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THE FUNCTION OF ERBIN, A SCAFFOLD PROTEIN, AS A TUMOR 

SUPPRESSOR IN COLON CANCER 

 

 

Erbin belongs to the LAP (leucine-rich repeat and PDZ domain) family of scaffolding 

proteins that play important roles in orchestrating cell signaling. Here, we show that Erbin 

functions as a tumor suppressor in colon cancer. Analysis of Erbin expression in patient 

specimens reveals that Erbin is downregulated at both mRNA and protein levels in tumor 

tissues. Functionally, knockdown of Erbin disrupts epithelial cell polarity and increases 

cell proliferation in 3D culture. In addition, silencing Erbin results in an increase in the 

amplitude and duration of signaling through Akt and RAS/RAF pathways. Moreover, 

Erbin-loss induces epithelial-mesenchymal transition (EMT), which coincides with a 

significant increase in cell migration and invasion. Erbin interacts with KSR1 and displaces 

it from the RAF/MEK/ERK complex to prevent signaling propagation. Furthermore, 

genetic deletion of Erbin in Apc knockout mice promotes tumorigenesis and significantly 

reduces survival. Tumor organoids derived from Erbin/Apc double knockout mice have 

increased tumor initiation potential along with increased Wnt target gene expression as 

seen by qPCR. Collectively, the studies within this dissertation identify Erbin as a negative 

regulator of EMT and tumor progression by directly suppressing Akt and RAS/RAF 

signaling in vivo. 

 

KEYWORDS: Polarity, EMT, Cell Motility, ERK signaling, Scaffold protein, and Tumor 

Suppressor  
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CHAPTER 1: INTRODUCTION 

1.1 Signaling Activation in Colorectal Cancer 

 Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the 

United States. Approximately 135,000 new cases and 50,000 deaths are predicted for the 

year 2017 [1]. According to the United States Centers for Disease Control (CDC), data 

from 2014 shows the state of Kentucky has the highest rates of CRC incidence in the nation 

(49.4 persons per 100,000 after age-adjustment), which is a great incentive for myself and 

the Gao laboratory to study this disease at the University of Kentucky. Additionally, rates 

of CRC outside of the United States have been dramatically increasing with worldwide 

incidences currently around 1.2 million annually, drastically increasing the importance for 

studying this disease [2].  

 While incidence rates of CRC are increasing, mortality from this disease is 

predominantly due to metastasis to other organs. The patients diagnosed with early stages 

of colorectal cancers are treated effectively with surgical resection followed by adjuvant 

therapy; such as 5-FU, Irinotecan, or Oxaliplatin. Currently, targeted therapies such as 

Avastin and Cetuximab are reserved for second line therapies, while immunotherapies have 

thus far shown little promise in CRC. However, while treatments have been shown to be 

effective for early stage CRC patients, ultimately almost half of all patients diagnosed with 

CRC will develop disseminated advanced disease which in most cases will be fatal due to 

poor responses to available treatment options [3]. Understanding the progression of this 

disease, particularly the mutations involved in late stage metastatic CRC, will allow us to 

develop necessary treatment options to improve the overall survival of CRC patients. 

 Over the last thirty years, the risk factors for the development of CRC have been 

studied at both the population and molecular levels. The development of CRC is 
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multifactorial, as with many cancer types, involving a combination of environmental 

factors and genetic predispositions. Several studies have shown that lifestyle choices (many 

of which are common in the state of Kentucky) such as smoking, alcohol abuse, obesity 

and physical inactivity, and high fat diets can increase the risk of developing CRC [4, 5]; 

with other studies showing that diseases such as inflammatory bowel disease can increase 

CRC risk [6]. Other genetic risk factors include the autosomal-dominant genetic disorder, 

Familial Adenomatous Polyposis (FAP) which results in the formation of many colon 

adenomas early in a patient’s life, often presenting the late teenage years or twenties [7, 8]. 

 While the risk factors that increase the chances of developing CRC are 

multifactorial, the genetic mutations that occur as this disease progresses have been 

extensively investigated. Initially hypothesized by Fearon and Vogelstein in 1990 [9], there 

seems to be a particular order in which certain genes mutate as CRC initiates and progresses 

to a more malignant tumor type. This stepwise progression from normal epithelia of the 

colon to a transformed malignant carcinoma is often accompanied by and a result of 

chromosomal instability (CIN) as indicated by the frequent occurrence of chromosomal 

alterations and loss of heterozygosity (LOH) [10, 11]. Alternatively, the CIN pathway of 

malignant transformation may occasionally be referred to as the “suppressor pathway” to 

CRC. 

 The first observed mutation in the CIN pathway that results in the initiation of CRC 

is most often in the Wnt signaling pathway. This is the same pathway that was also 

identified to be mutated in a majority of familial FAP cases [12] and has been implicated 

in CRC that results from obesity and lack of exercise [13]. Several proteins within the Wnt 

pathway can be mutated and ultimately result in increased signaling. As shown in Figure 



 

 3 

1.1, the most common mutations occur in the APC gene. Also, for this reason, the most 

commonly used mouse model to study CRC in vivo uses an intestinal specific knockout of 

Apc, resulting in hyperproliferation of the intestinal epithelia and the formation of 

adenomas. 

 Under normal, non-stimulated conditions, the APC protein interacts with Axin and 

β-catenin, along with other members of the destruction complex indirectly, and is 

responsible for degradation of β-catenin (Figure 1.2) [14]. Upon Wnt activation of the 

Frizzled receptor the proteins that comprise the destruction complex translocate to the 

plasma membrane, resulting in β-catenin stabilization and subsequent translocation to the 

nucleus where transcription is activated [15, 16]. APC mutations result in a loss of function 

and effectively mimic Wnt stimulated signaling, increasing cytosolic β-catenin and 

eventually leading to increased translocation of β-catenin to the nucleus and increase in 

Wnt pathway transcriptional targets such as T-cell factor (Tcf) and lymphoid enhancer 

factor (Lef). Figure 1.2 shows protein interactions that are responsible for signaling under 

both basal and Wnt stimulated conditions. 
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Figure 1.1 Frequency for each genetic mutation found in colorectal cancer 

Recurrent somatic gene mutations that are found in human CRC, including the percentage 

of total tumors that harbor each mutation. 1 Frequency observed in all sporadic colon 

cancers. * associated with mismatch repair (MMR) defects. [17]  
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Figure 1.2 General activation of Wnt signaling 

APC is a member of the destruction complex as pictured in basal conditions. In this 

condition β-catenin is phosphorylated and subsequently ubiquitinated and degraded 

through the proteasome pathway. Upon Wnt stimulation Dishevelled is recruited to the 

active Frizzled receptors where it facilitates the interaction between the phosphorylated 

LRP5/6 and Axin [18]. Other proteins that comprise the destruction complex are also 

translocated to the active receptor and thus are removed and sequestered away from β-

catenin [15, 19]. β-catenin is no longer degraded and translocates to the nucleus stimulating 

expression of Wnt target genes. Adapted from Dunn et al. [20]  
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 More recently, several other proteins have been found to modulate Wnt/APC 

signaling adding to the complexity of this pathway. The identification of receptors LGR-4 

and LGR-5, which are stimulated by the extracellular ligand R-spondin, can significantly 

increase Wnt signaling upon activation [21]. This activation can be further enhanced by 

the activation of a co-receptor, LRP6, a protein that is activated through cytoplasmic 

phosphorylation and results in amplification of Wnt signaling [22]. Understanding the 

dynamics of how these proteins may alter Wnt signaling in different cancer types is still 

ongoing.  

 The functional effects of Wnt signaling activation are well conserved through 

evolution and Wnt pathway components play an important role in organismal patterning 

during development [23]. Outside of development, one of the key roles of Wnt signaling 

is in adult stem cells. This role is particularly important in tissues that have higher rates of 

self-renewal, which include mesenchymal stem cells in bone marrow, hair follicles, and 

intestinal stem cells in the crypts [24-26].  However, sporadic CRC formation requires loss 

of APC function in both alleles [27] and is often observed as an increase in proliferation 

and the formation of neoplasia within the colon. This increase in tumorigenesis and 

proliferation has been attributed to an evasion of cell death through the increased activation 

of Cyclin D1 after APC mutation [28], as well as more complicated mechanisms which 

include changes in Wnt signaling resulting in alterations to intestinal stem cells and tumor 

initiating cancer stem cells [29, 30]. Current studies are focused on further determining the 

molecular mechanism underlying CRC tumor initiation and activation of cancer stem cells. 

 The next gene that is frequently mutated in the stepwise progression of CRC is the 

proto-oncogene KRAS (Figure 1.1 and 1.5). These mutations, with more than 90% 
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occurring within exon 12 or 13, lead to further evasion from apoptosis and often coincide 

with an increase in proliferation [31]. A less common mutation within the same pathway 

is that of BRAF, while mutually exclusive to KRAS mutations, both result in an increase 

in the mitogen-activated protein kinase (MAPK) (Figure 1.3) [32]. Simultaneous increases 

in Wnt signaling and MAPK, as well as AMP-activated protein kinase (AMPK), have been 

observed in CRC with mutated KRAS suggesting interactions between these pathways can 

occur and changes in signaling may alter the prognoses of CRC patients [33, 34]. 

Understanding the mutations and alterations in protein interactions within the MAPK 

pathway in CRC are necessary to help understand how this pathway results in increased 

proliferation and crosstalk between signaling pathways. As MEK inhibitors are currently 

being tested as second line therapies to treat patients with KRAS mutations, a more in depth 

knowledge of protein interactions and scaffold proteins involved in this pathway is 

necessary for more precise treatments. 
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Figure 1.3 Signaling through the PI3K/Akt and ERK/MAPK pathways 

A schematic of the signaling that occurs in two of the most mutated pathways in CRC. 

Following a mutation in the APC signaling pathway, mutations in PI3K and either RAS or 

RAF, and to a lesser extent at the receptor level, allows the cells to increase transcription 

for pro-growth and anti-apoptotic proteins.   
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 In addition to activation of Wnt and MAPK pathways, there are several mutations 

that may further the malignant progression of CRC (Figures 1.1 and 1.5). As with many 

types of cancer, late stage CRC often acquires a mutation in TP53 that results in a loss of 

function in this important tumor suppressor. This mutation results in further avoidance of 

the apoptotic pathway and thus increases sustained proliferation [35], and often occurs 

simultaneously with the loss of p53 is LOH of the 18q chromosome [36]. Additional genes 

that are contained within this long arm of the 18th chromosome encode for Smad2, Smad4, 

and Deleted in Colorectal Carcinoma (DCC). Additionally PHLPP1, a phosphatase that 

has been shown to act as a tumor-suppressor in CRC is localized to this region. This 

phosphatase has been shown to directly dephosphorylate both RAF1 and Akt, inhibiting 

cell motility and proliferation [37-39]. Importantly, several studies have shown that 18q 

LOH is associated with increased metastatic potential and decreased patient survival time 

[40, 41].  

 Lastly in the CIN pathway to CRC, mutations can occur in PI3KCA, the catalytic 

subunit of phosphoinositide-3 kinase (PI3K), in tumors with APC mutations (Figures 1.1 

and 1.5) [42]. The addition of this mutation leads to upregulation of Akt signaling which 

increases cell proliferation (Figure 1.3) [43]. Indeed, expression of a constitutively active 

PI3K in mouse intestinal epithelium results in an increase in tumor number and size [42]. 

As another potential target for pharmacological inhibition, more studies on the PI3K 

pathway and its crosstalk with the RAS/RAF pathway, would improve our ability to treat 

patients that harbor PI3K mutations.  

 Another aspect to consider when examining the progression of CRC is the 

microsatellite instability (MSI) status of the tumor. Approximately 15% of CRC have MSI, 
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which results from a loss of function in DNA mismatch repair (MMR). This DNA 

proofreading system is responsible for recognizing and repairing single nucleotide 

mismatches that are not recognized as errors by DNA polymerase. Ultimately, loss of 

function of these proteins reduces the fidelity at which cells replicate which in turn causes 

an increase in mutational burden and ultimately results in tumors with greater than a 100-

fold increase in mutations [44]. Most CIN pathway CRC tumors are MSI negative, while 

many tumors that result from genetic predisposition are positive for MSI. In addition to 

differences in the mutations and type of patients that are MSI positive, MSI status can alter 

a patient’s prognosis. MSI positive CRC tumors are more likely to occur in the proximal 

colon, have a medullary phenotype as determined by immunohistochemical (IHC) staining, 

and occur with lymphatic infiltrations of the tumor. Together, these differences result in a 

longer patient survival time and better prognosis than a patient with a more traditional CIN 

progression [45]. For these reasons there has been a more recent push to categorize CRC 

patients into specific sub-categories based upon their unique tumor mutations (Figure 1.4). 

These subtypes of CRC, called consensus molecular subtypes (CMS), can be used to 

monitor patient responses and may eventually prove useful for guidance in personalized 

medicine and individual prognoses [46].  

 The transformation process from normal epithelial cells to benign hyperplastic 

growth, to adenoma, and finally to carcinoma results from an accumulation of mutations 

(Figure 1.5). These mutations typically occur within a particular order and result in a well-

established stepwise progression of CRC. Confirming the requirement of this stepwise 

process in vitro, recent publications have used either sh-RNA or CRISPR/Cas9, in mouse 

or human intestinal stem cells respectively, to decipher the contribution of mutations in 
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individual genes within the CIN pathway. Normal human intestinal organoids grown in 3D 

culture were able to transform into tumor organoids after the reduction or mutation of only 

4 genes, APC, P53, KRAS, and SMAD4 [47-49]. Since the most common mutations 

observed in the CIN process alter cellular signaling events it is desirable to target these 

pathways in developing future treatments. Additionally, as systemic metastasis of CRC 

remains the single largest impediment for achieving better overall survival, additional 

studies and a better understanding of late stage signaling and molecular events leading to 

cancer metastasis are needed in order to improve the current treatment and prognoses of 

CRC patients.   
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Figure 1.4 Gene expression-based molecular subtypes of colorectal cancer  

Consensus molecular subtypes (CMS) are a relatively new concept in identifying various 

subtypes of CRC based upon the genes that are found to be mutated during tumor molecular 

sequencing. Additionally, after sub-grouping of the tumors, these CMS can be used to 

monitor patient response and may prove useful for guidance in personalized medicine [46].   
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Figure 1.5 Summary of the most frequent mutations occurring in the progression of 

CRC 

Originally proposed by Fearson and Vogelstein, the stepwise progression from normal 

epithelium to carcinoma has been refined over the past twenty years. We now know that 

most of all CRC tumors initiate with a Wnt pathway mutation, then gain a mutation in the 

ERK pathway, followed by additional mutations after the genome is significantly less 

stable. Image modified from basicmedicalkey.com [50]  
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1.2 The Role of Scaffold Proteins in Signal Transduction 

The majority of the mutations that occur in the CIN pathway in CRC are 

components of signal transduction pathways that are involved in regulating cell growth. 

While many of these common oncogenic CRC mutations have been explored for several 

decades we are only more recently beginning to understand the intricacy of regulating 

multiple steps within and crosstalk between pathways.   

The organization of protein interactions and coordination of signaling are 

imperative for homeostasis. The proper trafficking and activation of receptors, including 

the oncogenic receptor tyrosine kinase (RTKs), is necessary to maintain normal epithelial 

cell signaling and preventing tumorigenesis. Activation of these receptors initiate signaling 

through pathways that control a variety of transcriptional programs including those that 

modify proliferation, differentiation, and cell apoptosis [51, 52]. Aberrant activation, 

occasionally through mutations (Figure 1.1), of these receptors can result in many diseases 

including cancer. Many different proteins can interact with these receptors, primarily on 

their cytoplasmic tails that are phosphorylated, including those with Src homology two 

(SH2) and phosphotyrosine-binding (PTB) domains [53, 54]. Interactions with an 

assortment of adapter proteins potentially allows a single receptor to alter which 

downstream pathways are activated depending on which adapter proteins are present or 

recruited at the time of ligand activation. For example, the association of Grb2, an adaptor 

that contains a SH2 domain, with the phosphorylated C-terminal tail of an activated RTK 

can recruit additional proteins such as guanyl nucleotide exchange factor (SOS) to the 

plasma membrane. Once SOS is in close proximity to RAS, RAS binds GTP and thus 

facilitates activation of the MAPK pathway [54, 55].  This manner of activating signaling 
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pathways is conserved from Caenorhabditis elegans, with LET-23 activation of RAS, to 

the ErbB family of receptors in humans. In addition to phosphorylation-mediated 

transduction of extracellular signals, a family of so called “scaffolding proteins” are 

involved in facilitating signaling propagation and they are partly responsible for the 

observed complexity in oncogenic cell signaling.  

Scaffolding proteins can alter receptor initiated signaling by changing the location 

of these receptors, such as helping them localize to the plasma membrane or to a specific 

domain within that membrane. Additionally, increasing evidence has suggested that the 

spatial and temporal regulation of signaling pathways require the assembly of tightly 

controlled signaling complexes that are organized by scaffolding proteins [56]. One 

example, PICK1, interacts with ErbB2 through a PDZ domain and facilitates ErbB2 

receptor clustering, resulting in more efficient signaling activation and receptor 

internalization [57]. In addition to adaptors and scaffolds that interact at the receptor level, 

there are also many scaffolding proteins that facilitate protein interactions downstream of 

the receptors. In the RAS/RAF pathway several pro-signaling scaffolds are known to 

increase the interactions of signaling proteins at different steps, increasing their ability to 

phosphorylate the next protein in the cascade. One example is that of Shoc2, a cytosolic 

protein that is targeted to late endosomes upon EGF-stimulation and positively regulates 

RAS-mediated signaling [58, 59].   

In addition to positive regulation of signaling pathways through scaffold proteins 

there have been a number of publications that have identified negative regulators. It is 

believed that these inhibitory proteins may act as a counter balance to their pro-signaling, 

often proliferation inducing, scaffold counterparts. Sprouty, found in Drosophila, and its 
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mammalian homologue Spred both act to suppress signaling through the ERK pathway 

[60, 61]. These negative regulating scaffold proteins alter the ability of RTKs to recruit the 

appropriate adapter proteins [62], and act as negative feedback regulators helping to 

diminish over-amplified signals. 

Certain protein-protein interactions, like those that help to facilitate the role of 

Shoc2 and Sprouty in altering cell signaling, are required in order for scaffold proteins to 

effectively promote or inhibit downstream signaling. Many scaffold proteins contain what 

are referred to as modular interaction domains and each scaffold may contain multiple 

interacting domains to allow the formation of multi-protein complex. Adding additional 

complexity, the protein-protein interaction domains within a scaffold protein may have the 

flexibility for bind several distinct ligands. It is possible for these domains within scaffold 

proteins to recognize peptide sequences (ie. PDZ, PTB, SH3 domains), other protein 

domains (ie. PyD, SAM, PB1 domains), or post-translational modifications (ie. SH2, 

Bromo, WW domains) [63]. Using a combination of these domains allows a cell to 

precisely modulate an intricate network of protein interactions and adjust these interactions 

to facilitate a desired downstream event.    
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1.3 Erbin Distribution and Function in Epithelial Tissues 

In addition to Sprouty and Spred, another protein that was found to disrupt the ERK 

signaling pathway is Erbin. Erbin is a member of the leucine-rich repeat (LRR) and PDZ 

domain (LAP) protein sequence superfamily. The members of this protein family are 

evolutionarily conserved, from Xenopus tropicalis, to Drosophila melanogaster, to Homo 

sapien, and all share somewhat similar domain structures (Figure 1.6). Erbin contains 16 

LRRs followed by a single PDZ domain at its C-terminus. LRRs are repeating amino acid 

sequences, generally 20-29 residues long, which assemble into superhelical structures and 

form a solenoid protein structure [64, 65]. Additionally, most LRRs are involved in the 

process of protein-protein interactions and maintain similar overall properties including a 

horseshoe-like shape and parallel beta-sheets on the concave side that are responsible for 

protein interactions [66]. The other domain of Erbin, the PDZ domain, is also involved in 

protein-protein interactions. These domains are about 90 amino acid residues in length 

which consistently fold into a beta-barrel that is comprised of 6 beta-strands and is most 

often capped by two alpha helices [67]. Functionally, the PDZ domain interacts with a 

specific peptide sequence located at the C-terminal tail of other proteins [68]. Together, 

these domains allow Erbin to interact with several proteins and possibly more than one at 

a given time.  

Other members of the LAP protein family include Scribble, Densin-180, and Lano 

in mammals [69, 70]. Functionally, LET-413, another member of the LAP protein family 

which is only expressed in Caenorhabditis elegans has been shown to control epithelial 

cell polarity, while Scribble has been shown to regulate polarity in both Drosophila 

melanogaster and in mammals [71]. Erbin, described as the mammalian homologue to 
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LET-413 and is structurally very similar to other LAP proteins, may also play a role in 

maintaining the polarity of epithelial tissues in addition to regulating ERK signaling.   
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Figure 1.6 Phylogenetic Tree and Domain Structure of LAP Proteins 

(A) A phylogenetic tree of LAP proteins, visualizing the divergence and evolutionary 

history of this proteins superfamily. Distance between proteins approximate sequence 

similarity. (B) Models that represent the common domain composition of LAP proteins 

that are used to facilitate protein-protein interactions. Erbin is most similar in identity to 

Densin-180, dLAP1, and LET-413. Adapted from Santoni et al. [72].   
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Erbin is located on the long arm of chromosome 5 and has several splicing variants 

[73]. Erbin mRNA is comprised of 26 exons and alternative splicing can lead to several 

alterations in the linker region of Erbin (between the LRR and PDZ domain) as well as 

variants that lack the PDZ domain entirely. Erbin RNA expression peaks during G2/M 

phase [74] and Erbin was also found to be present in most human and mouse tissues as 

detected by a 7.2-kb transcript and Western blot analysis detected Erbin in the brain, liver, 

kidney, spleen, intestine and skeletal muscle [73].  

Erbin was first identified by Dr. Jean-Paul Borg’s group in 2000 in an attempt to 

elucidate the protein-protein interactions necessary to organize signaling downstream from 

the ErbB2 receptor tyrosine kinase [75]. Erbin, specifically the PDZ domain, was found to 

interact with the amino acids at the C-terminal tail of the ErbB2 receptor, but interestingly 

not with any other ErbB family members. Conversely, no other PDZ domain interacts with 

the C-terminal tail of ErbB2, suggesting that this interaction is unique. This was of 

significance because other PDZ containing proteins can share up to 70% homology with 

the PDZ domain of Erbin but lack an interaction with ErbB2. Initially the authors in this 

publication attributed the unique binding affinity to the linker region since this region 

varies greatly between LAP proteins. However, later studies suggest that Erbin’s PDZ 

domain is in fact structurally unique and could also help specify unique ligands [75]. 

