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ABSTRACT OF THE DISSERTATION 

 

Adhesion mediates the initiation of epidermal differentiation 

 

by 

 

Samuel Hersh Lasse 

Doctor of Philosophy in Biological Sciences 

 

University of California, San Diego, 2011 

 

Professor Colin Jamora, Chair 

 

The epidermis is a continually regenerating tissue, which requires a tightly 

regulated balance between stem/progenitor cell proliferation and differentiation. 

As epidermal stem/progenitor cells enter the differentiation pathway they initiate 

the expression of differentiation genes and cease proliferation. The balance 

between proliferation and differentiation is traditionally studied at the transcription 

factor level, however the stem/progenitor cell microenvironment also plays a 

pivotal role in regulating cell fate decisions. A natural gradient of E-cadherin 

mediated adhesion exists within the epidermis such that increasing adhesion 
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correlates with the progression of differentiation. Epidermal deletion of the cell-

cell adhesion protein, E-cadherin, results in delayed progression of epidermal 

differentiation. Therefore, E-cadherin mediated adhesion may function as a 

microenvironmental cue to promote epidermal differentiation. Using a transgenic 

mouse model with uniform E-cadherin stabilization throughout the epidermis we 

demonstrate that E-cadherin is sufficient to both induce epidermal differentiation 

and inhibit proliferation. In cultured primary mouse epidermal stem cells, E-

cadherin stabilization at the plasma membrane is both necessary and sufficient 

to promote differentiation and inhibit proliferation. Transcriptional profiling shows 

that E-cadherin mediates a portion of transcriptional changes that occur during 

differentiation. The mechanism of E-cadherin mediated differentiation is 

determined to be a cooperative effort between the binding of E-cadherin to β-

catenin and p120. Altogether, this work provides mechanistic insight into E-

cadherin mediated signal transduction and represents a fundamental 

advancement in understanding how intercellular adhesion proteins influence cell 

fate decisions. 
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CHAPTER I: Introduction 
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Many organs and tissues of the body undergo a process of replenishment 

to replace old or dying cells. In addition, these organs and tissues can sustain a 

certain threshold of trauma or injury and regenerate back to a functional state. 

The strategy used for replenishment and regeneration is the designation of a 

population of stem cells for each organ or tissue system that have the capacity to 

proliferate, generating more stem cells, or differentiate into functional cells. 

Similarly, during mouse and human development, tissues and organs build from 

designated populations of stem cells. One of the fundamental unknowns in 

biology is how the body maintains and regulates these stem cell populations. The 

body has a vested interest in maintaining a steady number of stem cells for each 

organ and tissue. Too few and replenishment and regeneration cannot occur. 

Too many and the body may lose the ability to regulate the growth of these cells. 

Because these stem cells live through the entire life of the organism, many 

scientists hypothesize that the loss of growth regulation on these populations can 

result in tumors (Morrison and Kimble 2006). Regulations that maintain these 

populations at homeostatic numbers control the balance between self-renewal 

and differentiation. Self-renewal is the act of stem cell proliferation to produce 

more progenitors, bolstering population numbers. Differentiation is the process 

by which stem cells lose their progenitor characteristics to produce committed 

tissue cells, reducing progenitor numbers. This study examines the mechanisms 

that initiate the differentiation of interfollicular epidermal stem cells. Although only 
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the epidermis is studied here, the goal of this research is to gain insight into the 

mechanisms that regulate the balance between self-renewal and differentiation in 

many tissues throughout the body.  

The interfollicular epidermis was used as a model system for stem cell 

differentiation because of a few vital advantages. First, the epidermis is a 

continually renewing tissue, which means the stem cells need to constantly 

decide between self-renewal and differentiation. Second, the epidermal stem 

cells can be cultured in vitro, making them available for a wide variety of 

analyses. Third, markers of epidermal stem cell differentiation are well 

characterized, allowing the monitering of epidermal cell progression through the 

differentiation pathway. Finally, skin phenotypes in transgenic or knock out mice 

can be seen without having to sacrifice the animal, making this type of analysis 

more efficient than studying internal organs. In addition, many other organs and 

tissues of the body such as intestine, lung, and mammary gland share 

characteristics of development and homeostasis with the epidermis. Thus 

mechanisms of differentiation uncovered in the epidermis are likely to enhance 

the understanding of differentiation in other systems as well as diseases in which 

the balance between self-renewal and differentiation is perturbed. Overall, the 

findings of this study show that the cell-cell adhesion protein, E-cadherin, 

promotes differentiation and inhibits proliferation in the differentiating layers of 

the epidermis. Furthermore, the domains of E-cadherin required to induce 

transcriptional changes include the intracellular p120 binding domain and β-
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catenin binding domain. Interestingly, these binding domains appear to signal 

through multiple pathways to elicit transcriptional changes, underlining the 

complexity and redundancy of cell signaling during epidermal differentiation. 
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CHAPTER II: Literature Review  
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Skin structure and function 

Mammalian skin functions as a protective barrier that is vital to survival. 

The skin defends against pathogens in the environment, ultraviolet radiation 

damage from the sun, and physical trauma. The skin also prevents water loss 

from the body and regulates temperature. Remarkably, most of these functions 

are carried out by only a portion of the skin called the epidermis. The skin is 

divided into two portions, the epidermis and the dermis. The epidermis is the 

outer most portion of the skin, and is separated from the underlying dermis by a 

basement membrane of extracellular matrix proteins (Blanpain and Fuchs 2006). 

These two tissues are comprised of very different cell types with separate 

embryonic origins. The epidermis is an epithelial tissue derived from the 

embryonic neurectoderm, whereas the dermis is a mesenchymal tissue that 

originates from embryonic mesoderm (Blanpain and Fuchs 2006).  

The epidermis is a stratified epithelium consisting of four distinct layers 

(Figure 1). Each of these layers is distinguishable both by gross cell structure 

and appearance as well as through the expression of distinct protein markers. 

The outermost layer (Squamous layer) is comprised of flattened, dead cells full of 

keratin intermediate filament proteins that are highly cross-linked together. In 

combination with adhesions between cells, this cross-linked networks makes up 

the barrier that prevents dehydration in arid environments and rapid hydration in 

wet environments (Eckert, Crish et al. 1997). Interestingly, dispite the extensive 

cross-linking, this outermost layer is continually being replenished with new cells. 
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The squamous layer cells are regularly lost from the skin surface and replaced by 

cells from underneath. This process is sustained by a population of epidermal 

stem cells that proliferate (divide) to maintain a consistent volume of epidermal 

tissue.  

