and 

maintain stem cells. 
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 Transfections were done at approximately 80% confluence with 

Lipofectamine LTX (Invitrogen, A12621), using 2.5 µg DNA and 2.5 µl Plus 

reagent (part of Lipofectamine kit) in 150 µl Serum Free DMEM, and 9 µl LTX in 

150 µl Serum Free DMEM, which were combined for 5 minutes at RT. 

 Stable cell lines were created by growing cells to 60-80% confluency in a 

34.8 mm (6 well) dish and transfected with indicated plasmids for 24 hours. The 

medium was changed and the cells were left to grow for another 24 hours. The 

cells were then expanded into a 10 cm dish and placed under G418 selection 

(500 µg/ml) for approximately 10 days. Colonies were picked by combining 

trypsin and PBS at a 1:1 ratio and adding 4 ml to the plate. After one minute 

individual colonies were pipetted into a 96 well plate. Cells were grown under 

selection into 6 well dishes, and when confluent each well was split into a 10 cm 

plate. When the 10 cm plate was confluent, it was trypsinized and resuspended 

in medium, half of the resuspended volume of cells was taken for western 

analysis of clones and the rest was plated or cryopreserved. 

 

2.3 Antibodies 

Primary antibodies included, polyclonal rabbit anti-Flag (Thermo Scientific, PA1-

984B), monoclonal mouse anti-β-catenin (BD Transduction Laboratories, 

610154), monoclonal mouse anti-phospho-Catenin beta pSer33/37 (Thermo 

Scientific, MA1-25084), monoclonal mouse anti-active-β-catenin (Millipore, #05-

665), monoclonal mouse anti-β-Actin (Sigma, A5441), polyclonal rabbit anti-

LRP6 (Cell Signaling, #2560), polyclonal rabbit anti-phospho-LRP6 (Millipore, 
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#07-2187), polyclonal rabbit anti-Naked1 (Cell Signaling, #2201), polyclonal 

rabbit anti-N-Cadherin (Abcam, ab76011), polyclonal rabbit anti-E-Cadherin (Cell 

Signaling, #4065).  

 

Secondary antibodies, used at 1:500, included Alexa Fluor 594 goat anti-

mouse IgG (Life Technologies, A11005), Alexa Fluor 488 donkey anti-rabbit IgG  

(Life Technologies, A21206). Peroxidase conjugated donkey anti-mouse 

(Jackson Labs, 715-035-150) was used at 1:10,000, Peroxidase conjugated 

donkey anti-rabbit HRP (Jackson Labs, 715-035-152) was used at 1:10,000. 

 

2.4 Cell Lysis and Western Blotting 

Cells were washed on ice 3 times with 5 ml PBS, collected with 1.5 mL PBS and 

centrifuged at 2,000 rpm for 5 minutes at 4°C. The pelleted cells were lysed in 

400 µL of Triton X-100 lysis buffer (50 mM HEPES pH8.0, 100 mMKCl, 10% 

glycerol, 2 mM EDTA, 0.3% Tx-100, 1 mM Dithiothreitol, 1 mM of sodium 

orthovanadate and phenylmethylsulfonyl fluoride, with 10 ug/mL Aprotinin and 

Leupeptin). Lysates were passed through a 22 gauge syringe 3 times then 

centrifuged at 14,000 rpm for 20 minutes at 4°C to pellet insoluble cell 

particulate. An equal volume of 2x Loading Buffer (100 mM Tris-HCl pH 6.8, 200 

mM Dithiothreitol, 4% SDS, 0.2% Bromophenol Blue, 20% glycerol) was added 

followed by denaturation of proteins at 100°C for 5 minutes. Samples were stored 

at -20°C until needed.  
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 Each lane was loaded with 20 µg of protein and resolved on an 8% SDS 

polyacrylamide gel via electrophoresis for 50 minutes at 200V and transferred to 

a polyvinylidene fluoride membrane for 60 min with cooling using an 

Electrophoretic Wet Transfer Cell (Bio-Rad Laboratories, Mississauga, ON, 

Canada). Transfer buffer contained 0.25 M Tris Base and 1.92 M Glycine. 

Membranes were placed in Blocking Solution (5% non-fat dry milk, PBST 0.1% 

Tween 20) for 60 minutes before primary antibody was applied at 1:1000 dilution 

in Blocking Solution with 0.02% sodium azide and incubated at 4°C overnight 

with rocking. After incubation, membranes were washed for 5 minutes twice in 

PBST before being incubated with a secondary antibody at 1:10,000 in Blocking 

Solution for one hour at room temperature (RT). Membranes were washed for 15 

minutes four times in PBST before using Amersham ECL Prime Western Blotting 

Substrate (GE healthcare) or SuperSignal West Femto Chemiluminescent 

Substrate (Thermo Scientific) for detection at appropriate exposures. 