Following the identification of Erbin as an ErbB2 receptor interacting protein, the authors 

characterized the functional consequences of this interaction. One of the main findings of 

this initial publication is that Erbin co-localizes with ErbB2, and is required to localize the 

ErbB2 receptor to the basolateral membrane of epithelial cells. This localization is 

necessary for ErbB2 to carry out its normal physiological functions [76].  



 

 21 

In addition to this localization, proper orientation on the plasma membrane would 

be required to receive activation from extracellular ligands, especially with the ErbB2 

receptor which is known as an orphan receptor and requires dimerization with another 

basolaterally localized ErbB family member to signal [77-79]. Furthermore, the authors 

showed that phosphorylation of ErbB2 upon activation allowed ErbB2 binding with a Src 

homology and collagen protein (SHC) and drastically reduced Erbin/ErbB2 interaction. 

Interestingly, this study also showed phosphorylation of an Erbin tyrosine residue, 

however, no functional experiments were performed in order to explore the consequences 

of this phosphorylation event [73]. Further proteomic studies have identified more potential 

Erbin phosphorylation sites through the combination of genetic and peptide-capture 

approaches. Erbin was identified as a new substrate of AMPK and two possible sites for 

AMPK phosphorylation were found in Erbin (S915 and S1079); however, no functional 

changes have been associated with these phosphorylation events [80]. 

Since the first identification of Erbin, there have been several publications that have 

helped to clarify how each domain contributes to Erbin’s physiological functions. Through 

the structural comparison of Erbin’s PDZ and the first PDZ of ZO-1 it was revealed that 

the less promiscuous PDZ of Erbin is likely responsible for its more specific protein 

interactions and strict localization to the adherens junction [81]. Structural studies have 

found that Erbin contains a class I PDZ domain, but surprisingly it interacts with ErbB2 

receptor tyrosine kinase which contains a class II type PDZ ligand. In order to understand 

how this unique interaction occurs, the Erbin PDZ domain was crystalized bound to a 

peptide containing the sequence found in ErbB2 ligand. The resulting structure showed 

that Erbin has a class I PDZ domain that only contains a single alpha-helix (compared to 
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the two alpha-helices typically present), and also confirmed that phosphorylation of ErbB2 

can alter its affinity of binding the PDZ domain of Erbin [82]. Another study confirmed 

these results using NMR to resolve the structure of the Erbin PDZ domain bound to its 

ligand. Erbin has a unique binding pocket due to the sidechains responsible for ligand 

binding and this helps to give the protein its specificity for binding PDZ ligands [75]. 

Additionally it was noted that like other PDZ ligand containing proteins, Erbin may form 

oligomers through PDZ-PDZ domain interactions [57]. 

In addition to studies on the PDZ domain there have also been studies investigating 

the role of the LRR domain plays in the localization of Erbin. Through the use of truncation 

and point mutations, it was shown that both the latter part of the LRR domain as well as 

two cysteine residues (amino acids 14 and 16), which can be palmitoylated, are necessary 

for the plasma membrane localization of Erbin [83]. However, different groups have 

separately shown that under certain conditions all of the domains in Erbin can potentially 

facilitate trafficking of Erbin to the plasma membrane. Different in vitro cell systems used 

in these studies may help explain the observed differences [81, 83, 84]. 

Since the initial characterization of Erbin, other interacting proteins in addition to 

ErbB2 have been identified. Several of these proteins are important for maintaining 

structural integrity of cell-cell junctions, including the interaction with bullous pemphigoid 

antigen 1 (eBPAG1) which is located at the hemidesmosome in keratinocytes [85]. 

Additionally at the hemidesmosome, Erbin interacts with the cytoplasmic tail of the β4 

integrin. The cytoplasmic tail of the β4 integrin can be phosphorylated, alters intracellular 

signaling associated with filopodia and lamellae formation in cancer, and has been 

implicated in increasing invasiveness of colon carcinoma cell lines [86, 87]. However, the 
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functional implication of the Erbin-β4 integrin interaction has not been investigated. It is 

interesting to hypothesize that Erbin could simultaneously control the activation of 

ErbB2/integrin signaling and facilitate structural protein interactions at the cell-cell 

junction [85].  

Other previous studies identified Erbin binding partners through the use of phage 

display. Several Erbin interacting proteins found are known to localize to the cell-junction 

[88]. These include three p120-like catenin proteins which bind the PDZ domain of Erbin. 

Interestingly the C-terminal ligands for two of the three proteins, ARVCF and δ-catenin, 

match the phage display for the perfect Erbin PDZ binding peptide even more so than that 

of ErbB2 [84]. Other studies were performed to confirm the interaction between Erbin and 

the third p120 catenin protein identified p0071, also known as plakophilin-4. p0071 is 

located at the desmosomes of epithelial cells where it connects the desmosome to the 

cellular cytoskeleton [89]. Lastly, Erbin was observed to co-localize with β-catenin along 

the lateral plasma membrane domain and E-cadherin junction [89, 90]. Further confirming 

this data, Erbin was found to be very abundant (10th most prevalent) at this site of E-

cadherin junctions in a gastric cancer cell line [91]. Taken together, in addition to its role 

in localizing ErbB2 receptors, these data implicate a role of Erbin in facilitating or at least 

an involvement in several protein-protein interactions that maintain epithelial cell 

junctions. As a LAP protein this may imply that Erbin may function similarly as LET-413 

or Scribble in maintaining epithelial cell structure.  

The functional role of Erbin on regulating RAS/RAF signaling was first described 

in a paper published in 2002 in that Erbin was shown to associate with active RAS, disrupt 

the RAS/RAF complex, and decrease downstream ERK signaling [92]. This was an 
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important discovery as it indicated that Erbin may have a direct interaction with signal 

molecules in addition to its role in restricting protein localization. Furthermore, in a 2006 

paper from the same group, Erbin was found to directly inhibit RAS/RAF signaling by 

replacing Shoc2, a scaffold protein that acts as a positive regulator of the RAS/RAF 

interaction [93], from the RAS/RAF complex.  

More recent studies have since begun to make connections between Erbin’s 

localization, interactions with structural proteins at cell-cell junctions, and ability to control 

signaling at those sites as well. One example of this was accomplished through studies of 

desmoglein-1 (DSG1), a desmosomal cadherin protein. Loss of DSG1 expression is linked 

to several diseases including RASopathies like striate palmoplantar keratoderma (SPPK) 

where keratinocytes fail to differentiate correctly, and additionally correlates to an 

increased risk for anal carcinoma [94]. Erbin has been identified as a potential interacting 

partner that is necessary for DSG1 induced ERK inhibition, which is necessary for 

controlling epithelial cell differentiation [95]. Mechanistically, over-expression of DSG-1 

increases the efficiency of Erbin binding to Shoc2. The increased Erbin/Shoc2 interaction 

effectively reduces downstream ERK signaling. In keratinocytes, Erbin suppression of 

MAPK signaling is necessary for correct cell differentiation and patients with SPPK have 

decreased Erbin-Shoc2 co-localization and increased RAS-Shoc2 co-localization which 

can possibly explain the RASopathy type of defects observed with this disease [95].  

Other studies have explored the physiological functions of Erbin in modulating 

MAPK signaling in neuronal cells. Several of these studies were performed in Schwann 

cells, the cells that produce a myelin sheath around neuronal axons helping to insulate 

peripheral nerves [96]. Loss of Erbin significantly reduced myelination of axons and once 
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again, the mechanism was linked to an increase in ERK signaling. In addition to the 

increased ERK signaling, the authors also noted decreased amounts of beta-catenin bound 

to E-cadherin, which potentially activates Wnt signaling. This could be rescued by 

treatment with U0126, a MEK inhibitor, suggesting that the increased ERK signaling 

resulting from loss of Erbin could be linked to increases in Wnt signaling [96]. 

In addition to Schwann cells, several other studies have elucidated additional roles 

for Erbin in neurons. Interestingly, Erbin was found to regulate neuronal development and 

Erbin knockout (KO) mice have impairment of motor coordination [97]. Erbin was found 

to affect AMPA receptor expression and stability on the surface of excitatory synapses 

[97], which could be a result of MAPK signaling that results from Neuregulin induced 

ErbB2 activation. Neuregulin activates ErbB receptors that are located at the postjunctional 

membranes of synapses. It has been shown that Erbin is necessary for the localization of 

ErbB2 to the surface of these postjunctional membranes [98], and Erbin stabilizes ErbB2 

protein levels in neural cells [99]. Additionally, Erbin null mice could not maintain 

appropriate levels of ErbB2 necessary for remylenation of axons after injury [100], and 

loss of Erbin decreased myelination which resulted in decreased nerve conduction velocity 

[99]. Together, the results obtained from studies of Erbin in neuronal cells suggest that 

Erbin can stabilize proteins localized at synapses and loss of Erbin leads to pathological 

alterations as a result of disruption of ErbB2 and MAPK pathways. 

More recently, studies began to explore and expand the role of Erbin outside of 

cell-cell junctions and MAPK associated signaling. An interaction with Smad proteins and 

a role in TGFβ signaling was discovered through more studies of Erbin in neural cells. 

Smad2 and 3 both interact with Erbin and not with other LAP proteins, Lano or Scribble 
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[101]. This was confirmed through a yeast two-hybrid screen, designed to detect proteins 

binding Smad3 in developing mouse orofacial tissue. Erbin was found to bind to the MH2 

domain of Smad3, and to a lesser degree Smad2 [102]. Regions of Erbin, from the linker 

region, comprised of amino acids from 1004-1280 or 1172-1282, since named the Smad 

Interacting Domain (SID), were found to be involved in binding Smad proteins. 

Additionally, through the use of point mutations, located outside of the binding pocket of 

Erbin’s PDZ domain, it was suggested that a slight electrostatic interaction with the exterior 

of the PDZ domain may also be involved in the binding to Smad3. Binding of Erbin with 

Smad3 inhibits Smad3/4 interactions from occurring by acting as a sink for Smad3 and 

reducing Smad induced signaling [101-103]. 

Within the same pathway it was also found that Erbin interacts with the SMAD 

anchor for receptor activation (SARA) to regulate TGFβ signaling. SARA binds non-

phosphorylated Smad2 and/or Smad3 and recruits them to active receptors where the 

Smads become activated through phosphorylation. SARA is localized to the plasma 

membrane and to early endosomes, where it was found to interact with Erbin. The SID of 

Erbin seems to have affinity for both Smad2/3 and SARA, in which SARA competes with 

Smads for binding Erbin and interaction of SARA with Erbin blocks Erbin-mediated 

inhibitory effects on Smad signaling [104]. Disruption of the interaction between Erbin and 

Smad has been observed in Atopy patients, a disease related to increased allergic reactions 

or immune responses. Mutations that occur in Erbin impair the formation of the Stat3-

Erbin-Smad2/3 complex, which alters the activation of T helper type 2 cytokine expression 

and results in elevated IgE in the patients with this disease [105].  
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Furthermore, studies using other biological systems have found that Erbin inhibits 

ERK signaling in heart tissues and loss of Erbin results in cardiac hypertrophy. In the Erbin 

KO mouse model, loss of Erbin exacerbated heart failure [106]. Additionally, it has been 

shown that Erbin interacts with nucleotide-binding oligomerization domain containing 

protein (Nod2) through the LRR domain in regulating inflammatory responses [107]. 

Improper activation of the Nod2 leads to Crohn’s disease and Blau syndrome, which affect 

intestinal and skin epithelial cells, respectively. Erbin inhibits the activation of NFκB and 

cytokine secretion induced by Nod2, and Erbin KO mouse embryos showed increased 

sensitivity to muramyl dipeptide, a component of bacterial cell wall. Interestingly, Erbin 

expression is strongly induced by inflammatory stimuli including LPS and TNFα. 

Collectively, these data suggest Erbin functions as a regulator of inflammation in epithelial 

tissues [108]. 

Taken together, these published studies use a variety of systems to explore the 

structure and function of Erbin. The studies on Erbin have evolved over time, from the 

initial characterization of Erbin as an ErbB2 binding protein to a protein that is involved in 

the formation and stability of epithelial cell junctions, and lastly as a protein that can 

modulate signaling through the RAS/RAF pathway. More recent studies have begun to 

focus on how Erbin-loss may be implicated in signaling events responsible for several 

disease states. Additionally, during the past decade a number of publications have begun 

to examine the role of Erbin in cancer. The functions of Erbin in maintaining epithelial 

integrity and serving as a negative regulator of oncogenic signaling were of particular 

interest in these studies.    
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1.4 The Role of Erbin in Cancer 

Although several of the Erbin-interacting proteins are well documented to be 

involved in oncogenic signaling, there are still relatively few publications investigating 

Erbin’s role in tumor initiation and/or progression.  Here, a comprehensive review of the 

existing publications on the functional role of Erbin in cancer are detailed. Previously 

published studies, prior to the start of this dissertation research project, were helpful in 

providing rationales for the dissertation study which focuses on elucidating the role of 

Erbin in regulating tumorigenesis and CRC progression and the underlying molecular 

mechanisms.   

Many of the first cancer related studies involving Erbin were related to the signaling 

processes which were more thoroughly explored in neuronal cells. One of the studies 

investigated Erbin-mediated regulation of Stat3 signaling in cervical cancer. Stat3 

signaling in cervical cancer had previously been correlated with a poor prognosis due to 

increased lymph node metastasis and tumor size, and increased expression and 

phosphorylation of Stat3 in cancerous and pre-cancer cervical lesions. It was found that in 

cervical cancer, Erbin regulates Stat3 and TGFβ signaling [105], and that loss of Erbin 

increases both the phosphorylation and nuclear translocation of Stat3, leading to 

transcriptional activation of target genes and tumor progression [109].  

Subsequently, from the same group, it was shown that Erbin loss allows cervical 

cancer cells to resist anoikis. Specifically, the authors found that loss of Erbin significantly 

increased cellular ATP levels and accelerated G1 to S cell cycle progression. The proposed 

mechanism is through the reduction of cell cycle inhibitors, p27 and p21, after loss of Erbin. 

Rescue experiments were performed to show that re-expression of p27 or p21 blocked 
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Erbin-loss induced increase in proliferation [110]. This study provides the initial evidence 

supporting a tumor suppressor role of Erbin in cervical cancer. Additionally, another study 

showed that expression levels of Erbin were controlled by the transcription factor c-Myb 

in a cell cycle dependent manner. The authors also noted that Erbin expression peaked in 

the G2/M phase and loss of Erbin resulted in the formation of multipolar spindles and 

ultimately abnormal chromosome division [74]. Together, these data suggest that loss of 

Erbin would result in both increased proliferation and chromosomal instability, which are 

both important factors in oncogenic progression.   

One of the most important areas of research regarding Erbin’s role in cancer is in 

breast cancer since one of the primary roles of Erbin is to restrict the localization of the 

ErbB2 receptor. This cancer type is of particular interest because ErbB2-overexpressing 

breast cancer represents 25-30% of invasive breast cancers. Two studies have focused on 

this particular type of cancer, but interestingly the two studies resulted in complete opposite 

findings [111, 112]. The first study suggested that Erbin is a tumor suppressor as Erbin 

levels were decreased in invasive breast carcinomas. This loss of Erbin coincided with 

increased phosphorylation of ERK as well as increased Akt phosphorylation. In addition, 

the authors also showed that knockdown of Erbin increased cell migration. Using the 

MEK1/2 inhibitor, PD184352, the authors were only able to partially reduce the cell 

migration observed in Erbin knockdown cells suggesting that the increase in migration 

results from an increase in signaling via both ERK and Akt pathways [111]. Furthermore, 

the paper suggested that Erbin-loss confers resistance to trastuzumab, a clinically used 

antibody targeting the ErbB2 receptor [113, 114]. Interestingly, the use of the Akt inhibitor 

GDC0941, but not the MEK inhibitor, was able restore trastuzumab sensitivity in MCF-7 
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cells stably overexpressing ErbB2 in Erbin knockdown cells [111]. 

Conversely, using a murine model of ErbB2-driven breast cancer, a second study 

found that Erbin can act as a tumor promoter [112]. Particularly, knockout of the C-

terminal PDZ domain of Erbin in vivo decreased the expression of ErbB2 at the protein 

level but had no effect on ErbB2 mRNA expression. Mechanistically, the presence of Erbin 

blocked ubiquitination of ErbB2 by enhancing ErbB2/HSP90 interactions. This increased 

ErbB2 protein stability led to activation of oncogenic signaling downstream of ErbB2 in 

Erbin mutant mice [112]. Nevertheless, this tumor-promoting effect is likely specific to 

cancers driven by ErbB2, since deletion of the C-terminal PDZ domain of Erbin had no 

effect on tumorigenesis in the MMTV-PyVT driven breast cancer model. While these 

interactions and mechanism of tumor promotion may be unique to this type of breast 

cancer, recently a review article was published proposing peptide inhibitors of the 

Erbin/ErbB2 interaction so that HSP90-mediated stabilizing ErbB2 can be disrupted in 

treating ErbB2-driven breast cancer [115]. However, it remains to be seen whether a mouse 

model lacking Erbin entirely, not just the PDZ domain of Erbin, would have a tumor 

inhibitory or promoting effect in an ErbB2 driven tumor model. While truncation of the 

PDZ domain of Erbin may abolish any direct Erbin-ErbB2 receptor interaction, the N-

terminus and LRR of Erbin have also been shown to result in Erbin plasma membrane 

localization. This plasma membrane localization could result in the truncated Erbin 

maintaining certain protein interactions, possibly altering ErbB2 signaling indirectly. More 

studies will be necessary to better understand the complexity of how Erbin alters ErbB2 

signaling in different cancer types.  

In studies determining the role of Erbin in regulating Wnt signaling, it has been 
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shown that Erbin can interact with β-catenin in HEK293 cells using immunoprecipitation 

experiments. The functional effect of this interaction was investigated using a fluorescent 

reporter system, the TOPflash luciferase reporter plasmid, to measure Wnt signaling 

activation in the HEK293 and CRC HCT116 cells. Overexpression of Erbin inhibited 

activation of Wnt target in the reporter assay [116]. While the experiments in this brief 

publication began to explore the role of Erbin in inhibiting Wnt signaling, there were no 

experiments performed to explore the physiological consequences of this inhibition.  

Furthermore, another study utilized multicellular tumor spheroid models to 

investigate the role Erbin in the formation of CRC tumor spheroids in suspension. Given 

the fact that many of Erbin-interaction proteins are at the site of cell-cell junctions, it has 

been suggested that Erbin could be necessary for maintaining the interactions of junctional 

proteins in epithelial cells. This study explored the possibility of certain proteins, including 

LAP proteins such as Erbin, being required for the growth of tumor spheroids using HT29 

CRC cells [117]. The cells were grown as traditional 2D monolayer or in suspension for 

three days. The tumor spheroids were collected from the suspension medium and protein 

and mRNA levels were compared to the cells grown in 2D. Erbin was one of the most 

highly upregulated proteins observed in tumor spheroids. Knockdown of Erbin with siRNA 

dramatically decreased the ability of cells to grow in suspension [117]. Results from this 

study suggest that loss of Erbin prevents cells from forming the cell-cell junctions required 

to form multicellular spheroids, and therefore resulted in anoikis. More recently, results 

from one study suggested that Erbin functions as a tumor promoter in CRC cells by 

facilitating the interaction between EGFR and ErbB2 receptor with the E3 ligase C-Cbl 

[118].  
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In summary, the literature on Erbin-mediated regulation of cell signaling suggests 

that Erbin negatively controls several pro-growth signaling pathways; including the 

RAS/RAF, Akt, Smad, and possibly the Wnt pathway. However, the role of Erbin in 

regulating cell polarity, especially in the context of EMT and CRC progression has not 

been studied and the role of Erbin in regulating CRC invasion and metastasis remains 

controversial [118, 119]. My dissertation studies focused on testing the hypothesis that 

Erbin act as a tumor suppressor in CRC.   
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1.5 Goals and Hypothesis for Dissertation 

The proper establishment of epithelial polarity allows cells to sense and to respond 

to signals that arise from the microenvironment in a spatiotemporally controlled manner. 

Therefore, regulation of cell-cell junctions, maintaining cell polarity, and properly 

controlling cell signaling are vital for halting cancer initiation and progression. Previous 

studies have demonstrated that loss of cell-polarity, through the disruption of these 

junctions, is associated with late stage metastatic tumors where cancer cells undergo EMT 

[120-122]. The function of several well-known oncogenic proteins and tumor suppressors, 

such as ErbB2, Kras, and Lkb1, were observed to regulate both cell signaling and the 

integrity of epithelial polarity [121, 123-126]. 

Given that many other proteins in the LAP family have also been associated with 

maintenance of epithelial polarity and controlling oncogenic signaling, and after a 

comprehensive review of the literature it was obvious that a more rigorous study on Erbin’s 

role in these processes in CRC was needed. As previously noted, the development of CRC 

involves the activation of oncogenic signaling through the Wnt, PI3K/Akt and RAS/RAF 

pathways in epithelial cells, all of which Erbin has been implicated in regulating and thus 

makes CRC an ideal disease model to characterize the function of Erbin. Therefore, the 

primary goal of my dissertation work is to understand the role of Erbin in suppressing the 

initiation and progression of CRC, with a focus on elucidating the molecular mechanisms 

by which Erbin regulates epithelial cell polarity and EMT during cancer progression. By 

employing Erbin knockout mouse models, the functional importance of Erbin was 

investigated in vivo. Together, a combination of in vitro and in vivo studies as well as CRC 

patient data were used to better understand how Erbin-loss promotes CRC progression. The 
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overall goal of my thesis work has been accomplished as a result of the steps detailed in 

the following Results and Discussion chapters: 

1) Characterize the expression of Erbin in CRC patient tumor samples. 

2) Determine the effect of Erbin-loss in regulating cell signaling and the 

underlying molecular mechanism.  

3) Define the functional consequences of Erbin-loss in CRC cells.  

 4) Examine the role of Erbin in tumorigenesis in vivo through the use of the 

Apc/Erbin KO compound mutant mouse model.  