 

Epidermal stem cell differentiation 

The epidermal stem cells are found in the innermost layer of the 

epidermis, the basal layer (Figure 1). In addition to dividing to create more basal 

layer stem cells, each of these cells may choose to move out of the basal layer 

into the overlying layer and initiate a process of terminal differentiation, whereby 

they transition through each of the overlying epidermal layers (spinous layer and 

granular layer) to eventually become one of the dead cells that make up the 

squamous layer. The epidermal stem cells must carefully balance proliferation 

and differentiation. If too many cells differentiate, then the pool of stem cells will 

become depleted and leave the epidermis unable to replenish itself. Too much 

proliferation can lead to tumor formation, which may eventually become 

cancerous. Therefore, it is important that the epidermis maintains a tight 

regulation over the decision to proliferate or differentiate.  

Basal layer cells appear tall and columnar in shape and express distinct 

structural proteins, keratin 14 (K14) and keratin 5 (K5) (Fuchs and Green 1980). 

Keratins are long fibrous proteins that assemble into bundles to form 

intermediate filaments, which contribute to the integrity of the epidermis. The 
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basal layer is the only layer of the epidermis that proliferates during homeostatic 

conditions, however; only a subset of basal cells is mitotically active at any given 

time (Rijzewijk, Van Erp et al. 1989). This may indicate that there are distinct 

subpopulations within the basal layer, such as stem cells and proliferative 

transient amplifying cells. However, no markers have been found to date that can 

separate the basal layer into physiologically distinct subpopluations. Therefore, 

the most accurate markers of interfollicular epidermal stem cells remain the basal 

layer markers such as K14 and K5.  

Once a basal cell leaves the basal layer, it undergoes significant 

transcriptional changes that result in the expression of a new set of proteins and 

the inhibition of proliferation. For example, it will no longer express K14 and K5, 

but instead express a separate set of intermediate filament proteins, keratin 1 

(K1) and keratin 10 (K10) (Woodcock-Mitchell, Eichner et al. 1982). As the cell 

continues on its journey to the skin surface it enters the granular layer (Figure 1). 

There it performs an additional transcriptional change, whereby the expression of 

K1 and K10 are down regulated and structural proteins such as filaggrin and 

loricrin are upregulated (Steven, Bisher et al. 1990). These proteins eventually 

contribute to the formation of the cornified envelope of the squamous layer.  

Filaggrin binds to keratin proteins to cross-link intermediate filaments into 

tight bundles, a process that collapses and flattens the cell as it begins to 

become part of the squamous layer (Dale, Resing et al. 1985). Loricrin is 

expressed starting in the granular layer, but by the time a cell reaches the 

squamous layer it makes up over half of the total protein content of the cell 
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(Steven and Steinert 1994). Loricrin cross-links with itself and other proteins 

along with the lipid bilayer to form the cornified envelope of the squamous layer 

that generates water resistance within the skin (Eckert, Crish et al. 1997).  

 

Cell adhesion in the epidermis 

The cells of the epidermis cannot autonomously perform the protective 

barrier function. Instead, the entire epidermis must function as a cohesive tissue. 

Epidermal cells are bound to their neighbors through adhesion complexes that 

allow the epidermis to work as a cohesive tissue. Many types of adhesion 

complexes exist within the epidermis. In the basal layer, cells are connected to 

the basement membrane through integrin complexes (Figure 2). Integrins are 

transmembrane proteins that function in heterodimeric complexes of α and β 

subunits to bind laminins and collagen in the basement membrane (Watt 2002). 

On the intracellular side of the membrane, α6β4 integrin complexes bind to the 

keratin intermediate filament network through plectin to form hemidesmosomes. 

The remaining αβ complexes are connected to the actin cytoskeleton through 

talin to form focal adhesions.  

 Epidermal cells are connected to eachother through adherens junctions 

(AJ), desomosomes, tight junctions, and gap junctions (Fig 2). AJs are formed 

from homophilic interactions between classic cadherin proteins. The dominant 

cadherin that contributes to epidermal AJs is E-cadherin. On the intracellular side 

of the membrane, E-cadherin binds catenin family members p120-catenin (p120) 
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and β-catenin, which facilitates interaction with the actin cytoskeleton through 

recruitment of α-catenin (Jamora and Fuchs 2002; Hartsock and Nelson 2008). 

Desmosomes are comprised of heterophilic interactions between transmembrane 

proteins desmocollin and desmoglein. Inside the cell, desmosomes are 

connected to the keratin intermediate filament network through plakoglobin and 

desmoplakin (Dusek, Godsel et al. 2007). Tight junctions are formed by the 

transmembrane proteins, claudins and occludin (Figure 2). As their name alludes 

to, these junctions pull adjacent membranes close enough to prevent the 

passage of solutes, an integral part of preventing the passage of water through 

the skin (Niessen 2007). Claudins and occludin are connected to the actin 

cytoskeleton through ZO-1/2 proteins. Gap junctions act as portholes between 

cells to allow the passage of ions and small molecules. In the epidermis they 

contribute to barrier function through yet unknown mechanisms (Proksch, 

Brandner et al. 2008). The main components of gap junctions are connexin 

proteins. Interestingly, although each of these junctions relies on distinct sets of 

proteins, their formation closely related. The formation of AJs acts as an initiator 

for the formation of desmosomes, tight junctions, and gap junctions (Gumbiner, 

Stevenson et al. 1988; Wheelock and Jensen 1992; Marrs, Andersson-Fisone et 

al. 1995). By this mechanism, AJs act as a master regulator of adhesion in the 

epidermis.  
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Calcium and adhesion regulates epidermal differentiation 

Increasing concentrations of extracellular calcium (Ca2+) are known to play 

a role in directing the differentiation of epidermal cells (Eckert, Crish et al. 1997). 

A natural gradient of extracellular Ca2+ exists within the epidermis with low 

concentrations in the basal layer and highest concentrations in the granular layer 

(Menon, Grayson et al. 1985; Menon, Elias et al. 1992; Celli, Sanchez et al. 

2010). Cultured primary epidermal cells (keratinocytes) respond to increasing 

extracellular Ca2+ concentrations by initiating differentiation (Yuspa, Kilkenny et 

al. 1989). Interestingly, exression of late differentiation markers loricrin and 

filaggrin in keratinocytes requires higher extracellular Ca2+ concentrations than 

the expression of early differentiation markers K1 and K10 (Yuspa, Kilkenny et al. 

1989). This suggests a similar mechanism of differentiation in vitro and in vivo. 

 One important consequence of extracellular Ca2+ is to facilitate the 

formation of AJs, desmosomes, and tight junctions (Brown and Davis 2002; 

Jamora and Fuchs 2002). Correspoindingly there are fewer E-cadherin mediated 

AJs, desomosomes, and tight junctions that form in the basal layer compared to 

the differentiating layers of the epidermis (Hirai, Nose et al. 1989; Arnemann, 

Sullivan et al. 1993; Schluter, Wepf et al. 2004). The correlation of these 

adhesions with differentiation suggests they may play a causative role in 

promoting differentiation.  