 

2.5 Immunofluorescence 

Approximately 300,000 cells were plated on autoclaved cover slips (Fisher Finest 

12-548-A) for 24 hours in 6-well dishes, treated with L cell or Wnt3a conditioned 

media for 2 hours, washed for 5 min three times each with 1 mL PBS and fixed 

with 4% formalin for 10 minutes. Cells were washed as above and permeabilized 

with 1 mL 0.1% Triton X-100 in PBS for 10 minutes. Cells were washed as 

above, blocked with 5% BSA in PBS for 1 hour and placed in primary antibody 

solution (5% BSA in PBS) at 1:500 overnight at RT. Cells were washed as 
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above, placed in secondary antibody solution (5% BSA in PBS) at 1:500 for 1 

hour. Cells were washed as above and treated with 1 mL DAPI (4',6-diamidino-2-

phenylindole) solution at 1:3600 in PBS and mounted on glass slides. Images 

were taken with a Lieca SP5 confocal microscope.  
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Chapter 3 - Results 

3.1 Nkd1 distribution changes in response to Wnt 

Studies in zebrafish embryos and Drosophila have shown Nkd1 function to be 

dependent on membrane localization and Wnt ligand stimulation (Chan et al., 

2007; Larraguibel et al., Submitted; Li et al., 2004; Van Raay et al., 2007, 2011). 

To investigate if this function is conserved in mammalian cells, preliminary 

experiments were done in HEK 293T cells transfected with Nkd1GFP. The GFP in 

these cells was highly overexpressed, forming large one or a few very large 

oligomeric structures occupying greater than 75 percent of the cell. It is unclear if 

this reflects the distribution of endogenous hNkd1, but these extremely large 

puncta were never observed in zebrafish and may represent an overexpression 

artifact. Thus, to reduce this potential overexpression artifact HEK 293 cells were 

transfected with Nkd1Flag and made into a stable cell line. With no treatment or 

when treated with control L cell conditioned media (CM) Nkd1Flag was distributed 

mainly in the cytoplasm and nucleus, forming puncta of various sizes. There was 

only moderate association of Nkd1 with the plasma membrane and Nkd1 

distribution did not appear to change under Wnt3a CM stimulation (Figure 3.1). 

This cell line expresses Nkd1Flag but not in every cell, this could be explained by: 

(1) very low levels of expression in many cells; (2) loss of the Nkd1Flag plasmid in 

many cells; or (3) a mixed population of cells where some cells have G418 

resistance but do not express Nkd1Flag. 
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Figure 3.1: HEK 293 Stable Nkd1Flag show no obvious change in Nkd1 cellular distribution with Wnt3a stimulation. 
HEK 293 Stable Nkd1Flag were treated with L cell CM (A, B) or with Wnt3a conditioned media (C, D) for 2 hours fixed and 
stained with DAPI (Blue) and Flag antibodies (Red). A',B',C',D' are Nkd1-Flag without DAPI. Scale bar = 16 um. A and B 
are two replicates from the same experiment as are C and D. 
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Subsequently, the expression of Nkd1GFP was tested in different cell lines, 

including epithelial and cancer cell lines.  HCT116 cells are a colorectal cancer 

cell line with a mutation in β-catenin at S45 (Morin et al., 1997).  SW480 cells are 

another colorectal cancer cell line that harbours a nonsense mutation at codon 

1338 leading to a truncated APC (Nishisho et al., 1991). In both cell lines, the 

mutations result in constitutively active Wnt signaling independent of a Wnt 

ligand. The rat intestinal epithelial cell line (IEC-18) is considered a normal 

intestinal epithelial cell line (Quaroni and Isselbacher, 1981)  There is no easily 

cultured or readily available human cell line equivalent. I used transient 

transfections and stable cell lines to evaluate the response of Nkd1 to Wnt3a 

conditioned media treatment in these cell lines. 

 In all untreated cells, Nkd1GFP forms cytoplasmic puncta to different 

extents (Figure 3.2A, C, E). HCT116 cells transiently expressing Nkd1GFP (for 6 

hours to avoid extensive over expression) were found to have robust Nkd1GFP 

membrane localization (Figure3.2C), which was unique to this cell line. In the 

presence of Wnt3a CM, all cell types exhibited an increase in perinuclear 

Nkd1GFP, which was especially robust in IEC-18 cells (Figure 3.2B). Furthermore, 

while there is some co-localization with β-catenin in the absence of Wnt3a CM, 

there is strong co-localization in the perinuclear region in the presence of Wnt3a 

CM (Figure3.2B, D). Interestingly in some SW480 cells treated with Wnt3a CM 

for 24 hours, Nkd1GFP localized slightly differently, accumulating at the membrane 

as well as being perinuclear in the presence of Wnt3a (Figure 3.3). 
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Figure 3.2: Transient transfection of Nkd1GFP in several lines shows Wnt 
ligand dependent distribution of Nkd1 is conserved. Rat intestinal epithelial 
cells, IEC-18 (A, B); Human colorectal cells HCT116 (C, D) or SW480 (E,F) were 
transiently transfected with Nkd1GFP and treated with Wnt3a conditioned media 
(B, D, F) or treated with DMEM media (A, C) or Control CM (E) for 2 hours (A-D) 
or 24 hours (E,F) fixed and processed for immunocytochemistry with β-catenin 
antibodies (A'-D'). Arrows identify Nkd1GFPpuncta that are co-localized with β-
catenin. Scale bar in A-D = 15um; E, F = 20um. 
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Figure 3.3: Expression of Nkd1GFP in SW480 human colorectal cells. SW480 cells were transiently transfected with 
Nkd1GFP and treated with Wnt3a conditioned media for 24 hours, fixed and stained with β-catenin antibodies. Arrows 
indicate puncta of Nkd1GFP and β-catenin that co-localize under Wnt3a stimulation. Scale bar = 20um. 
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3.2 Wnt treatment in Nkd1Flag stable cell lines  