 5) Determine other possible mechanisms of action that allow Erbin to act as a 

tumor suppressor in CRC.   
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Cell Lines and Cell Culturing 

Caco2 and SW480 cells obtained from American Type Culture Collection (Manassas, VA) 

were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% 

fetal bovine serum (FBS, Sigma-Aldrich) and 1% penicillin/streptomycin. LIM2405 

obtained from Ludwig Cancer Research Institute were cultured in RPMI-1640 

supplemented with 10% FBS, 2mM L-Glutamine, 25mM HEPES and 1% 

penicillin/streptomycin. Stable Erbin and KSR1 knockdown cells were generated by 

lentivirus-based shRNAs as previously described. [37, 127, 128]. The shRNA targeting 

sequences for Erbin are as the following: 5’-GCAGCCAAGTACAACCGTTAA-3’ (A1) 

and 5’- CGGGCTCAAGTTGCATTTGAA-3’ (A2). The shRNA targeting sequence for 

KSR1 is 5’-CAACAAGGAGTGGAATGATTT-3’.  

To generate WT and Erbin knockout mouse embryonic fibroblast (MEF) cells, 

Erbin heterozygous mice were used for breeding and individual embryos at day 13 of 

gestation were isolated and genotyped. MEF cells were produced from WT and Erbin null 

embryos by following standard protocols [129]. The primary MEF cells were immortalized 

using retrovirus-mediated knockdown of p53 using pBabe-puro-shp53 (Addgene). 

The Erbin antibody has been reported previously [89]. The phospho-AKT (p-AKT 

for Ser473), pan-Akt, phospho-RAF1 (p-RAF1 for Ser338), total RAF1, phospho-MEK1/2 

(p-MEK for Ser217/221), total MEK1/2, phospho-ERK1/2 (p-ERK for Thr202/Tyr204), 

total ERK1/2, and E-cadherin antibodies were from Cell Signaling. The vimentin and N-

cadherin antibodies were from BD Biosciences. The β-actin and γ-tubulin antibodies were 

from Sigma-Aldrich.  
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2.2 Gene Knockdown by shRNA 

For stable knockdown of ERBIN or KSR1, lentivirus was produced by combining 

constructs for packaging (psPAX2), envelope (pDM2G) vectors and targeting shRNA or a 

non-targeting vector (pLKO.1), at a 4:2:1 ratio (vectors obtained from Sigma Aldrich, St. 

Louis, MO). Transfection reagent, polyethylenimine (PEI; Polysciences) was mixed with 

the DNA at 5:1 ratio, DNA to PEI. This was added to 50% confluent HEK 293LTV cells 

that had been passaged 24 hours prior to transfection. Conditioned, virus containing media 

was collected 48 and 72 hours after transfection, centrifuged at 2,000 x g for 5 mins and 

viral supernatant collected. Supernatant was then passed through a 45µm filter to ensure 

sterility. CRC cell lines were passaged to 50% confluence and viral supernatant, along with 

8 μg/ml hexadimethrine bromide (polybrene, Sigma Aldrich), were added to the cells. Viral 

supernatant was added again 24 hours later, and 48 hours later was replaced with normal 

growth media. Stable cell line selection was accomplished via puromycin (1-8 μg/ml 

depending on the cell line) for a minimum of one week.  Stable knockdown of the specified 

protein was observed by collection of cells after selection, followed by Western blot for 

the protein of interest.  

2.3 Cell Growth Assay 

 Cell lines were plated at a density of 20,000 cells per 12 well plate and allowed to 

grow for 72 hours. After allowing the cells to proliferate, media is aspirated and wells were 

washed once with PBS, and then cells were fixed with methanol (500μl) for 10 minutes.  

Following fixation the methanol is removed and cells are stained with 500μl of crystal 

violet solution (0.5% Crystal violet and 20% methanol) for 30 minutes. After 30 minutes 

the crystal violet is removed, the 12 well plate is gently rinsed with water until all excess 



 

 37 

stain is removed, and then the plates are air dried. Cells and associated staining is then 

solubilized in 500μl of 1% SDS in water. The 12 well plate is placed on a shaker at room 

temperature until all of the stain is dissolved in solution and no cells are visible on the 

bottom of the plate. 100μl, in triplicate, is removed from each well of the 12 well plate and 

placed into a 96-well plate followed by reading the absorbance at 570nm (SpectraMR. 

Dynex Technologies). 

2.4 RNA Extraction and QPCR 

Total RNA was isolated from mouse tumor organoids using the RNeasy Mini Kit (Qiagen, 

MD, USA). Equal amounts of RNA were used as templates for the synthesis of cDNA 

using RT2 HT First Strand kit (Qiagen). Real-time PCR was performed using mouse Lgr5-

, Axin2- Cd44-, Ccnd1-, Ki67-, Alpi-, Fabp2- and Muc2-specific probes using StepOne 

Real-Time PCR system (Applied Biosysems). All values were normalized to the level of 

β-actin. The overall expression of β-actin mRNA remained unchanged in different 

treatment groups as determined by the Ct (threshold cycle) values. 

2.5 Transwell Migration and Invasion Assay  

Cell lines were grown to 50% confluency and were serum starved overnight. The 

next day, the cells were resuspended in 0.1% bovine serum albumin (BSA), then seeded 

into the upper chamber of Transwell inserts with an 8 µm pore size membrane (Corning, 

Tewksbury, MA) at 5x104 cells per insert. For the invasion assay, upper chambers of 

Transwell inserts were coated with 100µls of Matrigel (BD Biosciences), which was 

allowed to dry overnight and rehydrated prior to seeding of cells for invasion. The cells 

were allowed to migrate toward serum-free DMEM containing collagen (15 µg/mL) and 

Epidermal Growth Factor (EGF) (10 ng/mL) in the lower chamber for 4.5 hr (24 hours for 
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invasion). At the end of the incubation period, cells remaining in the top chamber were 

mechanically removed using a cotton swab, and the cells on the bottom of the Transwell 

inserts were fixed with methanol (10 min), washed once with phosphate buffered saline 

(PBS), and then stained with 0.5% (w/v) crystal violet in 20% methanol (v/v) (20 min). 

The stained cells in 4 non-overlapping fields from each insert were counted with an 

inverted microscope, using the 20X objective (Eclipse TS100, Nikon Instruments, 

Melville, NY).  

2.6 Drug Treatment  

Inhibition of signaling pathways using pharmacological inhibition was 

accomplished through the use of PD98059, a specific MEK1 inhibitor, and MK2206 a 

specific inhibitor of Akt. Cells for motility assays were starved and simultaneously 

incubated with the inhibitors, at 10μM and 1μM respectively, overnight prior to Transwell 

assay. Additionally, the inhibitors were also included in the chemoattractant containing 

medium for the duration of the assay.  

2.7 Single Cell Motility Assay 

 Control and Erbin knockdown cells were serum starved for 4 hours and plated as 

single cells onto collagen (15 µg/mL) coated glass bottom culture dishes (MatTek). Cells 

were stimulated with EGF (10 ng/ml) and the trajectory of moving cells were captured 

using a Nikon BioStation IM equipped with a CO2 incubation chamber. Time-lapse phase 

images were taken every 10 minutes for 6 hours with a 20X objective [37, 130].  The 

recorded movement of the cells was analyzed using Nikon Elements AR software.  
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2.8 Western Blotting Analysis 

Cells were collected and pelleted for Western blot analysis by placing the 10cm 

culture dishes containing the cells on ice and rinsing once with cold PBS, followed by the 

addition of 1ml of cold PBS and scraping cells, transferring them to a 1.5ml centrifuge vial. 

Cells were quickly pelleted by centrifugation, 3000rcf for 30 seconds. Pellets were then 

lysed with 100-300 l cold PPHB lysis buffer (50 mM Na2HPO4, 1 mM Sodium 

Pyrophosphate, 20 mM NaF, 2 mM EDTA, 2 mM EGTA, 1% Triton®X-100) with the 

addition of DTT, benzamidine, leupeptin, PMSF, and sodium orthovanadate (0.5M, 0.5M, 

4mg/mL, 0.2mM, and 200µM respectively). Cells were vortexed and lysed for 5 min on 

ice followed by centrifugation, 18,000rcf for 3 minutes. Supernatant containing soluble 

proteins were placed in new tubes and protein levels were quantified via Bradford assay 

followed by normalization. Sample buffer (4X) was added at a ratio of 1:3 and proteins 

were then separated using 8% SDS-PAGE, transferred and immunoblotted.  

2.9 2-D Immunofluorescent Staining  

 Cells were grown at 37°C in DMEM on glass coverslips. They were washed twice 

with PBS and fixed with 4% paraformaldehyde in PBS for 20 min. All incubations were 

performed at 22°C. Fixed cells were washed thrice with PBS and then permeabilized with 

0.01% Triton®X-100 in PBS for 10 min. Cells were washed thrice with PBS and then 

incubated with labelling buffer (1% BSA in PBS, pH 7.4) for 30 min. Primary antibodies 

were diluted in the labelling buffer and incubated with the fixed cells for 1 hr. The cells 

were washed thrice with PBS and subsequently incubated for 1 hr with either Alexa 594-

conjugated anti-rabbit or Alexa 488-conjucated anti-mouse IgG (Invitrogen, Grand Island, 

NY) diluted in the labelling buffer. The coverslips were washed twice with PBS and once 
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with distilled water, then mounted on slides. The distributions of the immunodecorated 

proteins were visualized using an Olympus FlowView FV1000 confocal laser-scanning 

microscope (Olympus, Center Valley, PA). 

2.10 3-D Immunofluorescent Staining 

Caco2 cells were grown in a 3D matrix consisting of 50% growth-factor reduced 

Matrigel (BD Biosciences) and 50% Collagen I (Collagen I, Bovine, Invitrogen, cat.# 

A10644-01) neutralized with NaOH prior to mixing. Initially, the bottom of a 24 well plate 

is coated with 200 µl of the Matrigel-Collagen mixture and incubated at 37°C for 30 min. 

Caco2 cells from normal 2D cell culture are then trypsinized, re-suspended on ice in cell 

suspension medium (2% FBS and 2% Matrigel in DMEM) at a concentration of 2,500 

cells/ml. Then, 500 µl of the cell containing solution is added on top of solidified Matrigel-

Collagen mixture in the 24 well plate. Cell suspension medium was changed every 4-5 

days, and Caco2 cells were allowed to grow 11 days until acini were formed.  

After acinar structures were fully formed they were visualized using phase-contrast 

imaging. The imaging was done using a Nikon Eclipse Ti-E inverted microscope, and 

analyzed using the NIS-Elements AR 3.2 software (Nikon). The 3D matrix was partially 

dissociated by incubating with Collagenase I (30 m at 37°C) and cells were fixed using 4% 

paraformaldehyde in PBS (30 min at 4°C). All futher incubations were performed at 22°C. 

The fixed acini and Matrigel solution were pipetted into microcentrifuge tubes, spun down 

and washed thrice with PBS. Keeping the acini pellet in the microcentrifuge tubes, the cells 

were permeabilized with 0.01% Triton®X-100 in PBS for 20 min. Cells were spun down 

and washed thrice with PBS and then incubated with labelling buffer (1% BSA in PBS, pH 

7.4) for 1 h. Primary antibodies were diluted in the labelling buffer and incubated with the 
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fixed cells for 1 hr. The cells were spun down and washed thrice with PBS and 

subsequently incubated for 1 hr with either Alexa 594-conjugated anti-rabbit or Alexa 488-

conjucated anti-mouse IgG (Invitrogen) diluted in the labelling buffer. The acini were spun 

down and washed thrice with PBS, diluted in distilled water and transferred to a slide. To 

detect proliferating cells, the cells grown in 3D culture were treated with 5-ethynyl-2´-

deoxyuridine (EdU) for 1 h prior to fixation. The EdU positive cells were stained using 

Click-iT EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific). Images were taken 

using an Olympus FlowView FV1000 confocal laser-scanning microscope (Olympus). 

2.11 Histologic analysis and immunohistochemical (IHC) staining 

 Mice were euthanized at indicated time-points when showing signs of intestinal 

neoplasia, such as a hunched stature and rectal bleeding. Intestine segments were opened 

longitudinally onto filter paper and made into “Swiss-roll” preparations as described 

previously [37]. For histological analysis, H&E sections were prepared from fixed and 

paraffin embedded Swiss-roll specimens by following standard techniques. The CRC 

tissue microarray was created by the Biospecimen Procurement and Translational 

Pathology Shared Resource Facility of the Markey Cancer Center, which contains 45 pairs 

of tumor and adjacent normal control tissues collected from CRC patients who had 

undergone surgery resections at the Markey Cancer Center. For IHC staining, tissue 

sections were deparaffinized, rehydrated, and treated with hydrogen peroxide. Antigen 

retrieval was performed using Dako Target Retrieval Solution (DakoCytomation), and IHC 

staining was performed as previously described [127]. The stained sections were visualized 

using a Nikon Eclipse 80i upright microscope.  
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2.12 Mice 

All animal procedures were performed by following protocols approved by the University 

of Kentucky Institutional Animal Care and Use Committee. Erbin knockout mice on 

C57BL6 background as previously described [99] were maintained by random inter-

crossing to sustain a heterogeneous mixed genetic background. To produce animals used 

in the experiments, Erbin+/– mice were bred with Apcf/f and Villin-cre (Vil-cre) mice (both 

were obtained from the Jackson Laboratory) on a C57BL6 background. These mice were 

then inter-crossed to produce three cohorts of animals, including Apcf/+/Erbin+/+/Vil-cre 

(Apc/WT), Apcf/+/Erbin+/–/Vil-cre (Apc/Het), and Apcf/+/Erbin–/–/Vil-cre (Apc/KO). To 

monitor survival, these cohorts of mice were followed for up to 6 months.  

2.13 Isolation and culture of mouse organoids 

 Intestinal tumors were isolated from three cohorts of Apc/Erbin compound mutant 

mice, including Apc/WT, Apc/Het and Apc/KO, cultured in 3D Matrigel. Fresh mouse 

intestines, containing tumors, are opened longitudinally and multiple tumors are resected 

while trying to avoid the removal of adjacent and underlying normal tissues. Immediately 

following resection, the tumors were placed into ice-cold DMEM/F12 supplemented with 

antibiotics, and transported to the laboratory. Once in the laboratory, using sterile 

technique, the tumors are washed once with cold PBS and, using a sterile razor, are minced 

into 3mm3 chunks and transferred into a 15 ml sterile tube. The pieces of tumor are wash 

once more with cold PBS and then centrifuged at 200rcf for 3 minutes. After aspirating the 

PBS, in order to further break down the tumor pieces to individual cells, 5ml of dissociation 

buffer (DMEM/F12 + 2.5% FBS, penicillin/streptomycin, 75 U/mL collagenase type IV 

[Sigma], 125μg/mL dispase type II [Invitrogen] and DNAse) was added to the 15ml tube 
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and these are incubate for 45 minutes at 37°C with agitation. After the digestion step, the 

larger tissue fragments are allowed to settle down under normal gravity, and the 

supernatant is collected into a fresh 50ml Falcon tube, which should contain the single 

tumor cells. Centrifuge the 50ml tube in order isolated tumor cells at 200rcf for 3 minutes.  

Wash once with 5ml of PBS and resuspend the cells in 20ml PBS in order to pass through 

a 70μm cell strainer to once again remove any larger cellular debris. Centrifuge the filtrate 

at 200rcf for 3 minutes, aspirate PBS, and wash the cells with 5 ml DMEM/F12 medium 

containing 10% FBS, penicillin and streptomycin in order to remove any remaining 

digestion buffer. Once again, spin down at 200rcf for 3 minutes, aspirate the wash medium 

and resuspend the cells in 100μl of 33% Martrigel on ice. Add this tumor cell-Matrigel 

mixture to a 24-well plate pre-coated with 200μl of solidified, 33% Matrigel. Place this 

plate in the 37°C incubator to allow the Matrigel to solidify around the cells and then add 

500μl of Basal Medium (Advanced DMEM/F12 medium supplemented with 

penicillin/streptomycin, 1X Glutamax, 1X N-2, 1X B-27, and 1mM N-Acetyl-L-cysteine). 

Change medium every 2-4 days as needed. Tumor organoids were allowed to grow for 5 

days and collected for protein or RNA analysis. For colony formation assays, single cell 

suspensions of 1,000 cells derived from tumor organoids were seeded into 3D Matrigel as 

described above. The number of colonies formed after 5 days were counted using an 

inverted microscope.  

 Conversely, in order to grow organoids from normal, non-tumorigenic intestinal 

tissue, a piece of intestine was taken from WT, Erbin Het, and Erbin KO mice. In order to 

isolate the tissue, fresh mouse intestine was opened longitudinally and chopped into small 

pieces (3-5 mm2) and the intestines were washed with cold PBS until the supernatant was 
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clear. Ten milliliters of cold digestion buffer (2 mM EDTA, 0.5 mM DTT in PBS) was 

added and incubated on ice for 30 minutes, then mixed briefly a few times during this 

process, to start cellular dissociation. To further dissociate the crypts from the normal 

intestines, the digestion buffer was aspirated followed by the addition of 5 ml of TrypLE 

Express and digestion at 37°C for 15 minutes. Again, after this time period we allowed the 

tissue pieces to sediment, and aspirated TrypLE Express, followed by adding cold PBS and 

vortexing vigorously to dislodge crypts. Individual villi and crypts dissociated from the 

underlying intestinal wall stroma, and should be suspended in the supernatant. The 

supernatant was collected and passed through a 70μm strainer to remove the larger villous 

materials. The supernatant was centrifuged to spin down and pellet the crypts at 200rcf for 

3 minutes. Finally, in order to remove any remaining digestion buffers we washed the 

crypts with 5 ml DMEM/F12 medium containing 10% FBS, penicillin and streptomycin, 

followed by another centrifugation step at 200rcf for 3min. The medium was aspirated and 

the crypts were resuspended in 100μl of 33% Matrigel, then we added this crypt-Matrigel 

mixture to a 24-well plate pre-coated with 200μl of solidified, 50% Matrigel. After the 

crypts were plated, they were placed in the 37°C incubator to allow the Matrigel to solidify 

around the crypts. Lastly, to prevent the Matrigel from dehydrating, 500μl of 

Intestine/Colon Organoid Medium (Advanced DMEM/F12 medium supplemented with 

penicillin/streptomycin, 1X Glutamax, 1X N-2, 1X B-27, and 1mM N-Acetyl-L-cysteine, 

supplemented with 100 ng/ml Noggin, 50 ng/ml EGF, and 1 μg/ml R-spondin-1) was added 

on top of the Matrigel. The media was changed every 2 days of culture.  
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2.14 Bioinformatic and statistical analysis 

 In experiments to assess gene or protein expression, rate of cell migration, size and 

number of cell grown in 3D, and EdU incorporation were summarized using bar graphs 

and pairwise comparisons between different conditions were carried out using two-sample 

t-tests. We collaborated with the Markey Cancer Center – Biostatistics and Bioinformatics 

Shared Resource Facility to determine the relative expression of Erbin gene in human CRC 

patients. This was accomplished by downloading microarray and patient clinical data from 

two CRC studies from the Oncomine database. The Cancer Genome Atlas (TCGA) dataset 

contains 192 adenocarcinoma and 22 normal samples, within which 13 were matched pairs. 

Expression of Erbin was examined using linear mixed models. The Skrzypczak et al. 

dataset contains 81 tumors and 24 normal samples. Here, the expression of Erbin was 

examined using a 2-sample t test.  

For the Gene Set Enrichment Analysis (GSEA), RNA sequencing data with over 

60,000 genes were obtained from the TCGA Colorectal Cancer study. Once again working 

with the Biostatistics and Bioinformatics Shared Resource Facility, the corresponding gene 

expression data between ERBIN and the other genes was analyzed to obtain a Spearman 

correlation value. The genes were then ordered from highest to lowest based on the 

correlation values. This ranked list was used for the GSEA analysis [131].   
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CHAPTER 3: RESULTS 

3.1 Introduction 

Erbin is a member of the leucine-rich repeat (LRR) and PDZ domain (LAP) protein 

superfamily. It contains multiple protein-protein interaction modules including 16 LRRs 

followed by a single PDZ domain at the C-terminus. Erbin is known to localize primarily 

to the adherens junction and plays a role in maintaining the structural integrity of the 

junction in epithelial cells [85, 88, 89]. The initial discovery of Erbin identified Erbin as 

an ErbB2/Her2 receptor interacting protein that facilitates the localization of the receptor 

to the basolateral membrane of epithelial cells [73]. In addition, it has been shown that 

Erbin attenuates RAF1 activation by disrupting Shoc2-mediated RAS/RAF interaction [92, 

93]. Moreover, downregulation of Erbin results in resistance to anoikis in cervical cancer 

cells via activation of JAK/STAT signaling [109]. However, the role of Erbin in regulating 

cell polarity, especially in the context of EMT and colorectal cancer (CRC) progression, 

remains elusive.  

It has been well documented that epithelial cells, including those in the 

gastrointestinal tract, become polarized during the differentiation process [132]. The 

polarization process, characterized by the formation of specialized junctions between 

neighboring cells, also results in the segregation of two plasma membrane domains: the 

apical surface, facing the external medium, and the basolateral surface, connected to 

adjacent cells and extracellular matrix [133, 134]. The apical and basolateral membranes 

are segregated by two highly organized junctions, tight junctions and adherens junctions; 

and the many proteins that compose these junctions are assembled at the site of cell-cell 

contact [135-137]. Previous studies have demonstrated that loss of cell polarity, through 

the disruption of these junctions, is associated with late stage metastatic tumors where 
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cancer cells undergo EMT [120-122]. Therefore, the proper establishment of epithelial 

polarity allows cells to sense and respond to signals that arise from the microenvironment 

in a spatiotemporally controlled manner. 

By facilitating the assembly of tightly controlled signaling complexes through 

protein-protein interactions, scaffold proteins are known to play important roles in 

regulating spatiotemporal responses in cell signaling [56]. One of the best-known examples 

is the signal propagation in the RAS/RAF pathway, where the step-by-step activation 

process from RAS to ERK is facilitated by scaffolding proteins [138, 139]. KSR1, a kinase-

like protein that lacks enzymatic activity, has been shown to promote cell proliferation and 

oncogenic potential by enhancing signaling activation through the RAS/RAF pathway 

[140]. KSR1 binds constitutively to MEK in the cytoplasm in unstimulated cells and 

translocates to the plasma membrane upon RAS activation [141, 142]. At the plasma 

membrane, KSR1 facilitates signaling propagation by organizing the formation of 

RAF/MEK/ERK complex [142, 143]. Although the molecular mechanism by which 

scaffold proteins positively regulate RAS/RAF signaling has been extensively studied, it 

remains largely unknown whether scaffolding proteins are involved in signaling 

termination.  