Previous studies have investigated the role of adhesion proteins in 

epidermal differentiation and proliferation. Two groups used used loss of function 

analyses in mice to address the role of E-cadherin in epidermal differentiation. 
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Deletion of E-cadherin specifically in the epidermis of mice resulted in a 

thickened epidermis and aberrant expression of keratin 6, an indicator of 

overproliferation often seen in wounding (Young, Boussadia et al. 2003; Tinkle, 

Lechler et al. 2004). The percentage of basal layer cells expressing the 

proliferation maker Ki67 increased in knock out epidermis (Tinkle, Lechler et al. 

2004). The terminal differentiation pathway was also perturbed as indicated by 

less expression of the late differntiation marker, filaggrin (Young, Boussadia et al. 

2003; Tinkle, Lechler et al. 2004). Other groups used cultured epidermal cells to 

address the role of E-cadherin in differentiation. Knock down of E-cadherin by 

siRNA in primary human keratinocytes surpressed Ca2+ induced expression of 

differentiation markers (Xie and Bikle 2007). Antibody inhibition of E-cadherin 

mediated adhesion in primary mouse keratinocytes also suppressed Ca2+ 

induced differentiation (Calautti, Li et al. 2005). These data suggest that E-

cadherin is necessary for epidermal differentiation, and the loss of E-cadherin 

mediated adhesion shifts the homeostatic balance toward proliferation. 

In addition to AJ, the epidermis also contains a desmosomal adhesion 

network where the desmosomal cadherins desmoglein 3 and desmocollin 3 are 

predominant in the basal layer and desmoglein 1 and desmocollin 1 are 

expressed in the suprabasal layers (Dusek, Godsel et al. 2007). Misexpression of 

desmoglein 3 in the spinous layer of mouse epidermis altered epidermal 

differentiation, resulting in hyperproliferation and expression of the basal layer 

marker K14 in the spinous layer (Merritt, Berika et al. 2002). Knock-in of a 

truncated version of desmoglein 3 in mice acted as a dominant negative protein 
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to disrupt desmosomes in the epidermis. These mice displayed thickened 

epidermis due to hyperproliferation as well as lower levels of late differentiation 

markers loricrin and filaggrin (Allen, Yu et al. 1996). In a stratified three-

dimensional culture of primary human keratinocytes, depletion of desmoglein 1 or 

desmocollin 1 resulted in loss of K10 expression (Getsios, Simpson et al. 2009). 

These studies indicate that the natural gradient of AJ and desmosome mediated 

adhesion are an integral part of directing epidermal differentiation. 

 Integrin adhesions also contribute to maintaining basal layer cell 

proliferation. Primary human keratinocytes grown in suspension, which prevents 

integrin attachments, initiate differentiation marker expression and stop 

proliferating (Green 1977). Cross-linking of integrins with extracellular matrix 

protein fibronectin or a combination of fibronectin, laminin, and collagen can 

partially prevent differentiation of suspended keratinocytes and maintain a portion 

of proliferative capacity (Adams and Watt 1989; Watt, Kubler et al. 1993). 

Transgenic mice over expressing β1, α2, and α5 integrins in the granular layer 

display hyperproliferation and loss of late differentiation markers (Carroll, Romero 

et al. 1995). Deletion of β1 integrin in the basal layer of mouse epidermis resulted 

reduced proliferation, but did not influence expression of basal layer markers 

(Brakebusch, Grose et al. 2000; Raghavan, Bauer et al. 2000). Targeted deletion 

of the intracellular signaling domain of β4 integrin in mice results in reduced 

proliferation of the basal layer (Nikolopoulos, Blaikie et al. 2005). Together these 

studies in cultured cells and mice implicate a role for integrin adhesion in 

maintaining the proliferative capacity of basal layer cells in the epidermis. 
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However, they do not provide clear evidence that integrins influence the 

differentiation pathway in vivo. 

 

E-cadherin and catenin family members influence cell signaling 

To understand how E-cadherin mediates cell fate decisions from the 

plasma membrane, it is important to know the binding partners of E-cadherin. β-

catenin is a well know mediator of Wnt signal transduction, binding to TCF/LEF in 

the nucleus to promote gene transcription (Moon, Bowerman et al. 2002). In 

addition to its transcriptional activation domain, β-catenin contains an armadillo 

repeat domain that binds directly to the intracellular portion of E-cadherin (Figure. 

2) (Reynolds, Herbert et al. 1992). β-catenin associates with E-cadherin in the 

endoplasmic reticulum and is necessary for targeting of E-cadherin to the plasma 

membrane (Chen, Stewart et al. 1999). At the plasma membrane, β-catenin 

interacts with α-catenin to link the E-cadherin complex to the actin cytoskeleton 

through a mechanism that is still being elucidated (Nelson 2008).  

The membrane proximal portion of the intracellular domain of E-cadherin 

binds directly to the catenin family member, p120 (Figure 2) (Reynolds, Daniel et 

al. 1994; Shibamoto, Hayakawa et al. 1995; Yap, Niessen et al. 1998; Thoreson, 

Anastasiadis et al. 2000). Like β-catenin, p120 also contains an armadillo repeat 

domain that binds directly to E-cadherin (Reynolds, Herbert et al. 1992). When 

bound to E-cadherin, p120 functions to stabilize cell adhesion and prevent 

endocytosis and degradation of E-cadherin (Davis, Ireton et al. 2003; Xiao, 
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Garner et al. 2005). Similar to β-catenin, p120 also influences gene transcription, 

however not through the TCF/LEF pathway. In the nucleus p120 binds to the 

transcriptional repressor Kaiso to inhibiting its function by preventing DNA 

binding (Daniel and Reynolds 1999; Daniel, Spring et al. 2002). In the cytoplasm, 

p120 binds and inhibits RhoA GTPase. Upon formation of AJs p120 releases 

RhoA, allowing it to function again (Anastasiadis, Moon et al. 2000). RhoA is 

traditionally known for its role in cytoskeleton dynamics during cell movement but 

is becoming recognized for regulating mitosis (Melendez, Stengel et al. 2011). 

Both p120 and β-catenin play a dual role in structure and gene transcription, 

making them attractive candidates for regulating gene transcription downstream 

of E-cadherin stabilization. 