It is well known that timing is important in Wnt signaling and the effect of Wnt on 

cells at 2 hours can be very different from the effect at 24 hours (Kim et al., 

2013). Therefore to determine the effect of prolonged exposure to Wnt ligand, 

cells were treated for 2, 8, 24 and 48 hours, followed by Western blotting and 

immunocytochemistry in HEK 293:Nkd1Flag, SW480:Nkd1Flag, and 

HCT116:Nkd1Flag stable cells. The cells treated for 48 hours did not have a 

healthy morphology and western blot protein levels were erratic so the data were 

discarded. Stable cells lines expressing the Flag epitope at a moderate level 

were chosen (Figure 3.4). However, subsequent use of HEK 293:Nkd1Flag cells 

resulted in no expression of Nkd1Flag and SW480:Nkd1Flag expression levels were 

too low to be detected by Western blotting, however it was seen via 

immunocytochemisty in some cells (see below). 
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Figure 3.4: Western blot of an SW480 stable cell line screen: An example of 
Nkd1Flag positive samples 2, 4, 9 and 10 which were probed with anti-Flag 
antibody (left panel). Each sample represents a different clonal line chosen after 
G418 selection. Lines 2 and 4 were selected and reprobed to better compare 
expression levels (right panel). 
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3.3 Response of HEK 293 cells to Wnt stimulation over time  

Central to this project is the Wnt3a CM treatment and confirmation that 

stimulation of the Wnt pathway is actually occurring. For the experiments 

involving western blotting, Lithium Chloride (LiCl) was used as a mimic of Wnt 

stimulation independent of a Wnt ligand. LiCl inhibits GSK3, which in turn 

prevents β-catenin from becoming phosphorylated and degraded, allowing β-

catenin to accumulate in the cytoplasm and translocate to the nucleus (Klein and 

Melton, 1996). This ability makes LiCl an excellent positive control for ligand-

independent stimulation of the Wnt signaling pathway. The status of Wnt 

signaling can be examined using western blotting to detect the phosphorylation 

status of specific proteins. Phosphorylation of the LRP6 (p-LRP) co-receptor 

confirms ligand-dependent activation of the pathway. Unphosphorylated S33, 

S37, T41 or S45 on β-catenin is the active signaling form of β-catenin, referred to 

as Active β-catenin (ABC) (van Noort et al., 2002). In contrast, phosphorylation of 

these sites targets β-catenin for degradation (p-β-catenin) but it does not 

necessarily indicate that the signaling is quiescent (Stamos and Weis, 2012). It is 

the relative abundance of ABC to p-β-catenin that should be considered. N-

cadherin is a membrane bound protein found in mesenchymal cells, while E-

cadherin is typically a marker for epithelial cells. Thus, I used these markers as a 

preliminary analysis of levels of differentiation. 

HEK 293 cells treated with Wnt3a, but not LiCl or CM, showed an 

immediate response, with elevated levels of p-LRP and ABC at all time points 

indicating that these cells actively and rapidly respond to Wnt ligand treatment.  
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In contrast, LiCl treatment only showed activation after 24 hours of treatment, 

demonstrated by the increase in ABC at 24 h (Figure 3.5). There were no 

obvious differences in N or E-cadherin expression between treatments or over 

time. 

At 2 hours post treatment the amount of phosphorylated β-catenin in 

Wnt3a treated HEK 293 cells was 0.7 relative to the L-Cell CM treatment as 

determined via densitometry. This experiment would have to be repeated to 

determine if this is a significant difference. However, treating cells with LiCl or 

Wnt3a CM resulted in increased levels of phosphorylated β-catenin at 8 and 24 

hours while total β-catenin levels remained constant (Figure 3.5). This would 

suggest that activation of Wnt signaling results in an increase in the amount of β-

catenin being phosphorylated and potentially degraded at 8 and 24 hrs. N-

Cadherin, but not E-cadherin was detected and levels were constant throughout 

treatments and over time. Presence of endogenous Nkd1 was hard to detect and 

results were inconsistent. The stock of HEK 293 cells used for these experiments 

have lost expression of the Nkd1Flag insert and immunocytochemistry data did not 

show any fluorescence (not shown). 
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Figure 3.5: Western blot of HEK 293 response to Wnt stimulation over time. 
HEK 293 cell lysates were collected at 2, 8 and 24 hours post treatment with L-
cell CM, LiCl and Wnt3a CM. At the start of the time course LiCl treated cells 
were cultured in 2% serum media to mimic the serum depleted L-cell and Wnt3a 
media. Relative protein content was visually estimated by Western blot analysis 
for actin. Relative markers on the right are in kilodaltons. 
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3.4 Response of SW480 cells to Wnt stimulation over time 

As mentioned above SW480 cells are a CRC line that harbours mutant APC 

leading to constitutively active Wnt signaling. SW480 cells appear to respond 

differently to Wnt-ligand stimulation when compared with HEK293 cells as LRP6 

is still phosphorylated yet ABC decreases in response to Wnt3a CM. 