Here, we report the identification of Erbin as a novel tumor suppressor in colon 

cancer. We show that the mRNA and protein expression of Erbin is markedly decreased in 

CRC patient specimens. Erbin negatively regulates RAS/RAF signaling by sequestering 

KSR1 and preventing the formation of KSR1/RAF1 complex. Functionally, knockdown of 

Erbin results in an increase in cell motility by inducing EMT in colon cancer cells, and 
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deletion of Erbin gene significantly decreases the lifespan of Apc mutant mice and 

accelerates the tumor progression.  

3.2 Erbin’s role as a scaffold protein –  

3.2.1 Erbin mRNA expression is significantly downregulated in CRC patient tumor tissue 

To determine if Erbin could potentially serve as a tumor suppressor in CRC, we 

began by examining Erbin mRNA expression (gene symbol: ERBIN; previously known as 

ERBB2IP) in CRC patients. We performed bioinformatic analysis of two microarray data 

sets of human CRC samples. The microarray and patient clinical data of the two studies 

[24, 25] were downloaded from the Oncomine database. We collaborated with Dr. Chi 

Wang at the Biostatistics and Bioinformatics Shared Resource Facility of Markey Cancer 

Center to determine the relative expression of Erbin gene in human CRC patients. The 

Cancer Genome Atlas (TCGA) dataset contains 192 adenocarcinoma and 22 normal 

samples, within which 13 were matched pairs. Expression of Erbin was significantly higher 

in normal samples than in tumors (P<0.001 based on linear mixed models). The Skrzypczak 

et al. dataset contains 81 tumors and 24 normal samples. Here, the expression of Erbin was 

also significantly higher in normal samples than in the tumors (P<0.001 based upon a 2-

sample t test). The mRNA expression levels of Erbin, in both tumor samples and normal 

tissue samples can be seen in Figure 3.1 A-B.  

 Further analysis was also performed using the microarray and patient clinical data 

from the TCGA data set [144]. These patient samples were further divided into groups of 

normal tissue as well as the adenocarcinoma samples were separated into cancer stages (I-

IV). Erbin mRNA levels decreased upon tumor initiation as seen by the decrease in Erbin 

mRNA in stage 1 tumor tissue when compared to normal tissue (Figure 3.2). However, 
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while a decrease is observed in stage 1, no further loss of Erbin mRNA is observed as the 

tumor progresses through stage 2-4.  

3.2.2 Erbin is mislocalized in patient tumor tissues as determined by IHC 

In addition to examining the mRNA levels, we determined the expression of Erbin 

protein in matched normal and colon cancer tissues by IHC staining. We obtain a Tissue 

Microarray (TMA) from the Biospecimen Procurement and Translational Pathology 

Shared Resource Facility of Markey Cancer Center, which contains 45 normal tissue 

samples and 45 tumor tissue samples. After IHC staining for Erbin, we noticed the 

expression of Erbin was along the epithelial cell-cell junction in normal human colon 

tissues whereas Erbin expression was markedly reduced and mislocalized to cytoplasm in 

tumor tissues (Figure 3.3 A). The basolateral distribution of Erbin in normal tissues was 

found to be consistent with those observed previously [3, 26]. In order to quantify these 

results, the basolateral localization of Erbin was determined for each tissue section on the 

TMA (scoring was blinded as to remove any bias), and the percentage of samples positive 

for basolateral membrane localization was graphed. Basolateral membrane localization of 

Erbin was lost in all CRC tumor tissues examined (Figure 3.3 B and C).  

3.2.3 Erbin protein levels are significantly decreased in CRC patient tumor tissue 

Furthermore, in addition to looking at Erbin protein localization, we analyzed Erbin 

protein expression in matched normal and tumor tissues obtained from seven CRC patients 

using Western blot (Figure 3.4 A). While the calculated molecular weight of Erbin is 

approximately 150 kDa, Erbin expression was detected as a doublet around 180 kDa on 

our Western blots. This has been observed previously and reported by several other groups 

[73, 85]. Consistent with IHC staining results, Erbin protein levels were significantly 

decreased in tumor tissues compared to normal controls (Figure 3.4 B). These tissues were 



 

 50 

collected from seven patients that were at various stages of tumor progression, from T2 to 

T4a (Figure 3.4 C). The decrease in Erbin protein corresponds with the mRNA data shown 

in Figure 3.2, suggesting that Erbin expression is decreased upon tumor initiation and is 

not dependent on tumor stage. Collectively, these data obtained using patient samples 

provide the first evidence that Erbin may function as tumor suppressor in CRC.  
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Figure 3.1 Erbin is downregulated in CRC patient samples 

(A) and (B), Microarray and patient clinical data from two colorectal cancer studies were 

downloaded from the Oncomine database. Data from Skrzypczak et al [145](A) 

contained 24 normal and 36 adenocarcinoma samples; data from TCGA [144] (B) 

contained 22 normal and 192 adenocarcinoma samples. Two-sample t-tests or linear 

mixed models were used to compare ERBIN gene expression between adenocarcinoma 

and normal samples (p < 0.001).  
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Figure 3.2 Erbin mRNA is downregulated in stage I colorectal cancer 

Microarray and patient clinical data from TCGA [144] which contains normal and 

adenocarcinoma samples were separated into cancer stages (I-IV). Consistent with Figure 

3.1, Erbin mRNA levels are decreased in tumor tissue when compared to normal tissue. 

However, a notable loss of Erbin mRNA occurs in stage I and remain low throughout 

CRC progression.  
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Figure 3.3 Erbin is mislocalized in CRC patient tumor tissue 

(A) The expression of Erbin protein was detected in a tissue microarray (TMA) using 

IHC. The TMA contains 45 pairs of matched normal and tumor tissues. The basolateral 

localization of Erbin was detected in normal colonic epithelial cells as indicated by red 

arrows. (B) Bar graph depicts the percentage of basolateral localization of Erbin in both 

normal and tumor tissues (n=45). (C) Representative images of IHC staining for Erbin in 

CRC TMA. Erbin was localized to the basolateral membranes in normal tissues and 

diffuse in tumor tissues. Scale bar, 100μm.  
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Figure 3.4 Erbin protein expression is decreased in CRC patient tumor tissue 

(A) Matched normal and tumor tissues from seven CRC patients were analyzed for Erbin 

expression using Western blot and Erbin antibody [89] (B) The expression of Erbin protein 

was quantified by normalizing to tubulin or actin. The relative Erbin levels in tumor tissues 

were compared to Erbin levels in the normal tissues from the same patient. Data represents 

the mean  SEM (# p<0.0001). (C) De-identified patient data associated with tissues used 

for detecting Erbin protein expression by Western blot.   
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3.2.4 Erbin knockdown in CRC cells alters cell signaling 

Previous studies have suggested that Erbin negatively regulates ERK signaling [5, 

27]. To determine the function of Erbin in CRC, we silenced Erbin expression using two 

shRNA lentiviral targeting constructs (A1 and A2) in SW480, LIM2405 and Caco2 colon 

cancer cell lines. Consistently, knockdown of Erbin resulted in an increase in 

phosphorylation and activation of both the Akt and MEK/ERK pathways in all three cell 

lines (Figure 3.5 A). Since both Erbin shRNA targeting constructs had similar effects on 

silencing Erbin expression and enhancing activation of Akt and MEK/ERK 

phosphorylation, the subsequent experiments were mostly performed using sh-Erbin-A2 

shRNA and key findings were confirmed with sh-Erbin-A1 shRNA. Additionally, using 

the three CRC cell lines with both sh-Erbin knockdown constructs, the effect of Erbin loss 

on cell proliferation in normal 2D culture was analyzed. Cells were lifted from a culture 

plate by trypsin treatment, counted, and an equal number of cells were plated and allowed 

to grow for 72 hours at which point a crystal violet assay to determine relative cell growth 

was performed. This assay uses crystal violet to stain the protein of the cells that grew over 

the 72 hour time period, it is solubilized with 1%SDS solution, and the amount of staining 

(which should be representative of the total number of cells) is quantified with a plate 

reader. The results from the crystal violet assay show that loss of Erbin did not have an 

effect on proliferation (Figure 3.5 B and C).  

3.2.5 Loss of Erbin increases amplitude and duration of signaling 

To further examine the effect of Erbin-loss on the temporal activation of signaling, 

stable control and Erbin knockdown SW480 cells were starved for 16 hours and 

subsequently stimulated with EGF for the indicated time (Figure 3.6 A). Once again we 

monitored activity of both the Akt and ERK signaling pathways, via Western blotting for 
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the activating phosphorylation events of each protein. Knockdown of Erbin increased both 

the amplitude and the duration of signaling through the Akt and several steps of the 

RAF/MEK/ERK pathways (Figure 3.6 B). Similar results, with increases in amplitude and 

duration of signaling through both pathways, were obtained in EGF-treated LIM2045 cells 

(Figure 3.6 C).  These results indicate that endogenous Erbin is inhibiting signaling through 

both of these oncogenic pathways. Increased signaling through these pathways is often 

associated with phenotypic changes within the cell, and these data led us to make further 

observations on the functional changes within the Erbin knockdown cells.  
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Figure 3.5 Knockdown of Erbin in CRC cells increases Akt and RAS/RAF signaling 

(A) Cell lysates prepared from stable control (sh-Control) and Erbin knockdown (sh-Erbin) 

cells, including Caco2, LIM2405 and SW480, were analyzed for the expression of Erbin 

and the phosphorylation status of Akt, MEK and ERK using Western blot. Two different 

shRNA targeting sequences (A1 and A2) were used to silence Erbin in each cell line. The 

relative phosphorylation of Akt, MEK and ERK was quantified by normalizing ECL 

signals generated by the phospho-specific antibodies to that of total proteins. (B) and (C) 

Stable control and Erbin knockdown Caco2, LIM2405, and SW480 cells (generated from 

sh-Erbin-A1 or sh-Erbin A2 targeting lentivirus) were cultured for 72 hours, and the 

relative cell growth was determined using crystal violet staining.  
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Figure 3.6 Knockdown of Erbin in SW480 cells increases the amplitude and duration 

of Akt and RAS/RAF signaling  

(A) Stable control and Erbin knockdown SW480 cells were stimulated with EGF (10 

ng/mL) for the indicated times and activation of signaling molecules were analyzed using 

Western blot. (B) The relative levels of p-Akt, p-MEK and p-ERK in sh-Control and sh-

Erbin SW480 cell lines were quantified by normalizing ECL signals generated by the 

phospho-specific antibodies to that of total proteins and plotted over the EGF stimulation 

time course. (C) EGF-induced activation of RAS/RAF signaling in sh-Control and sh-Erbin 

(A2) LIM2405 cells. Cells were stimulated with EGF (10ng/mL) for the indicated times 

and activation of signaling molecules were analyzed by Western blot.   
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3.2.6 Reduction of Erbin results in loss of epithelial cell polarity 

We next analyzed functional effects of silencing Erbin by using a 3D cell culture 

system. This system allows the cells to grow in a more physiologically relevant 

environment and allows us to determine if the loss of Erbin can alter growth in a 3-

dimensional matrix. In our system, Control and Erbin knockdown Caco2 and SW480 cells 

were seeded into 3D Matrigel and allowed to grow for 10 days to form tumor spheroids. 

As described in previous studies [28-30], control Caco2 cells were able to form acini-like 

spherical structures with a single hollow lumen, which consisted of a layer of polarized 

epithelial cells as indicated by the apical localization of F-actin (Figure 3.7 A). In marked 

contrast, Erbin depletion altered the acinar structure by inducing the formation of multiple 

lumens (Figure 3.7 A). Moreover, although not fully polarized, control SW480 cells were 

able to form tumor spheroids with partially hollowed lumens; however, cell clusters formed 

by Erbin knockdown SW480 cells lacked lumen structure and exhibited no apical or 

basolateral differentiation (Figure 3.7 A). Together, these results suggest that Erbin plays 

an important role in maintaining epithelial polarity.  

Furthermore, we found that knockdown of Erbin markedly increased the size of the 

spheroids in both Caco2 and SW480 cells (Figure 3.7 B). Diameter of the spheroids was 

measured using phase imaging of the control and knockdown cells, along with Nikon 

Elements software. To determine if decreased Erbin expression alters cell proliferation in 

3D culture, tumor spheroids formed by control and Erbin knockdown SW480 cells were 

labeled with EdU to mark proliferating cells (Figure 3.7 C). Quantitative results showed 

that loss of Erbin expression increased cell proliferating (Figure 3.7 D). These results differ 

from cell growth performed in traditional 2D culture, which showed no difference in cell 

growth upon loss of Erbin. A more physiologically relevant system, such as growth in 3D 
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Matrigel, places different stresses upon the cells and thus may require higher Erbin levels 

to grow correctly, whereas those stresses are lacking in the 2D culture system.   
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Figure 3.7 Knockdown of Erbin disrupts epithelial cell polarity and increases cell 

proliferation 

(A) Stable sh-Control and sh-Erbin Caco2 and SW480 cells were cultured for 10 days in 

3D Matrigel. IF images were taken from cells stained with Alexa488-phalloidin (green) 

and DAPI (blue). Phase-contrast images were obtained using a Nikon TE2000 inverted 

microscope with 10X objective, scale bar, 50µm; and confocal images of stained cells were 

obtained using an Olympus FlowView FV1000 confocal laser-scanning microscope, scale 

bar, 10µm. (B) The diameter of 15-35 randomly chosen spheroids of sh-Control and sh-

Erbin Caco2 and SW480 cells were measured. Data represents the mean  SEM (* p<0.05 

t-test). (C) Stable sh-Control and sh-Erbin SW480 cells were labeled with EdU to mark 

proliferating cells. (D) The percentage of EdU-positive cells were quantified and expressed 

graphically. Data represents mean  SEM (* p<0.05 t-test).   
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3.2.7 Knockdown of Erbin results in EMT in CRC cells 

To determine the molecular mechanism by which Erbin-loss induces polarity 

defects and promotes cell proliferation in 3D culture, control and Erbin knockdown SW480 

spheroids were collected and analyzed by Western blot. Interestingly, these data indicated 

that the morphological changes observed in sh-Erbin cells were accompanied by the 

downregulation of E-cadherin (an epithelial cell marker) and upregulation of vimentin and 

N-cadherin (markers of fibroblasts/mesenchymal cells), suggesting that Erbin knockdown 

cells had undergone EMT (Figure 3.8 A). Notably, increases in both Akt and ERK 

activation were maintained in Erbin knockdown spheroids grown in 3D (Figure 3.8 A). 

Collectively, these data suggested that downregulation of Erbin disrupts epithelial polarity 

and induces epithelial to mesenchymal transition (EMT) through increases in Akt- and 

ERK-mediated oncogenic signaling.  

To further confirm the induction of EMT, SW480 cells grown in regular 2D culture 

were subjected to Western blot analysis. Similarly as the spheroids from 3D culture, Erbin 

knockdown cells grown in 2D had also undergone EMT as indicated by downregulation of 

E-cadherin and upregulation of vimentin (Figure 3.8 B).  

3.2.8 Loss of Erbin increases cell motility 

Since we have observed EMT-like phenotypes in Erbin knockdown colon cancer 

cells grown in 2D and in 3D, we next determined the role of Erbin in regulating cell 

motility. Mesenchymal cells are endogenously more motile when compared to epithelial 

cells, and for this reason the EMT associated with the knockdown of Erbin was 

hypothesized to also increase cell motility. To monitor single cell motility, time-lapse 

images of control and Erbin knockdown SW480 and LIM2405 cells were captured and the 

distances traveled of individual cells were determined using a Nikon BioStation. Erbin 
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knockdown cells were considerably more motile and average distances traveled by Erbin 

knockdown cells were significantly increased compared to the control cells (Figure 3.9 A-

B). Control cells migrated an average of 100µm and 75µm for the LIM2405 and SW480 

cells respectively, while the knockdown of Erbin increased the motility to approximately 

160µm for both cell lines. The observed increase in total distance traveled suggests that 

Erbin-loss can increase cell motility at the single cell level.  

In addition, control Erbin knockdown SW480 and LIM2405 cells were subjected 

to Transwell migration and invasion assays (Figure 3.10 A). We found that both Erbin 

knockdown SW480, LIM2405, and HT29 cells migrated significantly faster (with 

approximately a 3-fold, 2-fold, and 5-fold increase in the number of cells migrated 

respectively) than the control cells (Figure 3.10 B). To ensure that both shRNA constructs 

conferred an equal increase in cell motility, we silenced Erbin using the two different 

targeting shRNAs (A1 and A2) and observed comparable effects on promoting migration 

in SW480 cells (Figure 3.10 C). Furthermore, in an invasion assay, the knockdown of Erbin 

significantly increased the ability of SW480 cells to invade through Matrigel placed inside 

of the transwell insert (Figure 3.10 D), thus confirming that loss of Erbin promotes cell 

migration and invasion as a result of EMT.  

3.2.9 Loss of Erbin Increases Cell Motility via Activation of ERK Signaling 

Since knockdown of Erbin resulted in increases in signaling through both the Akt 

and RAS/RAF pathways in CRC cells, we investigated which signaling pathway was 

functionally connected with the upregulation of cell motility. To this end, pharmacological 

inhibition of signaling pathways was accomplished through the use of either PD98059, a 

specific MEK1 inhibitor, or MK2206 a specific inhibitor of Akt. Similarly as with other 
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Transwell assays, control and Erbin knockdown SW480 cells were starved overnight and 

simultaneously incubated with either 10μM MEK inhibitor or 1μM Akt inhibitor. 

Additionally, the inhibitors were also included in the chemoattractant containing medium 

for the duration of the assay. We observed that inhibition of the ERK pathway completely 

diminished any increase in motility resultant from the loss of Erbin, while the Akt inhibitor 

had little to no effect (Figure 3.11).  
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Figure 3.8 Erbin knockdown results in EMT in 2D or 3D culture systems 

(A) Stable sh-Control and sh-Erbin SW480 cells were cultured for 10 days in 3D Matrigel 

and spheroids were collected and analyzed by Western blot for the expression of EMT 

markers. (B) Stable sh-Control and sh-Erbin SW480 cells grown in 2D culture were 

analyzed for the expression of Erbin, E-cadherin and Vimentin. 
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Figure 3.9 Knockdown of Erbin increases cell motility in CRC cells 

(A) Migration paths of stable sh-Control and sh-Erbin SW480 and LIM2405 cells were 

monitored using the Nikon Biostation for 6 hours. The trajectories of 12 randomly chosen 

cells for each cell line were shown in the graphs. (B) The averaged Path lengths were 

quantified for sh-Control and sh-Erbin LIM2405 and SW480 cells. Data represents mean 

 SEM (* p<0.05).  

  



 

 70 

  



 

 71 

Figure 3.10 Knockdown of Erbin increases CRC cell motility in Transwell assays 

(A) CRC cells are placed into the upper chamber of the Transwell and allowed several 

hours to migrate towards the lower chamber which contains a chemoattractant. The cells 

that were able to migrate to the lower side of the membrane are then fixed, stained with 

crystal violet, and counted. Image modified from Keenan and Folch, 2008 [146]. (B) Stable 

sh-Control and sh-Erbin SW480, LIM2405, and HT29 cells were subjected to Transwell 

migration assays using collagen and EGF (10ng/mL) as chemoattractants. The number of 

migrated cells per field of view were counted. Data represents mean  SEM (n=4, # 

p<0.0001). (C) Stable sh-Control and sh-Erbin SW480 cells (generating using both A1 and 

A2 targeting lentivirus) were subjected Transwell migration assays. The number of 

migrated cells per field of view were counted. Data represents mean  SEM (n = 3, * p<0.05 

and # p<0.0001). (D) Stable sh-Control and sh-Erbin SW480 cells were subjected to 

Transwell invasion assays using 5% FBS as the chemoattractant. The number of invaded 

cells per field of view were counted. Data represents mean  SEM (n=3, # p<0.0001).  
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Figure 3.11 ERK/MAPK signaling results in higher CRC motility. 

Stable sh-Control and sh-Erbin SW480, LIM2405, and HT29 cells were subjected to 

Transwell migration assays using collagen and EGF (10ng/mL) as chemoattractants. 

Treated cell lines were treated with 10μM PD98059 (MEK1 inhibitor) or 1μM MK2206 

(Akt inhibitor) overnight and additionally during the 4.5 hours while cells are within the 

Transwell chamber. The number of migrated cells per field of view were counted. Data 

represents mean  SD (*, p<0.05).   
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3.2.10 Erbin disrupts KSR1 and RAF1 interactions 

 To define the molecular mechanism underlying Erbin-mediated inhibition of 

RAF/MEF/ERK signaling activation, we performed experiments examining the possible 

interactions of Erbin and pro-signaling scaffold proteins within the same pathway. One of 

the proteins that we identified as a possible interaction partner of Erbin was Kinase 

Suppressor of Ras 1 (KSR1). KSR1 is known to facilitate the formation of RAF/MEK/ERK 

complex upon RAS activation [21]. We performed co-immunoprecipitation experiments 

to determine if Erbin expression affects the interaction between KSR1 and RAF1. 293T 

cells transfected with Flag-RAF1 in the presence or absence of CFP-KSR1 and Myc-Erbin 

were immunoprecipitated with the anti-Flag antibody. The overexpressed and endogenous 

KSR1 were found to pull-down with RAF1 (Figure 3.12 A). However, co-expression of 

Erbin largely reduced the amount of KSR1 immunoprecipitated with RAF1 (Figure 3.12 

A-B). In addition, to determine the interaction between endogenous Erbin and KSR1 

directly, co-immunoprecipitation experiments were performed in LIM2405 cells using 

antibodies against Erbin. Indeed, we found that endogenous KSR1 was co-

immunoprecipitated with Erbin (Figure 3.12 C).  

3.2.11 Erbin displaces KSR1 from the signaling complex and inhibits signaling 

To gain additional insight into the functional effect of Erbin-KSR1 interaction, we 

examined if Erbin may disrupt KSR1/RAF1 complex. Co-immunoprecipittion experiments 

were performed using control and Erbin knockdown CRC cells as shown in Figure 3.13 A. 

A graphic representation of known KSR1 interacting proteins is shown in Figure 3.13 B. 

Results from these co-immunoprecipitation experiments demonstrated that the formation 

of KSR1-RAF1 complex was increased in both Erbin knockdown Caco2 and LIM2405 

cells (Figure 3.14 A). Furthermore, we found that Erbin-loss induced an increase in ERK 
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activation that was abolished in cells where KSR1 was also silenced (Figure 3.14 B). The 

effect of silencing Erbin, KSR1 or in combination on ERK signaling was analyzed; and the 

results showed that Erbin knockdown induced increase in ERK activation was eliminated 

when KSR1 was depleted as well, thus confirming the functional interplay between Erbin 

and KSR1 in regulating RAF/MEK/ERK signaling. Collectively, these results suggest that 

Erbin functions to prevent KSR1 from forming a signaling complex with RAF1 and inhibits 

signaling activation downstream of RAF1.   