Knock down of p120 or β-catenin by siRNA prevented calcium induced 

differentiation in primary human keratinocytes (Xie and Bikle 2007). Furthermore, 

E-cadherin inhibited colon cancer cell division in vitro by sequestering β-catenin 

from the nucleus (Gottardi, Wong et al. 2001). In vivo deletion of p120 or β-

catenin in mouse epidermis caused phenotypes more difficult to interpret. Loss of 

p120 in the epidermis resulted in hyperproliferation secondary to an inflammatory 

response and had no affect on the normal progression of differentiation (Perez-

Moreno, Song et al. 2008). Loss of β-catenin from the epidermis also caused 

hyperproliferation in the basal layer, although it was not tested whether this was 

secondary to an inflammatory response (Huelsken, Vogel et al. 2001). Again 

there was no affect on epidermal differentiation. One common theme regarding 

the epidermis is the abundance of compensatory mechanisms. For example, in 
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the deletion of β-catenin it was found that the desmosomal catenin, plakoglobin, 

could compensate for β-catenin at the sights of AJs (Huelsken, Vogel et al. 

2001). These results highlight the advantage of using cultured epidermal 

keratinocytes to investigate the roles of proteins that may be compensated when 

studied in mice. 

Although sequestration of p120 and β-catenin to the membrane is an 

attractive model for E-cadherin mediated transcriptional regulation, there are 

other signaling pathways influenced by E-cadherin stabilization at the plasma 

membrane. For example, phosphoinositol 3’ kinase (PI3K) is recruited to the 

sites E-cadherin-catenin complexes at the plasma membrane of cells treated with 

high calcium concentrations (Xie and Bikle 2007). PI3K is thought to promote 

differentiation through the processing of phosphatidylinositol (4,5)-bisphosphate 

(PIP2) into phosphatidylinositol (3,4,5)-triphosphate (PIP3), which in turn activated 

phospholipase C-gamma1 (Xie and Bikle 2007). PI3K was also found to activate 

Akt downstream of binding to E-cadherin. Antibody inhibition of E-cadherin 

engagement in primary mouse keratinocytes prevented recruitment of PI3K and 

subsequent Akt phosphorylation and activation (Calautti, Li et al. 2005). Forced 

activation of Akt was sufficient to induce growth arrest and differentiation in these 

cells. Furthermore, activation of PI3K was dependent on epidermal growth factor 

receptor (EGFR) recruitment to AJs (Calautti, Li et al. 2005). Consistent with 

these results, engagement of endogenous E-cadherin in epithelial cancer cell 

lines suppressed proliferation by inhibiting EGFR signaling (Perrais, Chen et al. 

2007). One challenge to addressing the necessity of PI3K activation in 
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keratinocyte differentiation is that inhibition of PI3K activation results in dramatic 

cell death as indicated by caspase 3 expression (Calautti, Li et al. 2005). The 

activation of PI3K at AJs requires the function of src and fyn tyrosine kinases 

(Xie, Singleton et al. 2005). Interestingly, p120 and β-catenin are both 

phosphorylated by src and fyn at the sights of AJs, providing a potential link 

between p120 and β-catenin and the activation of PI3K activation (Kanner, 

Reynolds et al. 1991; Calautti, Cabodi et al. 1998).  

 

E-cadherin mediates stem cell differentiation in other epithelial tissues 

Many epithelial tissues exist in the body other than epidermis. One 

example is the inner lining of the intestine. Like the epidermis, the intestinal 

epithelium is continually renewing and maintains a pool of stem cells that are 

capable of self-renewal within their compartment or differentiation in a stepwise 

process as they migrate away from their compartment (Karam 1999). A number 

of studies have investigated the role of E-cadherin in intestinal differentiation and 

proliferation. Disruption of E-cadherin mediated adhesion in the mouse intestine 

inhibited differentiation and increased proliferation of intestinal cells (Hermiston 

and Gordon 1995). Over expression of E-cadherin in the mouse intestine 

decreased proliferation but did not influence the differentiation pathway 

(Hermiston, Wong et al. 1996). This study was conducted before accurate 

markers of the intestinal stem cells were identified. Therefore the Fabpl promoter 

used to express E-cadherin may not express in the most undifferentiated cells of 
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the intestine, which may explain why differentiation was unaffected in these mice. 

Together these data provide evidence that E-cadherin is necessary to balance 

intestine cell differentiation and proliferation. 

In vitro studies using a human intestine transformed cell line, Caco-2/15 

cells, further characterized the signaling pathways activated via E-cadherin. An 

inhibitory antibody that prevents E-cadherin mediated adhesion inhibited PI3K 

activation as well as subsequent MEK and ERK activation downstream of Ca2+ 

induced differentiation of Caco-2/15 cells (Laprise, Chailler et al. 2002; Laprise, 

Langlois et al. 2004). One study in flies demonstrated that knock down of 

Drosophila E-cadherin specifically in the intestine stem cells resulted in 

attenuation of differentiation (Maeda, Takemura et al. 2008). Loss of E-cadherin 

prevented the Notch signaling between intestine stem cells and daughter cells 

required for differentiation. These results indicate that E-cadherin induction of 

intestinal differentiation is conserved in animals, although the mechanism may 

differ from insects to humans. 

 One other cell type in which E-cadherin has been extensively studied is 

embryonic stem cells (ESCs). E-cadherin null mutation in mice causes embryonic 

lethality due to a failure of trophectoderm differentiation to form the blastocyst 

cavity (Larue, Ohsugi et al. 1994). Engagement of endogenous E-cadherin in 

cultured mouse ESCs reduced LIF dependence and increased proliferative 

potential (Nagaoka, Koshimizu et al. 2006; Gonzalez, Ibanez et al. 2011; Haque, 

Hexig et al. 2011). Similarly, a feeder cell line stably expressing E-cadherin 

supported undifferentiated mouse ESCs more effectively than a feeder cell line 
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not expressing E-cadherin (Horie, Ito et al. 2010). An unbiased search for small 

molecules that enhance the self-renewal of dissociated human ESCs identified 

Tzv, which was shown to function by stabilizing E-cadherin at the plasma 

membrane (Xu, Zhu et al. 2010). Knock down of E-cadherin by shRNA in mouse 

ESCs induced differentiation (Chou, Chen et al. 2008). Antibody disruption of E-

cadherin mediated adhesion in human ESCs cause a loss of proliferation and 

viability (Chen, Hou et al. 2010). Chelation of Ca2+ with EGTA also disrupts E-

cadherin mediated adhesion. This treatment inhibited proliferation and promoted 

apoptosis in human ESCs (Ohgushi, Matsumura et al. 2010). Knock down of 

small GTPase Rap1 in human ESCs resulted in destabilization and endocytosis 

of E-cadherin, ultimately reducing clonogenic capacity and self-renewal (Li, 

Wang et al. 2010). E-cadherin stabilization seems to play an opposite role in 

embryonic cells compared to intestine and epidermal cells. Stabilization 

promotes self-renewal and inhibits differentiation of ESCs. The cell type specific 

response to E-cadherin stabilization may be due to different signaling pathways 

being triggered downstream of E-cadherin or due to differential responses to the 

same downstream signaling pathway. Distinguishing between these two 

possibilities will require further investigation into the mechanism of E-cadherin 

mediated signaling in each of these cell types.  