Furthermore, SW480 cells appear to lose their response to Wnt-ligand 

stimulation over time (Figure 3.6). In addition, levels of phosphorylated β-catenin 

in the L-cell CM treatment increase after 24 hrs of treatment, while levels of 

phosphorylated β-catenin in Wnt3a treated cells do not change. Total β-catenin 

levels remained constant between treatments (Figure 3.6). The lack of a change 

in ABC with LiCl treatment, relative to control CM suggests that these cells have 

plateaued in active Wnt signaling, possibly due to the inherent mutation that 

constitutively activates the Wnt pathway. Neither N-Cadherin or E-Cadherin was 

detected. Levels of endogenous Nkd1 were hard to detect yet did not change 

over time or between treatments, with the exception of LiCl treatment at 8 hrs. 

These SW480 cells were initially selected for expressing Nkd1Flag at sufficient 

levels, however, they have subsequently lost Nkd1Flag expression. While not 

detectable by western blotting (not shown) some Nkd1Flag positive cells were 

detectable by immunocytochemistry (Figure 3.7). 

 The SW480:Nkd1Flag positive cells were examined to observe the activity 

of Nkd1 over time with and without Wnt3a CM treatment. In the L-cell CM control 

cells, Nkd1Flag forms cytoplasmic puncta to different extents and weakly localizes 

to the cellular membrane (Figure 3.3A and Figure 3.7A', B'). In the presence of 
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Wnt3a CM, SW480 cells exhibit an increase in perinuclear as well as plasma 

membrane localized Nkd1Flag (Figure 3.3B and Figure 3.7C', D'). Furthermore, in 

the presence of Wnt3a CM there is increased co-localization between Nkd1Flag 

and β-catenin on the membrane and in the perinuclear region as indicated by 

arrows (Figure 3.7C, C' and D, D'). When the immunocytochemisty and western 

data are taken together it is clear SW480 cells and Nkd1Flag are responsive to 

Wnt3a treatment.  
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Figure 3.6: Western blot of SW480 response to Wnt stimulation over time. 
SW480 cell were treated as described in Fig. 3.5.
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Figure 3.7: Immunocytochemistry of SW480 Nkd1Flag cells. Cells were treated with Wnt3a conditioned media (C, D) or 
treated with control L-cell CM (A,B) for 8 (A,C) and 24 hours (B,D). Then processed for immunocytochemistry with Flag 
(A, B, C, D) and β-catenin (A', B', C', D') antibodies and Dapi nuclear stain (Blue). A',B',C',D' are β-catenin without DAPI. 
Arrows indicate puncta of Nkd1Flag and β-catenin that co-localize under Wnt3a stimulation. Images A,B,C were taken with 
a confocal microscope and D was taken with an inverted fluorescence microscope. Scale bar = 16 um.
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3.5 Response of HCT116 cells to Wnt stimulation over time 

Initial immunocytochemistry data suggested that Nkd1GFP in HCT 116 was 

responding to Wnt3a treatment (Figure 3.2). Upon further investigation, including 

protein analysis and a time course of Wnt3a treatment, this data has to be re-

evaluated. HCT116 cells did not consistently respond to Wnt3a treatment as 

evidenced by lack of phosphorylated LRP6, and levels of ABC remaining similar 

to the L-cell CM controls over time (Figure 3.8). Neither did HCT116 cells 

respond to LiCl treatment. N-Cadherin was not detected, but the levels E-

Cadherin protein were constant throughout treatments and over time. Levels of 

endogenous Nkd1 were robust yet inconsistent when compared with Nkd1Flag. 

The stable HCT116:Nkd1Flag cells were used to determine if the distribution of 

Nkd1 changes under Wnt stimulus. Approximately 30% of the cells showed 

stable Nkd1Flag expression by immunocytochemistry (Figure 3.9). However, it 

was difficult to determine if Nkd1Flag responded to Wnt stimulus at 8 and 24 hours 