 

 75 

 

Figure 3.12 Erbin disrupts the interaction between KSR1 and RAF1 

(A) 293T cells transfected with Flag-RAF1 and CFP-KSR1 in the presence or absence of 

Myc-Erbin co-expression were lysed and immunoprecipitated with Flag-affinity beads. 

The presence of KSR1 and Erbin in the immunoprecipitates were detected by Western blot. 

The arrow indicates the endogenous KSR1 co-immunoprecipitated by Flag-RAF1. (B) The 

relative amount of KSR1 co-immunoprecipitated with RAF1 in the presence or absence of 

Myc-Erbin co-expression was quantified and expressed graphically (n=3, * p<0.05). (C) 

Erbin interacts with endogenous KSR1. Endogenous Erbin was immunoprecipitated from 

LIM2405 cell lysates and the presence of KSR1 in the immunoprecipitates was detected 

by Western blot.   
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Figure 3.13 KSR1 and RAF1 immunoprecipitation schematic 

(A) Stable control or Erbin knockdown CRC cells were lysed and RAF1 is 

immunoprecipitated from the cells. The levels of co-immunoprecipitated KSR1 were then 

determined, with the varying levels of Erbin. (B) A graphic representation of the interaction 

that occurs between KSR1 and members of the RAS/RAF pathway. The presence of KSR1 

facilitates the phosphorylation cascade to enhance signaling activation.  
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Figure 3.14 Erbin displaces KSR1 from the positive RAF1 signaling complex   

(A) Endogenous RAF1 was immunoprecipitated from sh-Control and sh-Erbin Caco2 and 

LIM2405 cells. The levels of KSR1 co-immunoprecipitated with RAF1 were detected by 

Western blot. (B) The expression of KSR1 and Erbin were silenced individually or in 

combination in SW480 cells using corresponding shRNA lentivirus. Cell lysates were 

analyzed for the phosphorylation status of ERK. The relative levels of ERK 

phosphorylation in different cells were quantified by normalizing ECL signals generated 

by p-ERK to that of total proteins.   
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3.2.12 Summary of In Vitro Studies  

Collectively, results from our in vitro studies suggest that Erbin plays an important role in 

inhibiting EMT and oncogenic signaling in CRC cells. 

 The Erbin expression levels, including both mRNA and protein, are decreased in 

patient tumor tissues when compared to the levels in normal colon tissue.  

 Knockdown of Erbin increases signaling through both the Akt and RAS/RAF 

pathways in CRC cell lines.  

 The loss of Erbin results in loss of epithelial polarity, increased cellular motility 

and EMT.  

 Erbin disrupts the function of a pro-signaling scaffold protein, KSR1, and reduces 

the activation of oncogenic signaling cascade in cancer cells.  

3.2.13 Erbin Knockout reduces lifespan of Apc mice 

To determine the effect of Erbin-loss on tumorigenesis of CRC in vivo, we crossed 

Erbin-null mice with the Apcf/f/Vil-cre mouse model [31] to investigate the susceptibility 

of mice deficient in Erbin to Apc-driven intestinal adenomas. Erbin knockout (KO) mouse 

models have been used in previous studies to investigate the role of Erbin in inflammatory 

responses and cardiac hypertrophy [32, 33]. However, no reports have been made that the 

knockout of Erbin alone results in the development of spontaneous tumors. To understand 

the role of Erbin on tumorigenesis, studies have paired the Erbin KO mouse model with a 

tissue specific tumor-initiating mutation, such as mutant Kras-driven skin tumorigenesis 

model [147]. For this reason, we chose to cross the Erbin KO mouse with the well-

established Apcf/f/Vil-cre mouse model and monitor the initiation and progression of the 

intestinal tumors.  The active promoter of Villin, an intestinal specific protein, drives the 
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transcription of the Cre-recombinase in the intestines, which leads to the removal of the 

floxed Apc gene. This loss of tumor suppressor Apc is very similar to the mutations that 

occur in human CRC initiation and leads to upregulation of Wnt signaling in the intestinal 

epithelia, eventually leading to hyperproliferation and formation of adenomas.   

To specifically assess the role of Erbin in tumor initiation and progression in 

intestinal epithelium, we crossed Erbin KO mice onto the Apc mutant background to 

generate the following three cohorts of mice: Apcf/+/Vil-Cre/Erbin+/+, Apcf/+/Vil-

Cre/Erbin+/- and Apcf/+/Vil-Cre/Erbin–/– (Apc/WT, Apc/Het, and Apc/KO, respectively). 

Survival studies showed that knockout of a single allele of Erbin was sufficient to markedly 

accelerate the tumorigenesis process, resulting in a significantly shorter lifespan when 

compared to Apc/WT mice (Figure 3.15). Knockout of both alleles of Erbin further 

accelerated this process and significantly decreased survival (Figure 3.15). The mean 

survival times for the Apc/WT, Apc/Het, and Apc/KO were over 180 days, 132 days, and 

77 days respectively. In addition to recording the survival times for each cohort of mice, 

we also made swissrolls from the intestines. This included opening up the intestines 

longitudinally and rolling the intestine from the distal end towards proximal, creating 

several layers of intestine, which were then paraffin embedded (Figure 3.16 A). 

Histopathological analysis of the swissrolls revealed that adenomas were detected in both 

intestine and colon regions in all three cohorts of mice.  While the mice from the different 

cohorts had significant changes in survival time, the cohorts had an equal tumor number 

and tumor burden when the mice presented with “end of life” symptoms (hunched stature 

and rectal bleeding). However, when Apc/WT mice were sacrificed at time points that 

corresponded to average lifespan of Apc/Het and Apc/KO mice (4.5 and 2 month, 
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respectively), it was apparent that the tumor burdens were increased in Apc/Het and 

Apc/KO mice compared to Apc/WT mice (Figure 3.16 B). The difference in tumor burdens 

was particularly clear in Apc/KO mice, in that more than half of mice in this cohort reached 

maximum tumor burdens at 2 month when no tumors were detected in Apc/WT mice 

(Figure 3.16 B).   
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Figure 3.15 Erbin deletion decreases survival in Apc mutant mice 

Erbin-loss significantly reduces the lifespan of Apc mutant mice. Kaplan-Meier curve 

shows the survival distribution of three cohorts of mice: Apcf/+/Vil-Cre/Erbin+/+, 

Apcf/+/Vil-Cre/Erbin+/- and Apcf/+/Vil-Cre/Erbin–/– (Apc/WT, Apc/Het, and Apc/KO, 

respectively). Numbers of mice in the three cohorts are: Apc/WT (n=14), Apc/Het (n=16) 

and Apc/KO (n=8). Statistical significance (determined by Log Rank test) is given for 

comparisons between Apc/WT and Apc/Het (p<0.0001) and Apc/WT and Apc/KO 

(p<0.0001).   
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Figure 3.16 Erbin deletion decreases survival and increases tumorigenesis in Apc 

mutant mice 

(A) A representative image of a “swissroll” made from mouse intestines. Modified from 

Colnot et al. 2004 [148] (B) Histology analysis of intestinal adenomas of Apc/WT and age-

matched Apc/WT and Apc/Het mice (at 4.5 months) as well as Apc/WT and Apc/KO mice 

(at 2 months). Scale bar, 200μm.   
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3.2.14 Knockout of Erbin increases cell signaling in both tumor organoids and MEF cells  

In order to further explore the mechanisms for the observed increase in 

tumorigenesis, tumor cells isolated from Apc/WT and Apc/KO mice were allowed to grow 

into tumor organoids in 3D Matrigel. This culture system lacks several medium additives 

necessary for the growth of normal epithelial tissue, and therefore selects for only growing 

the tumors within the mouse intestines. These organoids are comprised of adenoma cells 

which form cystic structure without budding (Figure 3.17 A). To determine if Erbin inhibits 

signaling in mouse adenomas, protein lysates prepared from tumor organoids were 

subjected to Western blot analysis. Both Akt and ERK phosphorylation were markedly 

increased in Erbin KO organoids (Figure 3.17 B). Moreover, consistent with results 

obtained in CRC cells, we found that the amplitude and duration of EGF-stimulated Akt 

and RAF/MEK/ERK signaling were largely increased in Erbin KO MEF cells (Figure 3.17 

C). Together, these data showed that Erbin-loss promotes the activation of Akt and 

RAF/MEK/ERK signaling and tumorigenesis in mouse models of CRC. 

3.2.15 Normal epithelial cells are not significantly different in Erbin KO mice 

Since the knockout of Erbin alone did not result in the development of spontaneous 

tumors we were interested in determining whether there were differences in normal 

intestinal growth and differentiation. Intestinal tissue from Erbin WT, heterozygous, and 

KO mice were collected, and these tissues were then made into swissrolls and IHC stained 

for various protein markers for proliferation and cell lineages. We compared the 

proliferation and differentiation of normal intestinal epithelial cells in WT, heterozygous 

and Erbin KO mice and found no difference in the number of proliferating cells and 

differentiated cells of different cell linages (Figure 3.18).  
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3.2.16 Erbin Knockout does not alter gene expression in normal intestinal organoids 

In addition to collecting normal epithelial tissue for IHC staining, we also grew 

these cells in 3D culture. We were able to propagate these cells and collect them for 

analysis via qPCR, further analyzing any differences in stemness, differentiation, or 

proliferation. Consistent with the lack of changes observed IHC staining, normal intestinal 

tissues were cultured in Matrigel no significant differences were observed in the resulting 

organoid shape or size (Figure 3.19 A). Similarly, the expression of genes associated with 

normal intestinal stem and differentiated cells remained unchanged in intestinal organoids 

derived from Erbin heterozygous and homozygous KO mice compared to WT mice (Figure 

3.19 B).  

3.2.17 Erbin Knockout significantly increases the stemness in tumor organoids 

We next analyzed the tumor initiation capacity of mouse tumor organoids using the 

colony formation assay. Apc/WT and Apc/KO organoids were dissociated into single cells 

and re-seeded into Matrigel. The number of tumor organoids formed was counted after 5 

days in culture. Knockout of Erbin resulted in a two-fold increase in organoid formation 

(Figure 3.20 A). Since increased tumor initiation capacity is often associated with cancer 

stem cells, our results suggest that Erbin-loss may enhance stem-like properties in tumor 

organoids.  

To test the hypothesis that Erbin may influence the stemness of tumor derived 

organoids, we determined the profile of stem cell gene expression using quantitative RT-

PCR analysis. Apc/WT and Apc/KO organoids were grown in 3D culture for 5 days and 

then were collected and analyzed for the expression of genes that are typically associated 

with cancer stem cells (eg. Lgr5, Axin2, and Cd44), intestinal cell differentiation (eg. Alpi, 

Fabp2, and Muc2), and cell proliferation (eg. Ccnd1 and Ki67). The tumor organoids 
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derived from Apc/KO mice expressed higher levels of genes associated with stem cells and 

cell proliferation, which coincided with decreased expression of genes associated with 

differentiated intestinal epithelial cells (Figure 3.20 B). These data would suggest that the 

loss of Erbin is resulting in an increase in adenoma cell stemness, and these changes are 

likely the underlying cause for the observed increase in the organoid tumor-initiation assay 

and the earlier occurrence of tumorigenesis in the Apc/KO mice. Additionally, we also 

made similar observations in tumor organoids derived from the Apc/Het mice, where the 

expression of genes associated with stem cells and cell proliferation were significantly 

increased and intestinal differentiation decreased (Figure 3.20 C), confirming that 

haplodeficiency of Erbin is sufficient to promote tumorigenesis.   
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Figure 3.17 Erbin deletion activates Akt and RAS/RAF signaling in Apc mutant mice  

(A) Tumor organoids were prepared from tumor tissues of Apc/WT and Apc/KO mice and 

grown in 3D Matrigel. Scale bar, 200μm. (B) Cell lysates were prepared from tumor 

organoids as shown in (A) and analyzed for the phosphorylation status of Akt and Erk by 

Western blot. (C) MEF cells generated from WT and Erbin KO mice were stimulated with 

EGF (10ng/mL) for the indicated times and analyzed for the activation of Akt and 

RAS/RAF signaling by Western blot.   
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Figure 3.18 Knockout of Erbin has no significant effect on the proliferation and 

differentiation of normal intestinal epithelial cells 

Swiss rolls of intestinal tissues from WT, Erbin+/- (Het) and Erbin-/- (KO) mice were 

analyzed for the appearance of normal crypt-villus structure using H&E staining. Alcian 

blue and PAS staining were used to identify goblet cells and Paneth cells; whereas Ki67 

and chromogranin A IHC staining detects proliferating cells and enteroendocrine cells, 

respectively. Scale bar, 200μm.  
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Figure 3.19 Loss of Erbin does not significantly alter the expression of genes 

associated with intestinal stem cells and differentiation in normal intestinal organoids 

(A) Representative phase contrast images of intestinal organoids derived WT and Erbin-/- 

(KO) mice grown in 3D Matrigel for 5 days. Scale bar, 200μm. (B) Intestinal organoids 

from WT, Erbin+/- (Het) and Erbin-/- (KO) mice were grown in 3D Matrigel and collected 

after 5 days. Total RNA were prepared and used for qRT-PCR analysis for the expression 

of genes associated with intestinal stem and progenitor cells (Lgr5, Axin2 and Cd44), cell 

proliferation (Ccnd1 and Ki67) and intestinal cell differentiation (Alpi, Chga, Muc2 and 

Cdh1). Data represents mean  SEM, n=3.   
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Figure 3.20 Loss of Erbin enhances cancer stem cell properties in tumor organoids 

(A) Tumor organoids derived from Apc/WT and Apc/KO mice were dissociated into single 

cells and 1,000 cells were reseeded in 3D Matrigel. The number of cells that were able to 

successfully form colonies were quantified. Data represents mean  SEM (n=3, * p<0.05). 

(B) Tumor organoids derived from Apc/WT and Apc/KO mice grown in 3D Matrigel for 

72 hours were collected and analyzed for the expression of genes associated with cancer 

stem cells (Lgr5, Axin2 and Cd44), cell proliferation (Ccnd1 and Ki67) and intestinal 

differentiation (Alpi, Fabp2 and Muc2) using quantitative RT-PCR. (C) Tumor organoids 

derived from three cohorts of mice (Apc/WT, Apc/Het and Apc/KO) were grown in 3D 

culture for 72 hours, collected, and analyzed using qRT-PCR for the expression of genes 

associated with cancer stem cells (Lgr5 and Axin2), cell proliferation (Ccnd1, Ki67) and 

intestinal cell differentiation (Fabp2). Data represents mean  SEM (n = 4, * p<0.05 and # 

p<0.0001).  
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3.2.18 Gene Set Enrichment Analysis confirms Erbin’s role in colorectal cancer 

Since cancer stem cell associated genes, such as Lgr5 and Cd44, are targets of Wnt 

signaling, our data suggested that Erbin-loss results in activation of the Wnt pathway in 

Apc mutant tumors. Furthermore, through a collaboration with the Markey Cancer Center 

– Biostatistics and Bioinformatics Shared Resource Facility, we analyzed if Erbin 

expression is associated with cancer-related biological pathways by analyzing gene 

expression data from the Cancer Genome Atlas (TCGA) CRC RNA-seq dataset. Gene Set 

Enrichment Analysis (GSEA), several example gene sets that were analyzed, and the 

resulting distribution of association is shown in Figure 3.21 A. The actual results from the 

GSEA showed Erbin expression associated with several pathways, including a positive 

association with the E-cadherin adherens junction (AJ) pathway and Erbin negatively 

associated with Wnt signaling (Figure 3.21 B). These data support our findings that loss of 

Erbin promotes the disruption of epithelial polarity by reducing E-cadherin expression and 

enhances cancer stem cell property by increasing signaling through the Wnt pathway. 

Taken together, our results showed that genetic deletion of Erbin promotes tumor formation 

and progression in vivo upon activation of Akt and ERK signaling. Loss of Erbin enhances 

the stem-like characteristics in tumor organoids and potentiates tumor initiation.  
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Figure 3.21 Gene Set Enrichment Analysis confirms Erbin’s role in control epithelial 

junctions and Wnt signaling 

(A) An example of several gene sets that correlate the expression of Erbin in CRC patients 

by analyzing RNA-seq data obtained from the TCGA database. The genes in each gene set 

are analyzed and determined to have a positive or negative association with Erbin, which 

can be quantified for each gene set to determine if Erbin expression is correlated to any 

signaling or physiological pathways (B) Gene Set Enrichment Analysis was performed and 

the enrichment plots showed significant correlation with the E-cadherin pathway (NES = 

2.32, FDR <0.0001) and Wnt signaling (NES = –2.65, FDR <0.0001) with Erbin 

expression in CRC patients.   
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In summary, the collection of data provides strong evidence confirming the role of 

Erbin as a tumor suppressor in CRC. Previous data had shown that Erbin could interact 

with many proteins at cell-cell junctions and alter ERK signaling, which resulted in some 

physiological consequences in normal cell differentiation. However, while Erbin’s role in 

cancer has not been as thoroughly explored, with some publications concluding that Erbin 

may be a tumor promoter, the data collected in my dissertation studies would help confirm 

a tumor suppressor role. By playing an important role in maintaining epithelial cell polarity, 

Erbin functions as a negative scaffold to directly inhibit oncogenic signaling at multiple 

steps, thus effectively inhibiting tumorigenesis and progression (Figure 3.22). 

Mechanistically, these data have shown that Erbin can alter KSR1/RAF1 interactions and 

suppress ERK signaling, strengthening the idea that Erbin is a negative-regulating scaffold 

protein.  
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Figure 3.22 Erbin inhibits tumorigenesis and progression of CRC 

A diagram showing the mechanism underlying Erbin-mediated tumor suppressor function 

in CRC. Our study demonstrates that loss of Erbin expression promotes tumor progression 

as a result of increased RAS/RAF and Akt signaling. Basolateral expression of Erbin in 

normal epithelial cells prevents hyperactivation of RAS/RAF signaling by sequestering 

KSR1 from binding RAF1. In addition, Erbin may inhibit Akt activation by suppressing 

ERBB2 function.  
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3.3 Other roles for Erbin in regulating cell signaling 

3.3.1 Erbin alters ErbB2/EGFR signaling 

 In addition to examining Erbin-mediated inhibition of RAF/MEK/ERK signaling 

through a KSR1-dependent mechanism, we also conducted experiments to test the 

hypothesis that Erbin-loss induced polarity defect may activate EGFR signaling directly. 

EGFR and EGF-like ligands are known to be over-expressed or mutated in many cancers 

including CRC, as well as breast, prostate, kidney, ovary, brain, pancreas, bladder, and 

lung [149, 150]. Stimulation of EGFR primarily leads to the activation of RAS/RAF 

signaling that is known to mediate multiple processes involved in tumor progression, 

including angiogenesis, invasion, migration, proliferation, and evasion of apoptosis [151].  

 Erbin directly interacts with ErbB2, this interaction is required for basolateral 

localization of ErbB2, and ErbB2 is a preferred signaling partner of other ErbB family 

receptors including EGFR [73]. EGFR-ErbB2 heterodimers enhance signaling due to 

evasion of receptor endocytosis and degradation [152]. Additionally, previous research 

studies have shown that the loss of polarity can lead to aberrant activation of receptor 

tyrosine kinases (RTK) due to disruption of asymmetrical distribution of the receptors 

[153]. In the case of EGFR, it is well established that the expression and localization of 

EGFR is highly restricted to the basolateral plasma membrane in polarized epithelial cells 

[154]. The basolateral distribution of the receptors is not only responsible for proper 

activation but also for the degradation and appropriate quenching of the signal. Following 

EGFR stimulation, the receptor undergoes ligand-induced receptor endocytosis initialized 

by the receptors diffusing laterally through the membrane to localize within clathrin-coated 

pits [155]. Redistribution to coated pits is necessary to internalize multiple activated 

receptors in one vesicle, and once multiple EGFRs are located within that pit, they are 
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rapidly internalized [156, 157]. The results of this process are either the eventual 

degradation of the receptor and the associated growth factor in the lysosome, or the 

recycling of the receptor back to the plasma membrane where it can be activated once again 

[158]. This process can therefore lead to the attenuation of signaling by removing actively 

signaling receptors and degrading them, as well as reducing the total number of receptors 

available for subsequent ligand activation on the cell surface [159, 160]. 

 Mechanistically, after receptor stimulation, EGFR cytoplasmic tail tyrosines are 

phosphorylated and it is through the interactions between these auto-phosphorylation sites 

and a variety of adapter proteins that allow for specificity in the cellular response (Figure 

3.23).   
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Figure 3.23 EGFR phosphorylation sites 

The multiple phosphorylation sites on the cytoplasmic tail of the EGF Receptor are 

involved in the recruitment and activation of many different adapter proteins, which lead 

to activation of various downstream pathways. 
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 Two examples of physiological processes that are dependent on the recruitment of 

these adapter/interacting proteins after EGFR stimulation include the activation of the 

RAS/RAF and Akt pathways which requires the recruitment of Grb-2. Also, for 

degradation or recycling of EGFR to occur, a recruitment of the E3-ligase, c-Cbl, to the 

activated receptor is required. Additionally, it is not clear whether altered receptor 

distribution as the result of disruption of apical-basal polarity may contribute to the 

hyperactivation of EGFR signaling in CRC. 

3.3.2 The role of Erbin in EGFR expression, internalization and degradation 

  To date, it is not known whether Erbin is involved in regulating EGFR. Therefore 

to begin to determine if the disruption of polarity resulting from the loss of Erbin has an 

effect on EGFR signaling, we investigated the time course of EGFR phosphorylation and 

internalization using CRC cell lines, including SW480, Caco2, LIM2405, and DLD1, as 

well as MEF cells. The expression of Erbin was silenced using lentivirus-mediated RNAi 

in CRC cell lines. Control and Erbin knockdown cells were treated EGF for 0-45 minutes. 

Similarly, WT and Erbin KO MEF cells were used with EGF stimulation. Here, we 

monitored EGFR activity, via Western blot for phosphorylation at several sites on the 

cytoplasmic tail. Unexpectedly the phosphorylation of EGFR at the Y1068 site (Figure 

3.24) was markedly reduced in the Erbin knockdown cells. Notably, the altered EGFR 

phosphorylation site is involved in the recruitment of c-Cbl (Figure 3.23). In addition to 

observing phosphorylation differences at the EGFR level, in all CRC cell lines with 

reduced levels of Erbin we also noted decreased total protein levels of EGFR, ErbB2, and 

ErbB3 (ErbB4 was undetectable in CRC cells). Contrarily, the Erbin KO MEF cells had 

dramatically increased levels of EGFR and phosphorylation at the Y1068 site (Figure 

3.25). Further experiments are required to fully understand the differences in signaling, but 
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could possibly be due to the presence/absence of certain adapter proteins in the different 

cell systems. 