The work outlined in this thesis further investigates the role of E-cadherin 

in regulating the balance between differentiation and proliferation in mouse 

epidermis. An in vivo model examines the consequence of forcing E-cadherin 

stabilization in the basal layer of the epidermis. In vitro studies using cultured 
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primary mouse keratinocytes define the minimal domains of E-cadherin 

necessary to cause transcriptional changes associated with differentiation. 

Together these data define the role of E-cadherin to induce the differentiation 

and inhibit the proliferation of epidermal cells and provide valuable insight into 

the mechanisms downstream of E-cadherin that mediate gene transcription 

changes. 
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CHAPTER III: Experimental Procedures 
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Mice  

Generation of K14-EcadherinHA transgenic mice was described in 

(Jamora et al. 2003). All other mice used were from the strain CD-1 and 

purchased from Jackson Laboratories. Mice were housed and cared for 

according to IACUC standards.  

 

Primary mouse keratinocyte derivation and cultivation 

Primary mouse keratinocytes were derived according to published 

protocols (Rheinwald and Green 1975). Briefly, skin was taken from pups ranging 

from newborn to postnatal day 2. Epidermis was separated from the dermis with 

2.5U/mL Dispase II (04942078001, Roche, Indianapolis, IN). Epidermal cells 

were then enzymatically separated with 0.25% trypsin-EDTA (25200-056, Gibco, 

Grand Island, NY) and cultured in 3:1 v/v Dulbecco’s modified Eagle’s medium 

and Ham’s F-12 nutrient mixture (90-5010EC, Gibco, Grand Island, NY). 

Additional supplements to this media include 10% chelexed fetal bovine serum 

(SH30070.03, Hyclone, Logan, UT), 0.4µg/ml hydrocortisone (H0888, Sigma, St. 

Louis, MO), 10-10 M cholera enterotoxin (0215005, MP Biomedicals, Solon, OH), 

5µg/ml insulin (I6634, Sigma, St. Louis, MO), 5µg/ml transferrin (90190, Sigma, 

St. Louis, MO), 5µg/ml T3 (3,3’,5-triiodo-L-thryonine) (T2877, Sigma, St. Louis, 

MO), 50 units/ml penicillin, 50µg/ml streptomycin (15140163 ,Gibco, Grand 

Island, NY), 36.5mM sodium bicarbonate, 3.25mM L-glutamine (G7055, Gibco, 

Grand Island, NY), and 50µM calcium chloride (C79-500, Fisher Scientific, Fair 
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Lawn, NJ). Early passage cells were supported by NIH 3T3 J2 fibroblasts (CCL-

92, ATCC, Manassas, VA). Keratinocytes were routinely passaged at 80-90% 

confluency. Differentiation was induced by increasing calcium chloride to 1.2mM 

or by seeding cells at confluency.  

 

Plasmids 

Human E-cadherin construct plasmids were a generous donation from the 

Gumbiner lab (E-cadherin, E-cadΔcyto, E-cad/α-cat, IL2R/cyto, IL2R/p120BD, 

IL2R/β-catBD) (Gottardi, Wong et al. 2001; Miranda, Khromykh et al. 2001). The 

E-cadΔp120BD construct was created using site directed mutagenesis according 

to the GGG>AAA mutation outlined in Thoreson et al. 2000 (Thoreson, 

Anastasiadis et al. 2000). The human β-catenin S33Y construct was purchased 

from Addgene (02139-1666, Addgene, Cambridge, MA). The mouse p120ΔNES 

plasmid was purchased from Thermo Scientific (Waltham, MA). The nuclear 

export sequence (NES) was subsequently added back through PCR cloning from 

a primary mouse keratinocyte cDNA library. MannII-GFP used in FACS 

(fluorescence activated cell sorting) sorting experiments was a kind gift from the 

Malhotra lab. All plasmid constructs used either the pcDNA3 (Invitrogen, 

Carlsbad, CA) or pCMV vector, driven by the cytomegalovirus (CMV) promoter. 

pcDNA3 was used as empty vector control. K14-luciferase was created by 

inserting a 2.1kb section of the mouse K14 promoter (Vasioukhin, Degenstein et 

al. 1999) into PGL3-Basic (E-1751, Promega, Madison, WI) using KpnI and XhoI 

restriction sites. K10-luciferase was created by inserting a 7.5kb section of the 
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mouse K10 promoter (Fuchs, Esteves et al. 1992) into PGL3-Basic (E-1751, 

Promega, Madison, WI) using NheI and XhoI restriction sites. 

 

Transfection 

 Transient transfection of primary mouse keratinocytes was performed 

using TransIT-LT1 (MIR 2300, Mirus, Madison, WI) according to manufacturer’s 

protocol. Transfections were performed in 24 well or 48 well plates for luciferase 

experiments 4 hours after seeding cells. Transfections for FACS experiments 

were performed in 10cm dishes after keratinocytes grew to 60-70% confluency.  

 

Luciferase Assays 

Between 36 and 48 hours after transfection with luciferase constructs, 

cells were lysed and analyzed for luciferase activity using the Dual Glo kit 

(E1980, Promega, Madison, WI) according to manufacturer’s protocol with minor 

alterations. Only 50µL of LARII substrate and 50µL of Stop and Glow solution 

was used for each sample. Luciferase output was measured using a luminometer 

(Monolight Anylitical Luminescence Laboratory 2010 552017, BD Biosciences, 

San Diego, CA). Luciferase activity was normalized for transfection efficiency by 

dividing by Renilla-TK activity. All experiments were performed in triplicate at 

least 3 times. 1.2mM calcium for 24 hours was used as a positive control. Only 

experiments where the 1.2mM calcium condition compared to the 50µM calcium 

condition displayed a 1.5 fold or greater induction of K10-luciferase activity or a 

0.75 fold or lower reduction of K14-luciferase activity were included in the results.  
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RNA extraction and synthesis of cDNA 

RNA was extracted with TRIzol (15596018 Invitrogen, Carlsbad, CA) 

according to manufacturer’s protocol. 1mL TRIzol was used for a 6cm dish. 