(Figure 3.9). Peri-nuclear Nkd1 Flag puncta were seen in L-cell CM control cells 

(Figure 3.9A, B) and the Wnt3a treated cells (Figure 3.9C, D). Also, there is 

some Nkd1-β-catenin co-localization in both L-cell CM and Wnt3a CM treated 

cells, however is does not appear to increase when cells are treated with Wnt 

CM. Together, the immunocytochemisty and protein data both show no definitive 

evidence that HCT116:Nkd1Flag stable cells respond to Wnt3a CM stimulation. 
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Figure 3.8: Western blot of HCT116 response to Wnt3a stimulation over time. 
HCT116 cell lysates were collected at 2, 8 and 24 hours post treatment with L-
cell CM, LiCl and Wnt3a CM. At the start of the time course LiCl treated cells 
were kept in 2% serum media to slow growth and mimic the serum depleted L-
cell and Wnt3a medias. Relative protein content was visually estimated by 
Western blot analysis for actin. 
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Figure 3.9: Immunocytochemistry of HCT116 Nkd1Flag cells. Cells were treated with control L-cell CM (A, B) or treated 
with Wnt3a conditioned media (C, D) for 8 or 24 hours as indicated. Then processed for immunocytochemistry with Flag 
(A,B,C,D) and β-catenin (A',B',C',D') antibodies and Dapi nuclear stain (A,B,C,D, Blue). Images were taken with a 
confocal microscope. Scale = 16 um. 
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Chapter 4 - Discussion 

4.1 Nkd1 distribution 

Nkd1 is a universal and obligate target of the Wnt signaling pathway, and acts as 

a negative feedback regulator of the Wnt pathway. It has previously been shown 

that Nkd1 function requires plasma membrane localization via its myristoylation 

sequence and the binding of a Wnt ligand to its receptor (Li et al., 2004; Van 

Raay et al., 2007, 2011). Yet Nkd1 functions in the cytoplasm to antagonize the 

nuclear accumulation of β-catenin. In this thesis, I investigated if Nkd1 activity 

requires a Wnt ligand to function in different mammalian cells. Initial results in 

HEK 293:Nkd1Flag stable cells showed that that Nkd1Flag was not as enriched on 

the membrane as in the zebrafish blastula cells and the distribution did not 

appear to change with Wnt3a stimulus (Figure 3.1, Larraguibel et al., Submitted). 

These in vivo experiments in zebrafish embryos used blastula stem cells which 

have apical-basal polarity. So I postulated that the lack of Nkd1 membrane 

localization in HEK 293 cells may be due to the cells being out of their native 

environment and potentially lacking polarity. Also, while HEK 293 cells are 

epithelial in nature, the exact origin of the line has come into question, as it is 

known that HEK 293 cells have many properties of immature neurons (Shaw et 

al., 2002). I have shown that HEK 293 cells have N-cadherin (found in neurons), 

which is also a common marker of mesenchymal cells and of epithelial cells that 

have undergone EMT. So HEK 293 cells may not be a good model to use for 

further experiments (see below). 



 53 

 To explore the distribution of Nkd1 further, HCT116 cells were chosen, as 

they are epithelial cells with apical-basal polarity. HCT116 cells are known to lack 

CDX1 which disrupts their ability to fully differentiate (Ashley et al., 2013; Chan et 

al., 2009). Indeed, levels of E-cadherin (an epithelial marker) were robust and 

constant while N-cadherin (a mesenchymal marker) was not detected which is 

consistent with the literature (Figure 3.8; Gravdal et al., 2007). Significant Nkd1 

membrane localization was observed in HCT 116 cells (Figure 3.2C, D and 

Figure 3.9). 

 SW480 cells have already undergone EMT thus they could be a possible 

model system to examine MET. Interestingly, re-expression of the tumor 

suppressor SMAD4 in SW480 cells caused a shift to a more epithelial phenotype, 

suggestive of a more differentiated cell (Pohl et al., 2010). Also SW480 cells 

have been shown to express E-cadherin as well as N-cadherin, although these 

membrane proteins were not detected in my western blots (Figure 3.6; Buck et 

al., 2007; Hong et al., 2009; Irby and Yeatman, 2002). My work, as well as the 

previously mentioned studies, rarely tested for N/E-cadherin with both 

immunocytochemisty and western blotting. Both types of assays are needed to 

gain a clear understanding of whether cells possess epithelial or mesenchymal 

properties. For example it has been observed that Src-531 disrupts the cadherin-

catenin complex involved in cell-cell adhesion, which in turn creates a pool of N-

cadherin in the cytoplasm (Irby and Yeatman, 2002). So cadherins in a cell that 

has just undergone EMT can pool in the cytoplasm for a period of time and could 

be detectable via western blotting, which would be misleading. In the case of 
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SW480 cells, the literature indicates they have mixed epithelial and 

mesenchymal characteristics and my results were not informative in this instance 

(Buck et al., 2007; Hong et al., 2009; Irby and Yeatman, 2002). Thus it is difficult 

to say whether this would affect Nkd1 membrane localization, yet moderate Nkd1 

membrane localization was observed under different conditions (Figure 3.3 and 

Figure 3.7) suggesting that Nkd1 membrane localization could be tied the degree 

of cellular differentiation. Further investigation is required and this is discussed at 

the end of the next section. 