 To further analyze if altered EGFR phosphorylation in Erbin knockdown cells 

affects the internalization of EGFR, we monitored the time course of EGFR endocytosis 

upon treating cells with Alexa 488-labeled EGF using immunofluorescence imaging. 

Interestingly, as shown in Figure 3.26, abundance of fluorescent-labeled EGF was found 

on the cell surface after treating cells for 4 minutes in Erbin knockdown cells indicating 

decreased endocytosis of EGFR. In addition, the knockdown cells showed attenuated 

degradation of the green fluorescent signal suggesting a slower rate of EGFR trafficking to 

the lysosome. 

 In summary, the disruption of epithelial polarity as a result of Erbin downregulation 

may alter the time course of EGFR activation. Despite differential effects were observed 

on EGFR phosphorylation upon Erbin depletion in different cell lines, Erbin-loss 

consistently activates RAS/RAF signaling downstream of EGFR. However, future studies 

are needed to further determine the molecular mechanism underlying Erbin-mediated 

regulation of EGFR at the receptor level.   
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Figure 3.24 Knockdown of Erbin in SW480 decreases EGFR phosphorylation 

Stable sh-Control and sh-Erbin SW480 cells were stimulated with EGF (10 ng/ml) for the 

indicated times and activation of signaling pathways and EGFR phosphorylation (Y1068) 

were analyzed via Western blotting. While Erbin knockdown cells have decreased 

phosphorylation of EGFR, downstream proteins such as ERK and Akt both show increased 

and prolonged phosphorylation and activation.   
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Figure 3.25 Knockdown of Erbin increases EGFR levels and phosphorylation in MEF 

cells 

Wildtype and Erbin KO MEF cells were stimulated with EGF (10 ng/ml) for the indicated 

times and activation of signaling pathways and EGFR phosphorylation (Y1068) were 

analyzed via Western blotting. Interestingly, Erbin KO cells have increased total levels and 

phosphorylation of EGFR, which is not observed in CRC cells with reduced Erbin levels. 

However, regardless of EGFR phosphorylation, downstream proteins such as ERK and Akt 

both show similar increases in phosphorylation and activation.  
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Figure 3.26 Knockdown of Erbin alters EGFR distribution and internalization in 

SW480 cells 

The expression pattern of EGFR in sh-Control and sh-Erbin SW480 cells at 4, 15, and 30 

minutes after the cells were stimulated with Alexa-488 labeled EGF. Increases in 

fluorescent EGF bound at 4 minutes may be the result of more EGFR localized to the 

plasma membrane of Erbin knockdown cells. Also, slower degradation of EGF signal as 

observed at 30 minutes may indicate prolonged EGF-induced signaling in Erbin 

knockdown cells.   



 

 104 

CHAPTER 4: DISCUSSION 

4.1 The Role of Erbin as a Tumor Suppressor in CRC 

Loss of epithelial polarity is a hallmark of advanced malignant tumors. Emerging 

evidence supports the notion that disruption of polarity promotes EMT and the malignant 

progression of cancer [15, 35, 36]. Several oncogenes and tumor suppressors (such as 

ErbB2, Kras, and Lkb1) are known for their ability to regulate cell signaling as well as the 

integrity of epithelial polarity [30, 37, 38]. In this study, combining in vitro and in vivo 

analyses, we identify Erbin as a tumor suppressor in CRC. Analysis of gene expression 

datasets revealed that Erbin mRNA expression in patient tumor tissue is significantly 

downregulated. Additionally, using Western blotting and immunohistochemical staining 

of patient tissues, we demonstrated that Erbin protein expression is decreased, and 

mislocalized, in the tumor specimens. Functionally, the knockdown of Erbin in CRC cells 

results in the disruption of epithelial cell polarity as observed through the formation of 

multiple lumen cell clusters with aberrant distribution of apical and basolateral proteins in 

3D culture. The loss of polarity is accompanied by an increase in cell proliferation as shown 

by increased spheroid size and the number of EdU positive cells per 3D tumor sphere. 

Moreover, knockdown of Erbin increases the amplitude and duration of signaling through 

both the Akt and RAF/MEK/ERK signaling cascades, inducing EMT in CRC cell lines. 

Consecutively, we observed significant increases in cell motility as measured by Transwell 

migration assays as well as with time-lapse live cell imaging and determined this motility 

to be associated with increased signaling through the MAPK. Using co-

immunoprecipitation experiments, we identified KSR1, a positive regulator of ERK 

signaling, as an interacting protein of Erbin. We showed that Erbin functions by displacing 

KSR1 from the RAF-MEK-ERK complex thus preventing signal transduction through the 
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ERK pathway. Furthermore, through the development of the Apc-Erbin knockout double 

mutant mice, we investigated the impact of Erbin-loss on intestinal tumorigenesis in vivo. 

The loss of Erbin expression in Apc mutant mice results in a significantly shorter lifespan, 

with a stepwise reduction in survival as each allele of Erbin is lost. To understand the 

mechanism of the increased tumorigenesis after Erbin knockout, tumor organoids from 

those mice were used to confirm increased Akt, RAS/RAF signaling, and interestingly the 

expansion of the stem-like tumor initiating cell population. Taken together, these results 

suggest that Erbin functions as a negative regulator of both EMT and cell motility by 

directly suppressing Akt and ERK signaling. Additionally, these data suggest that loss of 

Erbin expression promotes Wnt signaling and tumor formation in vivo. 

Previous studies have suggested that Erbin inhibits the activation of ERK by 

disrupting upstream Shoc2-mediated RAS/RAF interaction [92, 93]. However, Shoc2 is 

primarily localized to the cytoplasm and actively facilitates RAS/RAF signaling within 

endosomal compartments [59]. It remains an open question how Erbin, a protein that is 

primarily localized to the basolateral membrane, interferes with Shoc2-dependent 

activation of RAS/RAF signaling within the endosome. In our study, we show that Erbin 

decreases RAF/MEK/ERK signaling through directly competing with KSR1. KSR1 is 

known to translocate to the plasma membrane upon RAS activation [21, 22]. While results 

from our study and others demonstrate that Erbin is localized at the basolateral membrane, 

it is possible that Erbin could be localizing to multiple sub-domains of the plasma 

membrane and this could help explain how Erbin could have multiple inhibitory roles, such 

as with ErbB2, Shoc2, and KSR1. However, specifically for the KSR1 interaction, being 

in close proximity with receptor tyrosine kinases (such as EGFR and ErbB2) and the site 
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of RAS activation, the presence of Erbin likely blocks the access of KSR1 to RAS-bound 

RAF and reduces KSR1-RAF interaction (Figure 4.1). In our study, in addition to increased 

ERK signaling, the knockdown of Erbin induces activation of Akt in colon cancer cells and 

mouse tumor organoids. Pharmacological Akt inhibition was unable to decrease cell 

motility; however, we have not fully investigated the implications of increased Akt 

signaling after Erbin knockdown. Future studies would be necessary to determine if the 

loss of polarity, increased proliferation, or changes to Wnt signaling are downstream of 

Akt. The literature regarding signaling changes within the Akt pathway, specifically after 

Erbin loss, is inconsistent and seems to be dependent upon the cell type or system in which 

the study was performed [5, 34]. The differential effect of Erbin-loss on Akt activation may 

be due to protein interactions that are cell type specific.   

 In cells where silencing Erbin induces loss of epithelial polarity and EMT (such as 

in colon cancer cells), it may lead to mislocalization of receptor tyrosine kinases and 

aberrant activation of both Akt and ERK signaling downstream. The role of Erbin in 

receptor trafficking is vastly under studied. Erbin could inhibit signaling by altering ErbB 

family member protein trafficking or endocytosis, increasing degradation or resulting in 

fewer interactions with pro-signaling scaffolds (ie. Shoc2 and KSR1). Endogenous Erbin 

protein is mostly localized to the plasma membrane [85], where it directly interacts with 

ErbB2 and this interaction is required for the receptors basolateral localization [73] and 

ErbB2 is a preferred signaling partner of other ErbB family receptors including EGFR. 

Previous data has shown that EGFR-ErbB2 heterodimers exhibit increased signaling due 

reduced receptor endocytosis and degradation [152]. Therefore, since Erbin can alter 

ErbB2 localization, through heterodimer interactions Erbin could also alter the localization 
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of all ErbB family members. Through interactions with the C-terminal tail of ErB2 Erbin 

could change the signaling from these receptors whether that is through physically 

restricting the receptors to a sub-domain of the plasma membrane or by altering adapter 

protein interactions. In our studies we observed an EMT phenotype and a loss of polarity 

in the CRC cell lines, which could lead to the loss of proper receptor localization and 

aberrant activation of signaling downstream of receptors (Figure 4.2).   
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Figure 4.1 Erbin is a negative signaling scaffold protein in multiple pathways 

While Erbin was previously known to interact with the ErbB2 receptor, our data have 

shown that Erbin can also inhibit the RAS/RAF pathway through inhibition of KSR1 

facilitated signaling. Additionally, Erbin was shown to reduce transcription levels of Wnt 

target genes. Further studies will be necessary to determine exactly where in the Wnt 

signaling pathway Erbin is contributing to this regulation.    
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Figure 4.2 Loss of polarity induces malignant transformation of epithelial cells 

Once polarized, two adjacent intestine epithelial cells are connected by the tight and 

adherens junctions which separate the membrane into apical and basolateral domains. 

Erbin, ErbB2, and EGFR are basolateral membrane associated proteins. In polarized cells, 

only the receptors localized on the basolateral membrane are in contact with ligands in the 

microenvironment of stroma. When polarity is lost, cells undergo EMT and EGFR/ErbB2 

receptors can become mislocalized and hyperactivated.   



 

 110 

 In our study, we find that Erbin-loss alters the time course of EGFR 

phosphorylation, and receptor trafficking and degradation. Our results in Figure 3.24 show 

that while there are reduced total levels of EGFR/ErbB2/ErbB3 in whole cell lysates there 

are also alterations in EGFR phosphorylation that could result changes to EGFR/adapter 

protein interactions. Additionally, in Figure 3.26, we show that loss of Erbin in SW480 

cells results in more EGF ligand binding at the cell surface. The results that total EGFR 

levels may be lower in CRC cells, while cell surface EGFR levels are higher and more 

sustained after EGF stimulation, suggests that Erbin may play a role in recruiting certain 

adapter proteins to the receptors and effecting receptor trafficking or sorting after 

endocytosis. However, knowing that the MEF cells had a very different response to the 

loss of Erbin (increased EGFR protein and phosphorylation levels) could lead us to 

conclude that the role of Erbin at the plasma membrane may depend upon the presence of 

a cellular junction or other interacting partners. These conflicting results, and possibility 

that other proteins are involved in the regulation, only make the role of Erbin in controlling 

RTK signaling more fascinating and more studies will be necessary to conclude if this 

process is involved in tumor progression and EMT.  

Intriguingly, knockout of Erbin in Apc mutant mice only resulted in an increase in 

tumorigenesis and are not sufficient to induce EMT phenotype as the expression of E-

cadherin remains unchanged in Apc/KO tumor tissues and organoids compared to Apc/WT 

(as seen by qPCR, data not shown). Additionally, as further evidence that Erbin KO is 

insufficient to induce an EMT phenotype, loss of Erbin in Apc tumor organoids does not 

result in a loss of polarity in 3D culture (Figure 3.17 A). Thus, additional oncogenic 

alterations, such as PIK3CA and KRAS mutations presented in human colon cancer cells, 
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are likely needed to fully engage the EMT program in Erbin deficient tumor cells. Studies 

using CRC cell lines with mutant KRAS, such as DLD1, along with DLD1 cells in which 

WT KRAS has been reintroduced would be useful to determine if mutational status could 

affect interactions between Erbin and its pro-signaling interacting partners, resulting in 

different signaling events.  

While the protein interactions and mechanistic roles for Erbin are relatively 

consistent, the role of Erbin in cancer has been controversial. A number of studies have 

shown that Erbin negatively regulates Akt and ERK signaling, as well as cell proliferation 

and survival in different types of cancer cells [7, 40], thus acting as a tumor suppressor. 

However, other studies have indicated that Erbin-loss increases tumorigenesis [34, 41], 

resulting in the conflict within the field. Results from our study have provided several lines 

of evidence supporting the tumor suppressor function of Erbin in CRC: i) analysis of 

human CRC gene expression datasets with large sample sizes indicates that Erbin mRNA 

expression is significantly downregulated in CRC patients; ii) Erbin protein expression is 

decreased in CRC patient specimens by Western blot and IHC analyses; iii) knockdown of 

Erbin disrupts epithelial polarity and promotes EMT to increase cell motility; iv) knockout 

of Erbin in Apc mutant mice promotes tumor progression and significantly reduces 

survival; and v) tumor organoids derived from Erbin KO mice have increased cancer-stem 

cell properties and Wnt signaling. Our findings are also corroborated by the GSEA analysis 

in which Erbin expression is found to be associated with increased E-cadherin junctions 

and decreased Wnt signaling. Interestingly, we find that knockout of Erbin further 

increases the expression of Wnt target genes in Apc mutant tumors, which already have 

increased levels of Wnt signaling when compared to normal epithelia. While loss of 
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polarity in epithelial cells often results in decreased E-cadherin levels (as we observed in 

vitro), which could in turn result in less β-catenin sequestered to cell junctions and 

increased Wnt signaling; we observed increased Wnt signaling in Apc/Erbin KO organoids 

which maintain E-cadherin levels and an epithelial cell structure. Therefore we suspect that 

the increase in Wnt signaling after Erbin loss is not related to EMT. It has been shown 

recently that oncogenic KRAS promotes Wnt signaling through ERK-mediated 

phosphorylation of LRP6 [42]. Future studies are needed to determine if activation of ERK 

is required to mediate Erbin-dependent regulation of Wnt signaling in CRC. Alternatively, 

a straight forward study of the E-cadherin/Erbin/β-catenin complex could be performed to 

determine if Erbin is required for the formation or stability of this interaction. Using the 

Apc/KO organoids as an example, in an in vivo model it may be possible to maintain 

relatively normal levels E-cadherin after loss of Erbin, but it may be possible to 

simultaneously decrease interactions between β-catenin and E-cadherin if Erbin is 

responsible for facilitating that protein-protein interaction. Decreased β-catenin and E-

cadherin interactions would result in an increase in transcription of Wnt target genes, as 

well as an increase in “stemness” within the cell. 

In summary, our study has uncovered a pivotal role of Erbin in maintaining 

epithelial cell polarity and suppressing EMT in CRC. In addition to regulating polarity, 

Erbin disrupts the pro-signaling scaffold protein KSR1 and effectively reduces ERK 

signaling, which we have linked to increased cell motility in CRC. By developing novel in 

vivo mouse models and tumor organoid systems, we demonstrate that Erbin exerts its tumor 

suppressor function by negatively regulating both the Akt and RAF/MEK/ERK signaling 

pathways and that Erbin-loss can promote Wnt signaling and tumor initiation. Here, the 
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identification of the functional interplay between Erbin-KSR1 highlights the importance of 

scaffolding proteins in providing the spatiotemporal control of cell signals.   
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 

The characterization of Erbin loss in CRC during my dissertation research, 

including the phenotypic, mechanistic, and in vivo data, answered several questions about 

the tumor suppressor role of Erbin. However, these data have also raised several more 

important mechanistic questions.  

One of the most pertinent questions raised is, how does loss of Erbin increase 

signaling in the Wnt pathway in vivo? It will be important to study this phenomenon and I 

believe that the use of the tumor organoid system that we developed will provide an 

excellent method to examine this. Future studies would involve inhibiting either the ERK 

or Akt pathways in the Apc/WT and Apc/KO organoids, then observing expression levels 

of Wnt target genes via qPCR. If either of the Erbin regulated pathways are responsible for 

the observed increase in Wnt signaling, inhibition of that particular pathway would 

decrease Wnt target gene expression levels. Conversely, if neither of the signaling 

pathways are implicated in signaling cross-talk with the Wnt pathway, Erbin may alter 

protein localization within the Wnt pathway itself. As discussed, Erbin could affect the E-

cadherin/β-catenin interaction, or it may be possible that Erbin interacts with other Wnt-

pathway proteins at the plasma membrane. We have observed that Erbin can potentially 

alter EGFR trafficking and endocytosis. Similarly, when Wnt interacts with its receptor, 

Frizzled, at the membrane, the entire Wnt signaling complex is internalized. It may be 

plausible that Erbin is generally involved in the recruitment of proteins necessary for 

receptor endocytosis and the quenching of signaling.  

Another question that has been raised during the production of these data is, how is 

Akt activated in CRC after Erbin loss? As noted, this effect seems to be cell type dependent 
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since not all studies observe increases in Akt phosphorylation when Erbin levels are 

reduced. However, it has been shown in ErbB2 over-expressing NIH3T3 cells that ErbB2 

receptor signaling to the PI3K/Akt pathway requires the involvement of the α6-β4 integrin 

[161, 162]. It may be possible that the differential effect of Erbin on the Akt pathway could 

be explained by varying levels of integrin expression between cell types. Exploring this 

possibility could be accomplished through immunoprecipitations of the ErbB2/Integrin 

interactions, with and without Erbin. Alternatively, to determine if Erbin interacts with the 

integrin in CRC, co-immunoprecipitation of Erbin with over-expressed α6-β4 integrin with 

and without the long cytoplasmic tail of β4, while simultaneously monitoring Akt 

phosphorylation, may elucidate a mechanism of action. Lastly, monitoring Akt 

phosphorylation and transiently knocking down α6-β4 integrin in sh-Erbin CRC cell lines 

could also be explored. If the integrin is involved in the necessary signal transduction to 

the Akt pathway, increases in Akt activation would be lost after the co-knockdown. 

Additionally, outside of Akt regulation, Erbin could affect cell motility through interactions 

with the α6-β4 integrin, either by altering protein stability or localization.   

Although not addressed in my studies, another potential mechanism that may 

contribute to increased tumorigenesis in Erbin knockout mice is that Erbin has been shown 

to play a role in regulating inflammation. It is well known that chronic inflammation can 

lead to increased risk for CRC and it has been suggested that Erbin loss of function can 

cause chronic inflammation [105, 108]. Paired with my observations that Erbin loss results 

in increased in vivo tumorigenesis, it would be interesting to determine if increased 

inflammation in the Apc/KO mouse model was partially responsible for tumor initiation. 

The observed increase in spleen size of the Erbin KO mice may support this idea. 
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Future studies are necessary to determine a more comprehensive understanding of 

Erbin’s role in receptor trafficking in CRC. Signaling molecules, such as EGFR, ErbB2, 

Shoc2, and KSR1, are localized in close proximity upon receptor activation. By impinging 

on signal transduction at multiple levels, Erbin could function as an effective negative 

regulator of the entire oncogenic signaling cascade. Given the changes in EGFR protein 

expression and phosphorylation in Erbin knockdown CRC cells, studying the interactions 

between EGFR or ErbB2 receptors and their adapter proteins may provide a better 

understanding for how Erbin is altering several downstream signaling pathways at the 

receptor level. Use of cell surface biotinylation and immunoprecipitation of receptors, with 

and without Erbin, could be used to understand these processes and also whether Erbin 

could alter trafficking of other RTKs. Additionally, examining the phosphorylation of 

juxtamembrane T669 of EGFR, which has been shown to be phosphorylated by ERK and 

implicated in inducing EGFR recycling, in Erbin knockdown cells may provide additional 

information on whether the recycling of EGFR is altered by Erbin-loss.  

Finally, since many of the pathways that Erbin interacts with are mutated in CRC 

development and progression, a more thorough understanding of how Erbin interacts with 

these mutant proteins is needed. Erbin loss may alter the protein interaction networks and 

possibly how oncogenic proteins such as KRAS interact with downstream partners. 

Observations of increased BRAF protein levels after Erbin knockdown in several CRC cell 

lines may suggest that the loss of this scaffold protein could alter protein stability due to 

changes in protein-protein interactions. With this in mind, many of the proteins within the 

Erbin signaling network are currently targeted with cancer therapeutics. Understanding the 
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protein interactions and consequences of Erbin loss may allow us to explore the potential 

of using Erbin as a diagnostic marker for developing personalized treatment strategies. 
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APPENDICES 

Appendix: List of Acronyms and Abbreviations  

18q Long arm of 18th chromosome 

2D Traditional 2-dimensional cell culture 

3D 3-dimensional cell culture 

AJ Adherens Junction 

Akt Protein Kinase B 

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

AMPK AMP-activated protein kinase 

APC Adenomatous polyposis coli  

ARVCF Armadillo repeat protein deleted in velo-cardio-facial syndrome  

BSA Bovine Serum Albumin 

CFP Cyan Fluorescent Protein 

CIN Chromosomal Instability pathway 

CRC Colorectal Cancer 

DCC Deleted in Colon Cancer  

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic Acid 

DSG1 Desmoglein-1 

eBPAG1 Bullous pemphigoid antigen 1 

ECL Enhanced chemiluminescence 

EdU 5-ethynyl-2’-deoxyuridine 

EGF Epidermal Growth Factor 

EGFR Epidermal Growth Factor Receptor (ErbB1) 

EMT Epithelial to Mesenchymal Transition 

ERK Extracellular signal-regulated kinase 

FAP Familial adenomatous polyposis 

FBS Fetal Bovine Serum 

Flag Synthetic peptide tag – peptide sequence: DYKDDDDK 

G1 Gap 1 phase of cell cycle 

G2  Gap 2 phase of cell cycle 

GDC0941 Pictilsib, Akt inhibitor 

Grb2 Growth factor receptor-bound protein 2 

GSEA Gene Set Enrichment Analysis 

GTP Guanosine triphosphate 

H&E Hematoxylin and eosin stain 

HEPES Hydroxyethyl piperazineethanesulfonic acid  

HSP90 Heat shock protein 90 

IgE Immunoglobulin E 

IHC Immunohistochemical Staining 

kb Kilobase 

kDa Kilodalton 

KO Knockout of a gene 
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KSR1 Kinase suppressor of Ras1 

LAP LRR and PDZ containing protein 

Lef Lymphoid enhancer factor 

LGR-4/5 Leucine rich repeat containing G protein-coupled receptor 4 or 5 

LKB1 Liver kinase B1 

LOH Loss of Heterozygosity  

LPS Lipopolysaccharides 

LRP6 Low-density lipoprotein receptor-related protein 6 

LRR Leucine Rich Repeats 

M Mitotic phase of cell cycle 

MAPK Mitogen-activated protein kinases 

MEF Mouse Embryonic Fibroblast cells 

MH2 MAD homology 2 

MK2206 Akt Inhibitor 

MMR Mismatch repair 

mRNA Messenger RNA 

MSI Microsatellite Instability  

Myc Synthetic peptide tag – peptide sequence: EQKLISEEDL 

NFκB Nuclear factor κB 

NMR Nuclear magnetic resonance 

Nod2 Nucleotide-binding oligomerization domain-containing protein 2 

p21 Cyclin-dependent kinase inhibitor 1 

p27 Cyclin-dependent kinase inhibitor 1B 

PAS Periodic acid-Schiff 

PBS Phosphate Buffered Saline 

PD184352 MEK1/2 inhibitor 

PD98059 MEK1 inhibitor 

PEI Polyethylenimine 

PICK1 Protein interacting with C kinase - 1 

PDZ PSD94/Dlg1/ZO-1 domain 

PTB Phosphotyrosine-binding domain 

qPCR Reverse transcriptase quantitative polymerase chain reaction 

RNA Ribonucleic acid 

RNA-seq RNA sequencing for quantity of RNA in a biological sample 

RTK Receptor Tyrosine Kinase 

S Synthesis phase of cell cycle 

SARA Smad anchor for receptor activation 

SEM Standard Error of the Mean 

SH2 Src homology 2 domain 

SH3 Src homology 3 domain 

SHC Src homology and collagen 

ShRNA Short hairpin RNA 

SOS Son of Sevenless 

SPPK Striate palmoplantar keratoderma 

Stat3 Signal transducer and activator of transcription 3 
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Tcf T-cell Factor 

TCGA The Cancer Genome Atlas 

TGFβ Transforming growth factor beta 

TMA Tissue microarray 

TNFα Tumor necrosis factor alpha 

TP53 Gene for Tumor protein p53 

U0126 MEK1/2 inhibitor 

Vil-Cre Cre recombinase driven by the villin 1 promoter 

WT Wildtype 

ZO-1 Zonula occludens-1 

  



 

 121 

REFERENCES 

1. Siegel, R.L., K.D. Miller, and A. Jemal, Cancer Statistics, 2017. CA Cancer J Clin, 

2017. 67(1): p. 7-30. 