750µL TRIzol was used for FACS sorted cells. 500µL TRIzol was used for each 

well of a 48 well plate. The optional step of adding 10µg of RNAse-free glycogen 

(#R0561, Fermentas, Hanover, MD) after Isopropanol was performed. RNA was 

re-suspended in 50µL RNAse-free water and treated with DNAse (DNAse I 

M0303, New England Biosciences, Ipswitch, MA) according to manufacturer’s 

protocol. RNA was quantified using a spectrophotometer (BioPHotometer 6131 

22269, Eppendorf, Hamburg, Germany). Synthesis of cDNA was performed 

using the iScript cDNA synthesis kit (170-8840, Bio-Rad Laboratories, Hercules, 

CA) according to manufacturer’s protocol.  

 

Quantitative PCR 

Quantitative PCR (qPCR) analysis was performed using the CFX96 Real-

Time System (184-1000, Bio-Rad, Hercules, CA). The amplification reaction for 

qPCR was performed using Ssofast EvaGreen supermix (172-5201, Bio-Rad, 

Hercules, CA) according to manufacturer’s protocol with primers listed in 

Appendix B. Primers used for qPCR are listed in Table 2. Three biological 

repeats were collected for each condition, and three technical repeats were 

performed for each sample. Data shown is an average of the means from each 
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biological repeat. Primer specificity was determined by the primer melt curve and 

data was analyzed using CFX Manager software (Bio-Rad, Hercules, CA). 

 

Immunostaining 

Newborn and embryonic day 16.5 mice were embedded in OCT (optimal cutting 

temperature) compound (Tissue Tek, Torrance, CA, 4583) and frozen on dry ice. 

Frozen sections were taken 8µM thick. Sections were fixed with 4% 

formaldehyde and blocked with blocking buffer (1% bovine serum albumin, 

0.25% normal goat serum, 0.25% normal donkey serum, 0.2% gelatin, 0.1% 

TritonX-100, dissolved in 1x phosphate buffered saline). Cultured cells were fixed 

with 4% formaldehyde and blocked with blocking buffer. Antibodies were diluted 

in blocking buffer at the following concentrations: β4 Integrin 1:100 (BD 

Biosciences, San Diego, CA), mouse anti-β-catenin 1:250 (SAB 3300048, 

Sigma-Aldrich, St. Louis, MO), Connexin31 1:100 (365100, Zymed, Carlsbad, 

CA), Desmoglein1 1:250 (610273, Translab, Franklin Lakes, NJ), rat anti-E-

cadherin 1:100 (hybridoma), rabbit anti-Keratin 1 1:100 (hybridoma), and chicken 

anti-Keratin 5 1:500 (hybridoma), mouse anti-Ki67 (KI67-MM1-CE, Leica 

Microsystems, Wetzlar, Germany), mouse anti-Loricrin 1:100 (hybridoma), 

mouse anti-p120 1:250 (33-9600, Invitrogen, Carlsbad, CA), mouse anti-

Plakoglobin 1:500 (138500, Zymed, Carlsbad, CA), rabbit anti-ZO-1 1:500 (40-

2300, Zymed, Carlsbad, CA). Sections were incubated with antibody at 4oC 

overnight. Nuclei were stained using 4',6-diamidino-2-phenylindole (DAPI) 

(D3571, Invitrogen, Carlsbad, CA). Finally, coverslips were mounted with 
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Antifade (S7114, Millipore, Billerica, MA) and sealed with nail polish (270A, New 

York Color, 270A). Images were acquired on an Olympus Bx51 microscope with 

an Olympus DP70 camera. Acquisitions were performed using a 40× 1.3 UPlan 

FL N objective (Olympus, Central Valley, PA). 

 

FACS 

Primary mouse keratinocytes were co-transfected with E-cadherin 

constructs and MannII-GFP or empty vector and MannII-GFP. Two days after 

transfection, cells were trypsinized then washed twice in 1% FBS before sorting 

in a Fluorescence activated cell sorting (FACS) Aria (BD Biosciences, San 

Diego, CA) according to manufacturer’s protocol. Staining with SYTOX Red 

(S34859, Invitrogen, Carlsbad, CA) was used to remove dead cells. RNA was 

extracted from GFP positive and GFP negative populations. 

 
 
 
Engagement of endogenous E-cadherin with Ecad:Fc coated plates 

Ecad:Fc (748-EC-050, R&D Systems, Minneapolis, MN) was dissolved in 

PBS with Ca2+ and Mg2+ to a concentration of 20µg/mL. 48 well plates were 

coated with 100µL of 20µg/mL Ecad:Fc solution for 12-24 hours at 4°C. 

Afterward, Ecad:Fc solution was removed and wells were rinsed once with PBS. 

Primary mouse keratinocytes were seeded at low confluency (150,000 cells per 

well) into plates and incubated in PCT Epidermal Keratinocyte Medium (CnT-57, 
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Zen-Bio, Research Triangle Park, NC) for 48 hours at 37°C then RNA was 

collected for qPCR analysis.  

 

RNA Seq analysis 

 Total RNA was isolated using TRIzol and purified with RNA Clean & 

Concentrator kit (R1015, Zymogen, Irvine, CA). After purification RNA was 

treated with DNase I (New England Biolabs, Cambridge, MA) for 30 min at 37°C 

and inactivated for 10 min at 75°C. Synthesis of cDNA libraries and RNA 

Sequencing (RNA-Seq) was performed by The Scripps Research Institute Next 

Generation Sequencing Facility. RNA-Seq hits were aligned to the mouse 

genome build MM9 using Bowtie software (Langmead 2010). Expression fold 

changes were analyzed using Excel software (Microsoft, Silicon Valley, CA). 

 

Statistical analysis 

At least three biological replicates were performed for each experiment. 

Data are presented as mean ± SEM. A two-tailed, paired student’s t-test and 

one-way ANOVA were used to determine significance. GraphPad Prism 3 

(GraphPad Software, La Jolla, CA) was used to perform statistical analyses. 

p<0.05 was used as a cutoff for determining significance.  
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CHAPTER IV: E-cadherin Promotes Epidermal Differentiation 
Through the p120 and β-catenin Binding Domains 
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E-cadherin over expression in mouse epidermis induces pre-mature entry 

into the terminal differentiation pathway 

 In order to further determine the role of E-cadherin in epidermal 

differentiation, a transgenic mouse expressing E-cadherin under the keratin 14 

promoter (K14-Ecad) was examined (Jamora, DasGupta et al. 2003). On a 

cellular level these mice displayed membrane localization of E-cadherin 

throughout the epidermis, including the basal layer where E-cadherin is normally 

recycled back to the endosome (Jamora, DasGupta et al. 2003; Emery and 

Knoblich 2006). At birth the K14-Ecad transgenic epidermis was thinner (Figure 

1A). In order to address the effect of E-cadherin stabilization on epidermal 

differentiation, epidermis from newborn K14-Ecad transgenic mice was stained 

by Immunofluorescence for markers of the various stages of differentiation. 