 

4.2 Cellular response of Nkd1 to Wnt3a stimulation 

It was difficult to observe changes to Nkd1GFP in HEK 293 cells under Wnt3a 

stimulus, potentially due to the smaller cytoplasm, even though western blotting 

showed active Wnt signaling (Figure 3.1). As well, a more relevant model for the 

colon was needed. Therefore, IEC-18 cells were chosen for use in further 

experiments. IEC-18 cells are untransformed cells derived from the ileum of 18-

24 day old rat pups (Quaroni and Isselbacher, 1981). IEC-18 cells as well as 

colon cancer cell lines HCT116 and SW480 were transiently transfected with 

Nkd1GFP and treated with Wnt3a or control CM. In untreated cells, Nkd1GFP forms 

cytoplasmic puncta to different extents (Figure 3.2A, C, E), but in the presence of 

Wnt3a CM, all three cell types appear to exhibit increased perinuclear Nkd1GFP, 

which was especially robust in IEC-18 cells (Figure 3.2B). These observations 

are representative of the majority of healthy and GFP positive cells. Furthermore, 

while there is some co-localization with β-catenin without Wnt3a CM, there is 
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strong co-localization in the perinuclear region in the presence of Wnt3a CM 

(Figure 3.2B, D). Why the IEC-18 cells have the clearest redistribution of Nkd1 is 

unknown but it could be due to their large cytoplasm making the peri-nuclear 

distribution very obvious. These results support the hypothesis that in normal 

intestinal cells Nkd1 responds to Wnt stimulus by redistributing around the 

nucleus and co-localizing with β-catenin.  

 HCT 116:Nkd1Flag stable cells were also used to determine if the 

distribution of Nkd1 changes under Wnt stimulus. While Nkd1 Flag was observed 

using immunocytochemistry in some HCT 116 cells, they did not seem to 

respond to Wnt stimulus at 8 and 24 hours (Figure 3.9). The lack of a response 

to Wnt3a CM may suggest that the Wnt3a CM has lost its potency, but these 

experiments were conducted in parallel with the SW480 and HEK293 cells, which 

demonstrated a clear response to Wnt3a CM. Minor peri-nuclear Nkd1 Flag puncta 

are seen in both the Wnt3a treated cells (Figure 3.9A, B) and the L cell CM 

control cells (Figure 9C, D). Also, there does not appear to be any increase in 

Nkd1-β-catenin co-localization under Wnt stimulus.  HCT116 cells have less 

cytoplasm than the other cells examined so when this small space is filled with 

Nkd1GFP puncta, a peri-nuclear distribution is harder to observe. This makes it 

difficult to determine if Nkd1GFP responds to Wnt3a CM in HCT116 cells and will 

be discussed below in combination with the western blotting data.  

 SW480:Nkd1Flag stable cells were also examined via 

immunocytochemistry to observe the behaviour of Nkd1 over time with and 

without Wnt3a CM treatment. The images gathered from the time course of 
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SW480 cells expressing Nkd1 Flag (Figure 3.7) reflect previous data shown in 

Figure 3.3, which was gathered using Nkd1GFP. Together, these results suggest 

that Nkd1 responds to Wnt3a treatment in SW480 cells by enriching on the 

cellular membrane, localizing around the nucleus and having increased co-

localization with β-catenin (Figures 3.3 and 3.7). The excess Nkd1 does not 

however, appear to reduce the cytoplasmic or nuclear levels of β-catenin, which 

is consistent with results from zebrafish (Van Raay et al., 2011). The Nkd1 

membrane enrichment under Wnt3a stimulation is curious and has not been 

observed before. This may suggest that the SW480 cells are becoming more 

epithelial in nature, but we did not observe any E-cadherin protein, which would 

have supported this. Observing SW480 cells treated with Wnt at a higher 

confluency may show if these cells are forming epithelial sheets.  

 APC in complex with β-catenin associates with the plus ends of 

microtubules localized at the leading edge of migratory cells and is essential for 

cell polarization (Etienne-Manneville and Hall, 2003; Yilmaz and Christofori, 

2009). In these microtubule-dependent cellular protrusions, APC accumulates in 

clusters at the basal membrane (Sharma et al., 2006). This suggests APC plays 

a role in cell motility, but whether or not the truncated APC in SW480 cells plays 

a role in motility is unknown. Additionally, β-catenin co-localizes with N-cadherin 

and APC at the leading edge of NIH 3T3 cells (Sharma and Henderson, 2007). 

As β-catenin membrane localization increased in SW480 cells under Wnt 

stimulation it is possible that this is involved with cell motility rather than a MET 

transition. Reestablishment of E-cadherin is a necessary step for MET so future 
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experiments using immunocytochemistry with N- and E-cadherin antibodies or 

other markers of epithelial cells (tight junction proteins such as ZO-1) or 

mesenchymal cells (Vimentin) may help understand what is happening to these 

SW480 cells. 