2. Jemal, A., et al., Global cancer statistics. CA Cancer J Clin, 2011. 61(2): p. 69-90. 

3. Saunders, M. and T. Iveson, Management of advanced colorectal cancer: state of 

the art. British Journal of Cancer, 2006. 95(2): p. 131-8. 

4. Le Marchand, L., et al., A case-control study of diet and colorectal cancer in a 

multiethnic population in Hawaii (United States): lipids and foods of animal origin. 

Cancer Causes Control, 1997. 8(4): p. 637-48. 

5. Slattery, M.L., Physical activity and colorectal cancer. Sports Med, 2004. 34(4): p. 

239-52. 

6. Xie, J. and S.H. Itzkowitz, Cancer in inflammatory bowel disease. World J 

Gastroenterol, 2008. 14(3): p. 378-89. 

7. Sieber, O.M., et al., Whole-gene APC deletions cause classical familial 

adenomatous polyposis, but not attenuated polyposis or "multiple" colorectal 

adenomas. Proc Natl Acad Sci U S A, 2002. 99(5): p. 2954-8. 

8. Shih, I.M., et al., Evidence that genetic instability occurs at an early stage of 

colorectal tumorigenesis. Cancer Res, 2001. 61(3): p. 818-22. 

9. Fearon, E.R. and B. Vogelstein, A genetic model for colorectal tumorigenesis. Cell, 

1990. 61(5): p. 759-67. 

10. Leary, R.J., et al., Integrated analysis of homozygous deletions, focal 

amplifications, and sequence alterations in breast and colorectal cancers. Proc 

Natl Acad Sci U S A, 2008. 105(42): p. 16224-9. 

11. Lin, J.K., et al., Loss of heterozygosity and DNA aneuploidy in colorectal 

adenocarcinoma. Ann Surg Oncol, 2003. 10(9): p. 1086-94. 

12. Powell, S.M., et al., Molecular diagnosis of familial adenomatous polyposis. N 

Engl J Med, 1993. 329(27): p. 1982-7. 

13. Morikawa, T., et al., Prospective analysis of body mass index, physical activity, and 

colorectal cancer risk associated with beta-catenin (CTNNB1) status. Cancer Res, 

2013. 73(5): p. 1600-10. 

14. Bhanot, P., et al., A new member of the frizzled family from Drosophila functions 

as a Wingless receptor. Nature, 1996. 382(6588): p. 225-30. 

15. Mao, J., et al., Low-density lipoprotein receptor-related protein-5 binds to Axin and 

regulates the canonical Wnt signaling pathway. Mol Cell, 2001. 7(4): p. 801-9. 

16. Aberle, H., et al., beta-catenin is a target for the ubiquitin-proteasome pathway. 

EMBO J, 1997. 16(13): p. 3797-804. 

17. Johnson, R.L. and J.C. Fleet, Animal models of colorectal cancer. Cancer 

Metastasis Rev, 2013. 32(1-2): p. 39-61. 

18. Chen, W., et al., Dishevelled 2 recruits beta-arrestin 2 to mediate Wnt5A-

stimulated endocytosis of Frizzled 4. Science, 2003. 301(5638): p. 1391-4. 

19. Taelman, V.F., et al., Wnt signaling requires sequestration of glycogen synthase 

kinase 3 inside multivesicular endosomes. Cell, 2010. 143(7): p. 1136-48. 

20. Dunn, N.R. and N.S. Tolwinski, Ptk7 and Mcc, Unfancied Components in Non-

Canonical Wnt Signaling and Cancer. Cancers (Basel), 2016. 8(7). 



 

 122 

21. Carmon, K.S., et al., R-spondins function as ligands of the orphan receptors LGR4 

and LGR5 to regulate Wnt/beta-catenin signaling. Proc Natl Acad Sci U S A, 2011. 

108(28): p. 11452-7. 

22. Pinson, K.I., et al., An LDL-receptor-related protein mediates Wnt signalling in 

mice. Nature, 2000. 407(6803): p. 535-8. 

23. Kusserow, A., et al., Unexpected complexity of the Wnt gene family in a sea 

anemone. Nature, 2005. 433(7022): p. 156-60. 

24. DasGupta, R. and E. Fuchs, Multiple roles for activated LEF/TCF transcription 

complexes during hair follicle development and differentiation. Development, 

1999. 126(20): p. 4557-68. 

25. Monroe, D.G., et al., Update on Wnt signaling in bone cell biology and bone 

disease. Gene, 2012. 492(1): p. 1-18. 

26. Sato, T., et al., Paneth cells constitute the niche for Lgr5 stem cells in intestinal 

crypts. Nature, 2011. 469(7330): p. 415-8. 

27. Kinzler, K.W. and B. Vogelstein, Lessons from hereditary colorectal cancer. Cell, 

1996. 87(2): p. 159-70. 

28. Arber, N., et al., Increased expression of cyclin D1 is an early event in multistage 

colorectal carcinogenesis. Gastroenterology, 1996. 110(3): p. 669-74. 

29. Merlos-Suarez, A., et al., The intestinal stem cell signature identifies colorectal 

cancer stem cells and predicts disease relapse. Cell Stem Cell, 2011. 8(5): p. 511-

24. 

30. Vermeulen, L., et al., Wnt activity defines colon cancer stem cells and is regulated 

by the microenvironment. Nat Cell Biol, 2010. 12(5): p. 468-76. 

31. Malumbres, M. and M. Barbacid, RAS oncogenes: the first 30 years. Nat Rev 

Cancer, 2003. 3(6): p. 459-65. 

32. Chan, T.L., et al., BRAF and KRAS mutations in colorectal hyperplastic polyps and 

serrated adenomas. Cancer Res, 2003. 63(16): p. 4878-81. 

33. Horst, D., et al., Differential WNT activity in colorectal cancer confers limited 

tumorigenic potential and is regulated by MAPK signaling. Cancer Res, 2012. 

72(6): p. 1547-56. 

34. Baba, Y., et al., Prognostic significance of AMP-activated protein kinase 

expression and modifying effect of MAPK3/1 in colorectal cancer. Br J Cancer, 

2010. 103(7): p. 1025-33. 

35. Baker, S.J., et al., p53 gene mutations occur in combination with 17p allelic 

deletions as late events in colorectal tumorigenesis. Cancer Res, 1990. 50(23): p. 

7717-22. 

36. Lanza, G., et al., Chromosome 18q allelic loss and prognosis in stage II and III 

colon cancer. Int J Cancer, 1998. 79(4): p. 390-5. 

37. Li, X., et al., PHLPP is a negative regulator of RAF1, which reduces colorectal 

cancer cell motility and prevents tumor progression in mice. Gastroenterology, 

2014. 146(5): p. 1301-12 e1-10. 

38. Li, X., et al., Scribble-mediated membrane targeting of PHLPP1 is required for its 

negative regulation of Akt. EMBO Rep, 2011. 12(8): p. 818-24. 

39. Gao, T., F. Furnari, and A.C. Newton, PHLPP: a phosphatase that directly 

dephosphorylates Akt, promotes apoptosis, and suppresses tumor growth. Mol 

Cell, 2005. 18(1): p. 13-24. 



 

 123 

40. Ogino, S., et al., Prognostic significance and molecular associations of 18q loss of 

heterozygosity: a cohort study of microsatellite stable colorectal cancers. J Clin 

Oncol, 2009. 27(27): p. 4591-8. 

41. Kern, S.E., et al., Clinical and pathological associations with allelic loss in 

colorectal carcinoma [corrected]. JAMA, 1989. 261(21): p. 3099-103. 

42. Deming, D.A., et al., PIK3CA and APC mutations are synergistic in the 

development of intestinal cancers. Oncogene, 2014. 33(17): p. 2245-54. 

43. Samuels, Y. and V.E. Velculescu, Oncogenic mutations of PIK3CA in human 

cancers. Cell Cycle, 2004. 3(10): p. 1221-4. 

44. Thomas, D.C., A. Umar, and T.A. Kunkel, Microsatellite instability and mismatch 

repair defects in cancer. Mutat Res, 1996. 350(1): p. 201-5. 

45. Lanza, G., et al., Immunohistochemical pattern of MLH1/MSH2 expression is 

related to clinical and pathological features in colorectal adenocarcinomas with 

microsatellite instability. Mod Pathol, 2002. 15(7): p. 741-9. 

46. Guinney, J., et al., The consensus molecular subtypes of colorectal cancer. Nat 

Med, 2015. 21(11): p. 1350-6. 

47. Matano, M., et al., Modeling colorectal cancer using CRISPR-Cas9-mediated 

engineering of human intestinal organoids. Nat Med, 2015. 21(3): p. 256-62. 

48. Li, X., et al., Oncogenic transformation of diverse gastrointestinal tissues in 

primary organoid culture. Nat Med, 2014. 20(7): p. 769-77. 

49. Drost, J., et al., Sequential cancer mutations in cultured human intestinal stem cells. 

Nature, 2015. 521(7550): p. 43-7. 

50. Colorectal Cancer Progression. 2016; Genetic changes associated with the 

adenoma-carcinoma sequence in colorectal cancer.]. Available from: 

https://basicmedicalkey.com/colorectal-cancer-2/. 

51. Robinson, M.J. and M.H. Cobb, Mitogen-activated protein kinase pathways. Curr 

Opin Cell Biol, 1997. 9(2): p. 180-6. 

52. Bar-Sagi, D. and A. Hall, Ras and Rho GTPases: a family reunion. Cell, 2000. 

103(2): p. 227-38. 

53. Ullrich, A. and J. Schlessinger, Signal transduction by receptors with tyrosine 

kinase activity. Cell, 1990. 61(2): p. 203-12. 

54. Pawson, T. and J.D. Scott, Signaling through scaffold, anchoring, and adaptor 

proteins. Science, 1997. 278(5346): p. 2075-80. 

55. Katz, M.E. and F. McCormick, Signal transduction from multiple Ras effectors. 

Curr Opin Genet Dev, 1997. 7(1): p. 75-9. 

56. Good, M.C., J.G. Zalatan, and W.A. Lim, Scaffold proteins: hubs for controlling 

the flow of cellular information. Science, 2011. 332(6030): p. 680-6. 

57. Jaulin-Bastard, F., et al., The ERBB2/HER2 receptor differentially interacts with 

ERBIN and PICK1 PSD-95/DLG/ZO-1 domain proteins. J Biol Chem, 2001. 

276(18): p. 15256-63. 

58. Sieburth, D.S., Q. Sun, and M. Han, SUR-8, a conserved Ras-binding protein with 

leucine-rich repeats, positively regulates Ras-mediated signaling in C. elegans. 

Cell, 1998. 94(1): p. 119-30. 

59. Galperin, E., L. Abdelmoti, and A. Sorkin, Shoc2 is targeted to late endosomes and 

required for Erk1/2 activation in EGF-stimulated cells. PLoS One, 2012. 7(5): p. 

e36469. 

https://basicmedicalkey.com/colorectal-cancer-2/


 

 124 

60. Wakioka, T., et al., Spred is a Sprouty-related suppressor of Ras signalling. Nature, 

2001. 412(6847): p. 647-51. 

61. Sasaki, A., et al., Identification of a dominant negative mutant of Sprouty that 

potentiates fibroblast growth factor- but not epidermal growth factor-induced ERK 

activation. J Biol Chem, 2001. 276(39): p. 36804-8. 

62. Kim, H.J. and D. Bar-Sagi, Modulation of signalling by Sprouty: a developing 

story. Nat Rev Mol Cell Biol, 2004. 5(6): p. 441-50. 

63. Pawson, T. and P. Nash, Assembly of cell regulatory systems through protein 

interaction domains. Science, 2003. 300(5618): p. 445-52. 

64. Kobe, B., Leucines on a roll. Nat Struct Biol, 1996. 3(12): p. 977-80. 

65. Takahashi, N., Y. Takahashi, and F.W. Putnam, Periodicity of leucine and tandem 

repetition of a 24-amino acid segment in the primary structure of leucine-rich alpha 

2-glycoprotein of human serum. Proc Natl Acad Sci U S A, 1985. 82(7): p. 1906-

10. 

66. Kobe, B. and A.V. Kajava, The leucine-rich repeat as a protein recognition motif. 

Curr Opin Struct Biol, 2001. 11(6): p. 725-32. 

67. Nourry, C., S.G. Grant, and J.P. Borg, PDZ domain proteins: plug and play! Sci 

STKE, 2003. 2003(179): p. RE7. 

68. Harris, B.Z. and W.A. Lim, Mechanism and role of PDZ domains in signaling 

complex assembly. J Cell Sci, 2001. 114(Pt 18): p. 3219-31. 

69. Kolch, W., Erbin: sorting out ErbB2 receptors or giving Ras a break? Sci STKE, 

2003. 2003(199): p. pe37. 

70. Legouis, R., et al., Basolateral targeting by leucine-rich repeat domains in 

epithelial cells. Embo Rep, 2003. 4(11): p. 1096-102. 

71. Bilder, D., M. Schober, and N. Perrimon, Integrated activity of PDZ protein 

complexes regulates epithelial polarity. Nat Cell Biol, 2003. 5(1): p. 53-8. 

72. Santoni, M.J., et al., The LAP family: a phylogenetic point of view. Trends Genet, 

2002. 18(10): p. 494-7. 

73. Borg, J.P., et al., ERBIN: a basolateral PDZ protein that interacts with the 

mammalian ERBB2/HER2 receptor. Nat Cell Biol, 2000. 2(7): p. 407-14. 

74. Liu, D., et al., c-Myb regulates cell cycle-dependent expression of Erbin: an 

implication for a novel function of Erbin. PLoS One, 2012. 7(8): p. e42903. 

75. Skelton, N.J., et al., Origins of PDZ domain ligand specificity. Structure 

determination and mutagenesis of the Erbin PDZ domain. J Biol Chem, 2003. 

278(9): p. 7645-54. 

76. Amsler, K. and S.K. Kuwada, Membrane receptor location defines receptor 

interaction with signaling proteins in a polarized epithelium. Am J Physiol, 1999. 

276(1 Pt 1): p. C91-C101. 

77. Caplan, M.J., Membrane polarity in epithelial cells: protein sorting and 

establishment of polarized domains. Am J Physiol, 1997. 272(4 Pt 2): p. F425-9. 

78. Drubin, D.G. and W.J. Nelson, Origins of cell polarity. Cell, 1996. 84(3): p. 335-

44. 

79. Le Gall, A.H., et al., Epithelial cell polarity: new perspectives. Semin Nephrol, 

1995. 15(4): p. 272-84. 



 

 125 

80. Schaffer, B.E., et al., Identification of AMPK Phosphorylation Sites Reveals a 

Network of Proteins Involved in Cell Invasion and Facilitates Large-Scale 

Substrate Prediction. Cell Metab, 2015. 22(5): p. 907-21. 

81. Appleton, B.A., et al., Comparative structural analysis of the Erbin PDZ domain 

and the first PDZ domain of ZO-1. Insights into determinants of PDZ domain 

specificity. J Biol Chem, 2006. 281(31): p. 22312-20. 

82. Birrane, G., J. Chung, and J.A. Ladias, Novel mode of ligand recognition by the 

Erbin PDZ domain. J Biol Chem, 2003. 278(3): p. 1399-402. 

83. Izawa, I., et al., Palmitoylation of ERBIN is required for its plasma membrane 

localization. Genes Cells, 2008. 13(7): p. 691-701. 

84. Laura, R.P., et al., The Erbin PDZ domain binds with high affinity and specificity 

to the carboxyl termini of delta-catenin and ARVCF. J Biol Chem, 2002. 277(15): 

p. 12906-14. 

85. Favre, B., et al., The hemidesmosomal protein bullous pemphigoid antigen 1 and 

the integrin beta 4 subunit bind to ERBIN. Molecular cloning of multiple alternative 

splice variants of ERBIN and analysis of their tissue expression. J Biol Chem, 2001. 

276(35): p. 32427-36. 

86. Chao, C., et al., A function for the integrin alpha6beta4 in the invasive properties 

of colorectal carcinoma cells. Cancer Res, 1996. 56(20): p. 4811-9. 

87. Rabinovitz, I. and A.M. Mercurio, The integrin alpha6beta4 functions in 

carcinoma cell migration on laminin-1 by mediating the formation and stabilization 

of actin-containing motility structures. J Cell Biol, 1997. 139(7): p. 1873-84. 

88. Jaulin-Bastard, F., et al., Interaction between Erbin and a Catenin-related protein 

in epithelial cells. J Biol Chem, 2002. 277(4): p. 2869-75. 

89. Izawa, I., et al., ERBIN associates with p0071, an armadillo protein, at cell-cell 

junctions of epithelial cells. Genes Cells, 2002. 7(5): p. 475-85. 

90. Ohno, H., et al., Localization of p0071-interacting proteins, plakophilin-related 

armadillo-repeat protein-interacting protein (PAPIN) and ERBIN, in epithelial 

cells. Oncogene, 2002. 21(46): p. 7042-9. 

91. Guo, Z., et al., E-cadherin interactome complexity and robustness resolved by 

quantitative proteomics. Sci Signal, 2014. 7(354): p. rs7. 

92. Huang, Y.Z., et al., Erbin suppresses the MAP kinase pathway. J Biol Chem, 2003. 

278(2): p. 1108-14. 

93. Dai, P., W.C. Xiong, and L. Mei, Erbin inhibits RAF activation by disrupting the 

sur-8-Ras-Raf complex. J Biol Chem, 2006. 281(2): p. 927-33. 

94. Myklebust, M.P., et al., Expression of DSG1 and DSC1 are prognostic markers in 

anal carcinoma patients. Br J Cancer, 2012. 106(4): p. 756-62. 

95. Harmon, R.M., et al., Desmoglein-1/Erbin interaction suppresses ERK activation 

to support epidermal differentiation. J Clin Invest, 2013. 123(4): p. 1556-70. 

96. Rangwala, R., et al., Erbin regulates mitogen-activated protein (MAP) kinase 

activation and MAP kinase-dependent interactions between Merlin and adherens 

junction protein complexes in Schwann cells. J Biol Chem, 2005. 280(12): p. 

11790-7. 

97. Tao, Y., et al., Erbin interacts with TARP gamma-2 for surface expression of AMPA 

receptors in cortical interneurons. Nat Neurosci, 2013. 16(3): p. 290-9. 



 

 126 

98. Huang, Y.Z., et al., Erbin is a protein concentrated at postsynaptic membranes that 

interacts with PSD-95. J Biol Chem, 2001. 276(22): p. 19318-26. 

99. Tao, Y., et al., Erbin regulates NRG1 signaling and myelination. Proc Natl Acad 

Sci U S A, 2009. 106(23): p. 9477-82. 

100. Liang, C., et al., Erbin is required for myelination in regenerated axons after injury. 

J Neurosci, 2012. 32(43): p. 15169-80. 

101. Deliot, N., et al., Biochemical studies and molecular dynamics simulations of 

Smad3-Erbin interaction identify a non-classical Erbin PDZ binding. Biochem 

Biophys Res Commun, 2009. 378(3): p. 360-5. 

102. Warner, D.R., et al., Identification of three novel Smad binding proteins involved 

in cell polarity. FEBS Lett, 2003. 539(1-3): p. 167-73. 

103. Dai, F., et al., Erbin inhibits transforming growth factor beta signaling through a 

novel Smad-interacting domain. Mol Cell Biol, 2007. 27(17): p. 6183-94. 

104. Sflomos, G., et al., ERBIN is a new SARA-interacting protein: competition between 

SARA and SMAD2 and SMAD3 for binding to ERBIN. J Cell Sci, 2011. 124(Pt 19): 

p. 3209-22. 

105. Lyons, J.J., et al., ERBIN deficiency links STAT3 and TGF-beta pathway defects 

with atopy in humans. J Exp Med, 2017. 214(3): p. 669-680. 

106. Rachmin, I., et al., Erbin is a negative modulator of cardiac hypertrophy. Proc Natl 

Acad Sci U S A, 2014. 111(16): p. 5902-7. 

107. Kufer, T.A., et al., Role for erbin in bacterial activation of Nod2. Infect Immun, 

2006. 74(6): p. 3115-24. 

108. McDonald, C., et al., A role for Erbin in the regulation of Nod2-dependent NF-

kappaB signaling. J Biol Chem, 2005. 280(48): p. 40301-9. 