Staining for the basal marker keratin 5 (K5) revealed that transgenic basal cells 

have a flattened and elongated shape resembling a differentiated morphology 

(Figure 3A). Staining for the spinous layer marker keratin 1 (K1) shows 

expression in the basal layer of transgenic epidermis (Figure 3A). In contrast, 

wild type epidermal cells only express K1 after exiting the basal layer. This 

premature expression of a differentiation marker suggests that overexpression of 

E-cadherin in basal cells induces entrance into the differentiation pathway. 

Furthermore, in wild type epidermis loricrin is only expressed three or four cell 

layers above the basal layer (Figure 3A). Expression of loricrin was observed just 

above the basal layer in transgenic epidermis, suggesting that these cells 
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continued a more rapid progression through the differentiation pathway (Figure 

3A).  

In addition to the expression of differentiation genes, the initiation of 

epidermal differentiation is accompanied by exit from the cell cycle (Rijzewijk, 

Van Erp et al. 1989). Previous studies in transformed cell lines show that E-

cadherin expression or stabilization is sufficient to inhibit proliferation (Gottardi, 

Wong et al. 2001; McLachlan, Kraemer et al. 2007; Perrais, Chen et al. 2007). In 

order to determine if overexpression of E-cadherin can also invoke basal cells to 

exit the cell cycle, the percentage of proliferating cells was compared between 

K14-Ecad transgenic and wild type epidermis. Sections from newborn mice (four 

transgenic and four wild type) were stained for the proliferation marker Ki67 and 

the basal layer marker K5. Because proliferation percentages vary among 

different portions of epidermis, comparable sections were selected and only the 

back skin was analyzed. The percentage of basal cells expressing Ki67 was 

reduce from 28% in wild type to 18% in K14-Ecad transgenic epidermis (p<.05), 

displaying a significant loss of proliferation in transgenic cells (Figure 3B). 

 

Endogenous E-cadherin engagement is sufficient for keratinocyte 

differentiation in vitro. 

The K14-Ecad transgenic mouse model reveals that overexpression of E-

cadherin in basal cells is sufficient to initiate the differentiation pathway. 

However, one caveat to this study is that overexpression of a protein can 
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occasionally lead to additional functions that would not occur at endogenous 

levels. Therefore, we next tested the whether engagement of endogenous E-

cadherin can initiate differentiation. Cultured primary mouse epidermal stem cells 

(keratinocytes) were seeded onto plates coated with either Ecad:Fc or control 

human IgG1. Ecad:Fc is a chimeric protein containing the adhesion mediating 

extracellular domain of E-cadherin and the constant region of human 

immunoglobulin 1 (IgG1) [(Drees, Reilein et al. 2005), Figure 4A]. Ecad:Fc was 

previously shown to facilitate adherens junction formation in E-cadherin 

expressing CHO cells and MDCK cells (Niessen and Gumbiner 2002; Borghi, 

Lowndes et al. 2010). Quantitative polymerase chain reaction (qPCR) for 

markers of differentiation, keratin 5 (K5) and keratin 10 (K10), was used to 

monitor differentiation in these cells. Keratinocytes seeded on Ecad:Fc coated 

plates expressed significantly lower levels (p<.05) of the basal layer gene K5 

compared to keratinocytes seeded onto plates coated with human IgG1 (Figure 

4B). In contrast to the basal marker, significantly higher expression levels of the 

suprabasal gene K1 (p<.01) was observed in keratinocytes seeded onto Ecad:Fc 

coated plates (Figure 4C). In addition, expression of the proliferation marker Ki67 

was reduced upon Ecad:fc treatement (Figure 4D). A reduction of Ki67 

expression is consistent with previous studies in which Ecad:Fc treatment was 

found to inhibit proliferation of human mammary epithelial cell (HMEC) and 

human embryonic kidney (HEK) cells (Perrais, Chen et al. 2007). However, this 

is the first evidence that Ecad:Fc treatment can promote differentiation. Biological 

relevance of gene expression changes was measured using a positive control 
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consisting of keratinocytes seeded onto a plate coated with hIgG1 and treated 

with 1.2mM Calcium (Ca2+) for 24 hours. Keratinocytes are grown in a low Ca2+ 

concentration (50µM) to maintain undifferentiated characteristics, however, when 

grown in 1.2mM Ca2+ keratinocytes undergo differentiation (Yuspa, Kilkenny et 

al. 1989). Ecad:Fc is sufficient to elicit changes in expression of K5, K1, and Ki67 

to a similar or greater extent than high Ca2+ concentrations (Figure 4B-C). 

 

Adherens junctions, but not desmosomes, tight junctions, or gap junctions 

are necessary to initiate keratinocyte differentiation in vitro. 

Different types of adhesions are present in the differentiating layers of the 

epidermis including adherens junctions, desmosomes, tight junctions, and gap 

junctions. Previous studies altering expression of desmosomal cadherins result in 

alteration of the differentiation pathway (Merritt, Berika et al. 2002; Dusek, 

Godsel et al. 2007). In order to address the potential necessity of adherens, 

desmosomal, or tight junctions in the differentiation of keratinocytes, junction 

formation was assessed in differentiated keratinocytes. Two well documented 

methods of inducing differentiation in keratinocytes include increasing calcium 

concentrations from 50µM to 1.2mM for twenty-four hours or growing cells in 

50µM calcium at 100% confluency for two days (Kolly, Suter et al. 2005). 

Keratinocytes cultured in 50µM calcium, 1.2mM calcium for twenty-four hours, or 

grown at 100% confluency for two days were stained for protein components of 

adherens junctions (E-cadherin and β-catenin), desmosomes (desmoglein 1 and 
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plakoglobin), tight junctions (ZO-1), or gap junctions (connexin 31) by 

immunofluorescence (Figure 5). In 50µM calcium, all junctional proteins are 

found diffuse throughout the cytoplasm suggesting that junctions have not yet 

formed (Figure 5). When cells are treated with 1.2mM calcium for twenty-four 

hours adherens junction components E-cadherin and β-catenin, desmosomal 

components desmoglein1 and plakoglobin, tight junction component ZO-1, and 

gap junction component connexin 31 all localize to the plasma membrane (Figure 

5). This pattern of staining is indicative of adherens junction, desmosome, tight 

junction, and gap junction formation between cells.  