 

4.3 Biochemical response of mammalian cells and Nkd1 to Wnt3a 

stimulation 

As cellular responses to different signaling pathways can change over time, we 

examined the response to Wnt in a time series (Klaus and Birchmeier, 2008; 

Tacchelly-Benites et al., 2013). Our biochemical data confirms evidence from the 

literature that HEK 293 cells respond to Wnt3a CM treatment (Figure 3.5; Gurney 

et al., 2012; Kim et al., 2013). In contrast to this, our immunocytochemistry data 

(Figure 3.1), did not indicate that Nkd1Flag in HEK 293 cells responded to Wnt3a 

media treatment, although this may be a consequence of the small cytoplasmic 

space in HEK 293 cells. Regardless, this time series is still useful as a control for 

normal Wnt signaling especially when examining the response of β-catenin. 

Recall that phosphorylation of S33, S37, T41 and S45 on β-catenin targets it for 

degradation via the proteosome. Antibodies can detect either the phosphorylated 

or unphosphorylated 'active' form of β-catenin (ABC). Using these antibodies, 

levels of ABC were found to be high in response to the Wnt and LiCl treatment 

relative to L-cell CM, and did not change over time (Figure 3.5). Levels of 

phosphorylated β-catenin seem to increase slightly over time in the Wnt3a 

treated cells. This is consistent with data from Kim et al (2013) in HEK 293 cells 
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showing that initially phosphorylated β-catenin levels are constant, and when 

treated with Wnt3a levels rapidly drop in the first half hour. Phosphorylated β-

catenin levels return to initial levels around 4 hours and continue to increase until 

a peak at 7 hours (Kim et al., 2013). Their data were only collected for 10 hours 

post Wnt3a treatment and peaked at 7, while our data at 24 hours showed a 

continued increase in phosphorylated β-catenin (Figure 3.5). A well accepted 

model of Wnt signaling demonstrates that activation of the pathway inactivates 

GSK3β, which prevents β-catenin phosphorylation and degradation. This model 

predicts that phosporylated β-catenin should decrease over time, but instead we 

observe an increase in phosporylated β-catenin. Kim et al. proposed that as β-

catenin levels elevate, this competes with Axin’s own intramolecular auto-

inhibition, promoting reassembly of the destruction complex, phosphorylation and 

subsequent destruction of β-catenin. This could counter its disassembly by Wnt, 

thereby leading to a steady state and peak of phospho-β-catenin levels (reviewed 

in Tacchelly-Benites et al., 2013). Our data indicates that an equilibrium may not 

be reached under constant Wnt3a stimulus, rather that phosphorylated β-catenin 

continues to increase over time. This fits with the slight decrease in ABC that is 

visible over time in the Wnt3a treated HEK293 cells. 

 SW480 CRC cells contain many mutations, the one critical to Wnt 

signaling is a truncation in the destruction complex scaffold protein APC, which 

constitutively activates Wnt signaling downstream of the receptor. Without APC, 

β-catenin is not phosphorylated or degraded, instead accumulating in the 

cytoplasm and nucleus. It has been shown that Nkd1 function requires the 
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presence of a Wnt ligand, therefore we decided to study Nkd1 function in SW480 

cells and determine how Nkd1 and SW480 cells respond to Wnt3a CM (Li et al., 

2004; Van Raay et al., 2007, 2011). We found that SW480 cells respond 

differently to Wnt3a than HEK 293 cells. While Wnt3a stimulates LRP6 

phosphorylation in both cell types at 2 and 8 hours, the levels of ABC and 

phosphorylated β-catenin are dramatically different. The response of HEK 293 

cells to Wnt3a is as expected: increased levels of ABC in response to a Wnt 

ligand. Surprisingly, in SW480 cells ABC is reduced with Wnt3a treatment. The 

decrease in ABC would suggest that a Wnt ligand dependent event is reducing 

the amount of β-catenin that is actively signaling. If this is through ubiquitin 

mediated degradation, then we would have expected an increase in the levels of 

phospho-β-catenin, but this was not observed (Figure 3.6). Furthermore, the total 

levels of β-catenin do not change. We attempted to use two Wnt target proteins 

(Axin2 and Myc) to quantify downstream Wnt signaling activation; however, this 

was not successful. 

 Combining the immunocytochemistry data with the protein data showing a 

decrease in ABC under Wnt3a stimulus, a strong case is made that: 1) SW480 

cells with constitutively active Wnt signaling still respond to Wnt3a; 2) that Nkd1 

localization is different under Wnt3a stimulus; 3) that these two events may be 

related by the increase in co-localization between Nkd1 and β-catenin. In the 

context of the canonical model this indicates that Nkd1 is a strong negative 

feedback inhibitor whose function is dependent on Wnt stimulation and further 

understanding the activation of Nkd1 is very important. 
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 It has been well documented that the expression of Nkd1 is elevated in a 

significant number of colorectal cancers (Caldwell et al., 2008; Yan et al., 2001a), 

yet seems to be insufficient to antagonize Wnt signaling. In light of our results, 

we speculate that Wnt3a activates the elevated levels of Ndk1 in these cells, 

which then bind to β-catenin, potentially masking the ABC epitope. This is 

supported by the immunocytochemistry data: however, this seems insufficient to 

block the nuclear accumulation of β-catenin. Regardless of the mechanism at 

play, it is clear that Wnt3a affects SW480 cells despite the APC mutation causing 

constitutively active Wnt signaling. 