109. Hu, Y., et al., Deficiency of Erbin induces resistance of cervical cancer cells to 

anoikis in a STAT3-dependent manner. Oncogenesis, 2013. 2: p. e52. 

110. Huang, H., et al., Erbin loss promotes cancer cell proliferation through feedback 

activation of Akt-Skp2-p27 signaling. Biochem Biophys Res Commun, 2015. 

463(3): p. 370-6. 

111. Liu, D., et al., Downregulation of Erbin in Her2-overexpressing breast cancer cells 

promotes cell migration and induces trastuzumab resistance. Mol Immunol, 2013. 

56(1-2): p. 104-12. 

112. Tao, Y., et al., Role of Erbin in ErbB2-dependent breast tumor growth. Proc Natl 

Acad Sci U S A, 2014. 111(42): p. E4429-38. 

113. Chakrabarty, A., et al., Trastuzumab-resistant cells rely on a HER2-PI3K-FoxO-

survivin axis and are sensitive to PI3K inhibitors. Cancer Res, 2013. 73(3): p. 1190-

200. 

114. Junttila, T.T., et al., Ligand-independent HER2/HER3/PI3K complex is disrupted 

by trastuzumab and is effectively inhibited by the PI3K inhibitor GDC-0941. 

Cancer Cell, 2009. 15(5): p. 429-40. 

115. Mei, L. and J.P. Borg, ERBB2 oncogenicity: ERBIN helps to perform the job. Mol 

Cell Oncol, 2015. 2(3): p. e995033. 

116. Ress, A. and K. Moelling, The PDZ protein erbin modulates beta-catenin-

dependent transcription. Eur Surg Res, 2008. 41(3): p. 284-9. 



 

 127 

117. Dardousis, K., et al., Identification of differentially expressed genes involved in the 

formation of multicellular tumor spheroids by HT-29 colon carcinoma cells. Mol 

Ther, 2007. 15(1): p. 94-102. 

118. Yao, S., et al., Erbin interacts with c-Cbl and promotes tumourigenesis and tumour 

growth in colorectal cancer by preventing c-Cbl-mediated ubiquitination and 

down-regulation of EGFR. J Pathol, 2015. 236(1): p. 65-77. 

119. Huang, H., et al., Erbin loss promotes cancer cell proliferation through feedback 

activation of Akt-Skp2-p27 signaling. Biochem Biophys Res Commun, 2015. 

120. Huber, M.A., N. Kraut, and H. Beug, Molecular requirements for epithelial-

mesenchymal transition during tumor progression. Curr Opin Cell Biol, 2005. 

17(5): p. 548-58. 

121. Martin-Belmonte, F. and M. Perez-Moreno, Epithelial cell polarity, stem cells and 

cancer. Nat Rev Cancer, 2012. 12(1): p. 23-38. 

122. Wodarz, A. and I. Nathke, Cell polarity in development and cancer. Nat Cell Biol, 

2007. 9(9): p. 1016-24. 

123. Etienne-Manneville, S., Polarity proteins in migration and invasion. Oncogene, 

2008. 27(55): p. 6970-80. 

124. Royer, C. and X. Lu, Epithelial cell polarity: a major gatekeeper against cancer? 

Cell Death Differ, 2011. 18(9): p. 1470-7. 

125. Aranda, V., et al., Par6-aPKC uncouples ErbB2 induced disruption of polarized 

epithelial organization from proliferation control. Nat Cell Biol, 2006. 8(11): p. 

1235-45. 

126. Magudia, K., A. Lahoz, and A. Hall, K-Ras and B-Raf oncogenes inhibit colon 

epithelial polarity establishment through up-regulation of c-myc. J Cell Biol, 2012. 

198(2): p. 185-94. 

127. Liu, J., et al., Loss of PHLPP expression in colon cancer: role in proliferation and 

tumorigenesis. Oncogene, 2009. 28(7): p. 994-1004. 

128. Wen, Y.A., et al., Downregulation of PHLPP expression contributes to hypoxia-

induced resistance to chemotherapy in colon cancer cells. Mol Cell Biol, 2013. 

33(22): p. 4594-605. 

129. Liu, J., et al., PHLPP-mediated dephosphorylation of S6K1 inhibits protein 

translation and cell growth. Mol Cell Biol, 2011. 31(24): p. 4917-27. 

130. Larson, Y., et al., Tuberous sclerosis complex 2 (TSC2) regulates cell migration 

and polarity through activation of CDC42 and RAC1. J Biol Chem, 2010. 285(32): 

p. 24987-98. 

131. Subramanian, A., et al., Gene set enrichment analysis: a knowledge-based 

approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U 

S A, 2005. 102(43): p. 15545-50. 

132. Bissell, M.J. and D. Radisky, Putting tumours in context. Nat Rev Cancer, 2001. 

1(1): p. 46-54. 

133. Assemat, E., et al., Polarity complex proteins. Biochim Biophys Acta, 2008. 

1778(3): p. 614-30. 

134. Assemat, E., et al., Polarity complex proteins. Biochim Biophys Acta, 2007. 

135. Kemler, R., Classical cadherins. Semin Cell Biol, 1992. 3(3): p. 149-55. 

136. Fleming, T.P., et al., Assembly of tight junctions during early vertebrate 

development. Semin Cell Dev Biol, 2000. 11(4): p. 291-9. 



 

 128 

137. Baas, A.F., L. Smit, and H. Clevers, LKB1 tumor suppressor protein: PARtaker in 

cell polarity. Trends Cell Biol, 2004. 14(6): p. 312-9. 

138. McKay, M.M. and D.K. Morrison, Integrating signals from RTKs to ERK/MAPK. 

Oncogene, 2007. 26(22): p. 3113-21. 

139. Wimmer, R. and M. Baccarini, Partner exchange: protein-protein interactions in 

the Raf pathway. Trends Biochem Sci, 2010. 35(12): p. 660-8. 

140. Kortum, R.L. and R.E. Lewis, The molecular scaffold KSR1 regulates the 

proliferative and oncogenic potential of cells. Mol Cell Biol, 2004. 24(10): p. 4407-

16. 

141. Stewart, S., et al., Kinase suppressor of Ras forms a multiprotein signaling complex 

and modulates MEK localization. Mol Cell Biol, 1999. 19(8): p. 5523-34. 

142. Morrison, D.K., KSR: a MAPK scaffold of the Ras pathway? J Cell Sci, 2001. 

114(Pt 9): p. 1609-12. 

143. Michaud, N.R., et al., KSR stimulates Raf-1 activity in a kinase-independent 

manner. Proc Natl Acad Sci U S A, 1997. 94(24): p. 12792-6. 

144. TCGA, The Cancer Genome Atlas. 

145. Skrzypczak, M., et al., Modeling oncogenic signaling in colon tumors by 

multidirectional analyses of microarray data directed for maximization of 

analytical reliability. PLoS One, 2010. 5(10). 

146. Keenan, T.M. and A. Folch, Biomolecular gradients in cell culture systems. Lab 

Chip, 2008. 8(1): p. 34-57. 

147. Xie, C.M., et al., Erbin is a novel substrate of the Sag-betaTrCP E3 ligase that 

regulates KrasG12D-induced skin tumorigenesis. J Cell Biol, 2015. 209(5): p. 721-

37. 

148. Colnot, S., et al., Colorectal cancers in a new mouse model of familial adenomatous 

polyposis: influence of genetic and environmental modifiers. Lab Invest, 2004. 

84(12): p. 1619-30. 

149. Kim, E.S., F.R. Khuri, and R.S. Herbst, Epidermal growth factor receptor biology 

(IMC-C225). Curr Opin Oncol, 2001. 13(6): p. 506-13. 

150. Paez, J.G., et al., EGFR mutations in lung cancer: correlation with clinical 

response to gefitinib therapy. Science, 2004. 304(5676): p. 1497-500. 

151. Normanno, N., et al., Epidermal growth factor receptor (EGFR) signaling in 

cancer. Gene, 2006. 366(1): p. 2-16. 

152. Citri, A. and Y. Yarden, EGF-ERBB signalling: towards the systems level. Nat Rev 

Mol Cell Biol, 2006. 7(7): p. 505-16. 

153. Casaletto, J.B. and A.I. McClatchey, Spatial regulation of receptor tyrosine kinases 

in development and cancer. Nat Rev Cancer, 2012. 12(6): p. 387-400. 

154. Hobert, M. and C. Carlin, Cytoplasmic juxtamembrane domain of the human EGF 

receptor is required for basolateral localization in MDCK cells. J Cell Physiol, 

1995. 162(3): p. 434-46. 

155. Madshus, I.H. and E. Stang, Internalization and intracellular sorting of the EGF 

receptor: a model for understanding the mechanisms of receptor trafficking. J Cell 

Sci, 2009. 122(Pt 19): p. 3433-9. 

156. Sorkin, A. and C.M. Waters, Endocytosis of growth factor receptors. Bioessays, 

1993. 15(6): p. 375-82. 



 

 129 

157. Ariotti, N., et al., Epidermal growth factor receptor activation remodels the plasma 

membrane lipid environment to induce nanocluster formation. Mol Cell Biol, 2010. 

30(15): p. 3795-804. 

158. Marmor, M.D. and Y. Yarden, Role of protein ubiquitylation in regulating 

endocytosis of receptor tyrosine kinases. Oncogene, 2004. 23(11): p. 2057-70. 

159. Wells, A., et al., Ligand-induced transformation by a noninternalizing epidermal 

growth factor receptor. Science, 1990. 247(4945): p. 962-4. 

160. Reddy, C.C., et al., Engineering epidermal growth factor for enhanced mitogenic 

potency. Nat Biotechnol, 1996. 14(13): p. 1696-9. 

161. Gambaletta, D., et al., Cooperative signaling between alpha(6)beta(4) integrin and 

ErbB-2 receptor is required to promote phosphatidylinositol 3-kinase-dependent 

invasion. J Biol Chem, 2000. 275(14): p. 10604-10. 

162. Shaw, L.M., et al., Activation of phosphoinositide 3-OH kinase by the alpha6beta4 

integrin promotes carcinoma invasion. Cell, 1997. 91(7): p. 949-60. 

  



 

 130 

VITA 

Payton D. Stevens 

Doctoral Candidate 

 

Education: 

2013-2017 Ph.D., Department of Cellular and Molecular Biochemistry, University of 

Kentucky 

2004-2008 B.S., Department of Biology, University of Kentucky 

 

Professional Experience: 

2015 Teaching Assistant – Fundamentals of Biochemistry – BCH401G, 

University of Kentucky 

2011-2013 Research Analyst – Markey Cancer Center, University of Kentucky  

2010-2011 Senior Laboratory Technician – Markey Cancer Center, University of 

Kentucky 

2009-2010 Laboratory Technician – Markey Cancer Center, University of Kentucky 

 

Academic Awards and Honors: 

2017 First Place Overall Poster, Markey Cancer Center Annual Research Day 

2017 Oral Presenter, Markey Cancer Center Annual Research Day 

2017 Selected as the Representative for the University of Kentucky to Apply for 

the National Cancer Institute – Predoctoral to Postdoctoral Transition 

Fellowship (F99/K00) 

2016 Attendance at AACR Translational Cancer Research for Basic Scientists 

Workshop, Boston MA 

2016 Travel Award, University of Kentucky Graduate School, AACR Precision 

Medicine: Targeting the Vulnerabilities of Cancer Conference. 

2015 Second Place Poster in the Student/Basic Science Category, Markey 

Cancer Center Annual Research Day 

2015 Travel Award, ASBMB, Experimental Biology National Conference 

2015 F31 CA196219-01, National Institutes of Health, “Erbin-mediated 

regulation of colon cancer” 

2010 Poster of Distinction, Digestive Disease Week Conference 

 

Grant Funding: 

2015-2018 F31 CA196219-01, National Institutes of Health, “Erbin-mediated 

regulation of colon cancer.” Total of $33,907/year for three years 

 

  

Publications: 

Stevens PD, Wen YA, Xiong X, Zayseva YY, Li A, Wang C, Farmer T, Inagaki M, 

Marchetto S, Borg JP, Gao T. Erbin suppresses colorectal cancer progression by 

antagonizing KSR1-mediated RAS/RAF signaling. Submitted to Cancer Research. 

November 2017. 

 



 

 131 

Jafari N, Drury J, Morris AJ, Onono FO, Stevens PD, Gao T, Lee EY, Weiss HL, Evers 

BM, Zaytseva YY. De novo fatty acid synthesis driven sphingolipid metabolism promotes 

metastatic potential of colorectal cancer. Submitted to Cancer Research. November 2017. 

 

Smith AJ, Wen YA, Stevens PD, Liu J, Wang C, Gao T. PHLPP negatively regulates cell 

motility through inhibition of Akt activity and integrin expression in pancreatic cancer 

cells. Oncotarget. 2016. doi: 10.18632/oncotarget.6848. PubMed PMID: 26760962 

 

Li X, Stevens PD, Liu J, Yang H, Wang W, Wang C, Zeng Z, Schmidt MD, Yang M, Lee 

EY, Gao T. PHLPP is a negative regulator of RAF1, which reduces colorectal cancer cell 

motility and prevents tumor progression in mice. Gastroenterology. 2014;146(5):1301-12 

e1-10. doi: 10.1053/j.gastro.2014.02.003. PubMed PMID: 24530606 

 

Wen YA, Stevens PD, Gasser ML, Andrei R, Gao T. Downregulation of PHLPP 

expression contributes to hypoxia-induced resistance to chemotherapy in colon cancer 

cells. Molecular and cellular biology. 2013;33(22):4594-605. doi: 10.1128/MCB.00695-

13. PubMed PMID: 24061475 

 

Liu J, Stevens PD, Eshleman NE, Gao T. Protein phosphatase PPM1G regulates protein 

translation and cell growth by dephosphorylating 4E binding protein 1 (4E-BP1). The 

Journal of biological chemistry. 2013;288(32):23225-33. doi: 10.1074/jbc.M113.492371. 

PubMed PMID: 23814053 

 

Li X, Stevens PD, Yang H, Gulhati P, Wang W, Evers BM, Gao T. The deubiquitination 

enzyme USP46 functions as a tumor suppressor by controlling PHLPP-dependent 

attenuation of Akt signaling in colon cancer. Oncogene. 2013;32(4):471-8. doi: 

10.1038/onc.2012.66. PubMed PMID: 22391563 

 

Gulhati P, Zaytseva YY, Valentino JD, Stevens PD, Kim JT, Sasazuki T, Shirasawa S, Lee 

EY, Weiss HL, Dong J, Gao T, Evers BM. Sorafenib enhances the therapeutic efficacy of 

rapamycin in colorectal cancers harboring oncogenic KRAS and PIK3CA. Carcinogenesis. 

2012;33(9):1782-90. doi: 10.1093/carcin/bgs203. PubMed PMID: 22696593 

 

Liu J, Stevens PD, Li X, Schmidt MD, Gao T. PHLPP-mediated dephosphorylation of 

S6K1 inhibits protein translation and cell growth. Molecular and cellular biology. 

2011;31(24):4917-27. doi: 10.1128/MCB.05799-11. PubMed PMID: 21986499 

 

Liu J, Stevens PD, Gao T. mTOR-dependent regulation of PHLPP expression controls the 

rapamycin sensitivity in cancer cells. The Journal of biological chemistry. 

2011;286(8):6510-20. doi: 10.1074/jbc.M110.183087. PubMed PMID: 21177869 

 

Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou PG, Chen M, Lee EY, Weiss HL, 

O'Connor KL, Gao T, Evers BM. mTORC1 and mTORC2 regulate EMT, motility, and 

metastasis of colorectal cancer via RhoA and Rac1 signaling pathways. Cancer research. 

2011;71(9):3246-56. doi: 10.1158/0008-5472.CAN-10-4058. PubMed PMID: 21430067 

 



 

 132 

Larson Y, Liu J, Stevens PD, Li X, Li J, Evers BM, Gao T. Tuberous sclerosis complex 2 

(TSC2) regulates cell migration and polarity through activation of CDC42 and RAC1. The 

Journal of biological chemistry. 2010;285(32):24987-98. doi: 10.1074/jbc.M109.096917. 

PubMed PMID: 20530489 

 

 

Abstracts: 

Stevens PD, Wen Y, Gao T (2016) The tumor-suppressor function of Erbin in colon 

cancer. AACR Precision Medicine Series – Targeting the Vulnerabilities of Cancer 

Meeting, #B32 

 

Stevens PD, Wen Y, Gao T (2015) Erbin-mediated Regulation of Colon Cancer. The 

FASEB Journal, Volume 29, Supplement 1, Page 724.6 

 

Stevens PD, Yang M, Gao T (2013) The role of ERBIN in suppressing migration in colon 

cancer. Cancer Research, Volume 73, Issue 8, Supplement 1, Pages S-1478 

 

Stevens PD, Gasser M, Andrei R, Gao T (2012) Loss of PHLPP is associated with 

chemotherapy resistance in colon cancer cells. Gastroenterology, Volume 142, Issue 5, 

Supplement 1, Pages S-522-S-523 

 

Gulhati P, Bowen KA, Liu J, Stevens PD, Rychahou P, Chen M, Lee EY, Weiss H, 

O'Connor KL, Gao T, Evers BM (2011) mTORC1 and mTORC2 Regulate EMT, Motility 

and Metastasis of Colorectal Cancer via RHOA and RAC1 Signaling Pathways. 

Gastroenterology Vol. 140, Issue 5, Supplement 1, Page S-162 

 

Stevens PD, Li X, Gao T (2011) The Role of PHLPP in Regulating Colon Cancer Cell 

Migration and Metastasis. Gastroenterology Vol. 140, Issue 5, Supplement 1, Pages S-822-

S-823 

 

Liu J, Stevens PD, and Gao T (2011) Protein Phosphatase PHLPP regulates protein 

translation and cell size through directly dephosphorylating p70 S6 kinase. AACR 102nd 

Annual Meeting, #3837 

 

Stevens PD, Liu J, Li X, Rychahou PG, Evers BM, and Gao T (2010) The Role of PHLPP 

in Regulating Cell Migration and Metastasis. Gastroenterology Vol. 138, Issue 5, 

Supplement 1, Page S-731 

 

 

Oral Presentations: 

May, 2017 “Erbin Inhibits Colon Cancer Progression by Antagonizing KSR1-

Facilitated RAS/RAF Signaling”  

 Selected Student Speaker 

Markey Cancer Center Annual Research Day, University of Kentucky 

 

Dec, 2016 “My Path to a Research Career” 



 

 133 

  Selected Speaker 

Biomedical Career Seminar, Markey Cancer Center Career Training in 

Oncology Program, University of Kentucky  

 

Oct, 2016 “The Role of Erin in Colon Cancer” 

  Student Seminar Presentation 

Department of Molecular and Cellular Biochemistry, University of 

Kentucky  

 

May, 2016 “The Tumor Suppressor Function of Erbin in Colon Cancer”  

 Selected Student Speaker 

Department of Molecular and Cellular Biochemistry, Annual Retreat, 

University of Kentucky 

 

Apr, 2016 “High-Fat Diet Induced PPAR-delta Activity Increases Stemness”  

Student Seminar Presentation 

Department of Molecular and Cellular Biochemistry, University of 

Kentucky  

 

Apr, 2015 “Erbin-mediated Regulation of Colon Cancer” 

  Student Seminar Presentation 

Department of Molecular and Cellular Biochemistry, University of 

Kentucky  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright © Payton D. Stevens 2017 


	THE FUNCTION OF ERBIN, A SCAFFOLD PROTEIN, AS A TUMOR SUPPRESSOR IN COLON CANCER
	Recommended Citation

	TITLE PAGE
	ABSTRACT
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	CHAPTER 1: INTRODUCTION
	1.1 Signaling Activation in Colorectal Cancer
	1.2 The Role of Scaffold Proteins in Signal Transduction
	1.3 Erbin Distribution and Function in Epithelial Tissues
	1.4 The Role of Erbin in Cancer
	1.5 Goals and Hypothesis for Dissertation

	CHAPTER 2: MATERIALS AND METHODS
	2.1 Cell Lines and Cell Culturing
	2.2 Gene Knockdown by shRNA
	2.3 Cell Growth Assay
	2.4 RNA Extraction and QPCR
	2.5 Transwell Migration and Invasion Assay
	2.6 Drug Treatment
	2.7 Single Cell Motility Assay
	2.8 Western Blotting Analysis
	2.9 2-D Immunofluorescent Staining
	2.10 3-D Immunofluorescent Staining
	2.11 Histologic analysis and immunohistochemical (IHC) staining
	2.12 Mice
	2.13 Isolation and culture of mouse organoids
	2.14 Bioinformatic and statistical analysis

	CHAPTER 3: RESULTS
	3.1 Introduction
	3.2 Erbin’s role as a scaffold protein –
	3.2.1 Erbin mRNA expression is significantly downregulated in CRC patient tumor tissue
	3.2.2 Erbin is mislocalized in patient tumor tissues as determined by IHC
	3.2.3 Erbin protein levels are significantly decreased in CRC patient tumor tissue
	3.2.4 Erbin knockdown in CRC cells alters cell signaling
	3.2.5 Loss of Erbin increases amplitude and duration of signaling
	3.2.6 Reduction of Erbin results in loss of epithelial cell polarity
	3.2.7 Knockdown of Erbin results in EMT in CRC cells
	3.2.8 Loss of Erbin increases cell motility
	3.2.9 Loss of Erbin Increases Cell Motility via Activation of ERK Signaling
	3.2.10 Erbin disrupts KSR1 and RAF1 interactions
	3.2.11 Erbin displaces KSR1 from the signaling complex and inhibits signaling
	3.2.12 Summary of In Vitro Studies
	Collectively, results from our in vitro studies suggest that Erbin plays an important role in inhibiting EMT and oncogenic signaling in CRC cells.
	3.2.13 Erbin Knockout reduces lifespan of Apc mice
	3.2.14 Knockout of Erbin increases cell signaling in both tumor organoids and MEF cells
	3.2.15 Normal epithelial cells are not significantly different in Erbin KO mice
	3.2.16 Erbin Knockout does not alter gene expression in normal intestinal organoids
	3.2.17 Erbin Knockout significantly increases the stemness in tumor organoids
	3.2.18 Gene Set Enrichment Analysis confirms Erbin’s role in colorectal cancer

	3.3 Other roles for Erbin in regulating cell signaling
	3.3.1 Erbin alters ErbB2/EGFR signaling
	3.3.2 The role of Erbin in EGFR expression, internalization and degradation


	CHAPTER 4: DISCUSSION
	4.1 The Role of Erbin as a Tumor Suppressor in CRC

	CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS
	APPENDICES
	Appendix: List of Acronyms and Abbreviations

	REFERENCES
	VITA