 Initial immunocytochemistry data suggested that Nkd1GFP in HCT 116 was 

responding to Wnt treatment (Figure 3.2), but further investigation (including 

protein analysis) indicated otherwise. HCT116 cells do not consistently respond 

to Wnt3a treatment as evidenced by the lack of phosphorylated LRP6 in the 

Wnt3a treated samples and ABC levels remaining similar to the L-cell CM 

controls over time (Figure 3.8). Importantly, these cells were treated 

simultaneously with SW480 and HEK 293 cells which showed a robust response. 

This disagrees with Li et al (2012) who treated HCT 116 cells with Wnt3a 

conditioned media and argued that they detected an increase in phosphorylation 

of the LRP6 cell membrane receptor after 4 hours of treatment. 

As for the western analysis of Nkd1, levels of endogenous Nkd1 were robust yet 

inconsistent when compared with Nkd1Flag. Why this occurs is unknown but it 

could be the Flag epitope affecting the protein folding or antibody binding. 
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Alternately the Nkd1 antibody used did not detect Nkd1 well in HEK293:Nkd1Flag 

cells so it could be a fault in the antibody. 

 

4.4 Characterizing Nkd1 function and future directions 

In attempting to characterize Nkd1 function in various mammalian cell lines, I 

discovered that some cells lines were better models than others. For instance, 

HEK 293 cells have: 1) very little Nkd1 membrane localization, which is 

inconsistent with known Nkd1 function; 2) a limited cytoplasm, which makes 

observing cellular localization difficult; 3) clear Wnt pathway activation at the 

molecular level. Overall, this makes them a poor model to study Nkd1 function in 

depth. Conversely, HCT116 cells have significant Nkd1 membrane localization; 

however, their cytoplasm is small and the Wnt pathway is not clearly activated at 

a molecular level. Thus HCT116 cells are also a poor model for studying Nkd1 

function. SW480 cells have moderate membrane localization and a 

intermediately sized cytoplasm; however, they respond in an abnormal manner to 

Wnt stimulation at the molecular level. When treated with Wnt3a CM, the Wnt 

pathway is activated in SW480 cells, yet levels of active β-catenin decrease. 

When treated with LiCl, levels of ABC increase. This makes SW480 cells an 

interesting model to pursue for future work, in order to determine what is 

occurring to Nkd1 and if it is affecting levels of ABC under Wnt stimulation in 

CRC. IEC-18 cells had moderate Nkd1 membrane localization and a large 

cytoplasm. These cells are derived from the ileum of rats making them a relevant 

model for normal intestinal cells. Their biochemical response to Wnt stimulus is 



 62 

unknown, but if the Wnt pathway can be activated in these cells then they could 

prove to be a good model for studying Wnt signaling.  

 Regarding future work, IEC-18 cells should be studied at the biochemical 

level and if responsive to Wnt stimulus a Nkd1Flag stable line should be created 

for further microscopic and western analyses. As well, the SW480:Nkd1Flag stable 

line should be reselected for single clones expressing Nkd1Flag and further 

molecular work should be carried out. When these steps are completed it may be 

very informative to immunoprecipitate Nkd1Flag in both SW480:Nkd1Flag and IEC-

18:Nkd1Flag stable lines treated with and without Wnt3a CM and subsequently 

probe for ABC, β-catenin and p-β-catenin. Mass Spectrometry on the 

immunoprecipitated Nkd1Flag would also be of great use. This can reveal if 

proteins (such as Dvl, ABC, β-catenin and p-β-catenin) preferentially bind Nkd1 

when the Wnt pathway is stimulated by a Wnt ligand versus when the Wnt 

pathway is unstimulated. Mass Spectrometry may also reveal the differences 

between the Wnt activated form of Nkd1 and the inactive form elucidating the 

mechanism behind Nkd1s activation.  

 

4.5 Concluding remarks 

 Overall, in my survey of Nkd1 distribution in mammalian cell lines Nkd1 

demonstrated a response to Wnt ligand stimulation that could be detected by 

immunofluorescence microscopy This suggests that Wnt3a, or a Wnt ligand in 

general, is sufficient for Nkd1 cellular redistribution, but it does not reveal any 

information as to the function, or mechanism of action, of Nkd1. It is also 
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interesting that in SW480 cells; which harbor constitutively active Wnt signaling, 

we saw a decrease in active β-catenin when treated with Wnt, but not when 

treated with LiCl. This indicates that a ligand-mediated event is attenuating active 

β-catenin. This could be Nkd1, which may be why Nkd1 does not function in 

cancer, when there is likely no Wnt ligand but increased Wnt signaling. 

Therefore, understanding how Nkd1 is activated in the presence of a Wnt ligand 

is a priority for future work, as it may represent a novel therapeutic avenue in the 

treatment of Wnt-signaling mediated cancers. High levels of β-catenin in early 

stage adenoma is a hallmark of colon cancers and if the endogenous machinery 

could be activated then perhaps the disease could be halted at the early stage of 

progression (Salim et al., 2013). 
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