The formation of adherens junctions and desmosomes is calcium 

dependent. In addition, adherens junctions act as a master regulators of 

adhesion, initiating the formation of desmosomes and tight junctions (Gumbiner, 

Stevenson et al. 1988; Wheelock and Jensen 1992; Marrs, Andersson-Fisone et 

al. 1995), and therefore is expected that each junction will form in high calcium 

concentrations. Interestingly, when cells are grown at 100% confluency for two 

days only E-cadherin and β-catenin localize to the plasma membrane, indicating 

that adherens junctions form but desmosomes, tight junctions, and gap junctions 

do not (Figure 5). This observation is consistent with observations of cortical E-

cadherin and β-catenin in HaCaT cells grown to confluency (Dietrich, Scherwat et 

al. 2002). Because confluency is sufficient to induce keratinocyte differentiation, 

the lack of desmosome, tight junction, and gap junction formation after two days 

of confluency suggests that these adhesion complexes are not necessary to 

initiate keratinoctye differentiation.  
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The necessity of E-cadherin to mediate differentiation was investigated in 

previous studies. In the presence an E-cadherin inhibitory antibody able to 

prevent AJ formation, primary mouse keratinocytes failed to differentiate in high 

Ca2+ concentrations (Calautti, Li et al. 2005). Together with the evidence that 

desmosomes, tight junctions, and gap junctions do not form early on in 

keratinocytes cultured under confluent conditions, these studies suggest that E-

cadherin is the only one of these junctions necessary to initiate keratinocyte 

differentiation. 

 

E-cadherin initiates keratinocyte differentiation through both the p120 and 

β-catenin binding domains 

In order to dissect the mechanisms by which E-cadherin induces 

differentiation in keratinocytes, we examined which domains of E-cadherin were 

necessary and sufficient to initiate differentiation. Because of the low transfection 

efficiency of these cells, we first designed a reporter system to analyze only 

transfected cells. For this purpose, two luciferase reporter constructs were 

generated with the keratin 14 (K14) and keratin 10 (K10) promoters. Both 

promoters were used previously to drive transgene expression in either the basal 

(K14) or spinous (K10) layers of the epidermis (Fuchs, Esteves et al. 1992; 

Vasioukhin, Degenstein et al. 1999). In principal, K14 promoter activity 

decreases in differentiating keratinocytes, and K10 promoter activity increases in 

differentiating keratinocytes. To test the ability of these reporters to monitor 
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differentiation, keratinocytes were transfected with either luciferase construct and 

differentiated by increasing calcium concentrations or seeding at 100% 

confluency. Both methods of differentiating keratinocytes caused a decrease in 

K14-luciferase activity by one-half (p<.01) (Figure 6A, B). This loss of activity 

represents a reduction of K14 gene expression and loss of basal cell identity. Co-

transfection of full-length human E-cadherin with K14-luciferase also caused a 

significant reduction of K14-luciferase activity compared to cells transfected with 

empty vector and K14-lucifearse (p<.05) (Figure 6C). Both methods of 

differentiating keratinocytes caused a twofold induction of K10-luciferase activity 

(p<.01 calcium, p<.05 confluency) (Figure 6D, E). The induction of K10 luciferase 

activity represents an induction of K10 gene expression and an initiation of 

differentiation. Again, co-transfection of full-length human E-cadherin with K10-

luciferase caused a significant induction of K10-luciferase activity compared to 

cells transfected with empty vector and K10-luciferase (p<.05) (Figure 6F). 

Therefore, overexpression of E-cadherin in keratinocytes induced differentiation 

similar to what was observed in K14-E-cad transgenic mice.  

E-cadherin protein can be dissected into 3 functional domains (Figure 6G). 

The extracellular domain facilitates cell-cell adhesion. On the intracellular side of 

the plasma membrane, E-cadherin contains two functional domains. Closest to 

the transmembrane portion of E-cadherin is the p120 binding domain. p120 

association aids in stabilization of E-cadherin at the plasma membrane 

(Thoreson, Anastasiadis et al. 2000). Furthest from the transmembrane portion of 

E-cadherin is the β-catenin binding domain. When bound to E-cadherin at the 
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plasma membrane, β-catenin recruits α-catenin to facilitate interaction between 

adherens junctions and the actin cytoskeleton (Nelson 2008). As a means of 

dissecting which of these three domains of E-cadherin is responsible for 

keratinocyte differentiation, six different constructs of E-cadherin were 

transfected into keratinocytes (Figure 6G). Together these constructs test the 

role of the extracellular and intracellular domains in promoting differentiation 

(Thoreson, Anastasiadis et al. 2000; Gottardi, Wong et al. 2001; Miranda, 

Khromykh et al. 2001). We began by testing the necessity of individual domains 

using constructs containing deletions or mutations within each domain. These 

include deletion of the extracellular domain (E-cadΔcyto), a three amino acid 

substitution mutation to prevent p120 binding (E-cadΔp120BD), and deletion of 

the β-catenin binding domain (E-cad/α-cat). The E-cad/α-cat construct is a fusion 

protein between E-cadherin and α-catenin minus the β-catenin binding domains 

of both proteins to allow interaction with the actin cytoskeleton in the absence of 

β-catenin binding.  

Co-transfection of E-cadΔcyto and E-cadΔp120BD with K14-luciferase 

showed a slight but non-significant reduction of K14-luciferase activity compared 

to transfection with empty vector (Figure 6H, J). Co-transfection with E-cad/α-cat 

did not alter K14 luciferase activity (Figure 6I). From this experiment we are able 

to conclude that removal of the adhesion domain, p120 binding domain, or β-

catenin binding domain from E-cadherin is able to prevent it’s ability to reduce 

K14 activity. However, due to the small expression change and large amount of 
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variability, a much larger sample size may be necessary to provide a more 

accurate answer. Sufficiency of individual intracellular domains to induce 

differentiation was tested using fusion constructs between the extracellular and 

transmembrane domains of human IL2R-α and the full cytoplasmic domain of E-

cadherin (IL2R/cyto), the p120 binding domain (IL2R/p120BD) or the β-catenin 

binding domain (IL2R/β-catBD). The fusion with IL2R-α is designed to draw the 

protein to the plasma membrane without promoting adhesion (Gottardi, Wong et 

al. 2001; Miranda, Khromykh et al. 2001). Co-transfection of each construct with 

K14-luciferase reveals that IL2R/cyto and IL2R/p120BD cause a measurable, but 

non-significant reduction in K14-luciferase activity (Figure 6K, L). The IL2R/β-

catBD construct is sufficient to significantly (p<.05) reduce K14-luciferase activity 

(Figure 6M). These results were quite unexpected, especially considering the 

IL2R/p120BD and IL2R/β-catBD constructs represent two non-overlapping 

domains of E-cadherin. Taken together these results suggest that E-cadherin can 

inhibit basal cell identity through the β-catenin binding domain, but may also 

function through additional pathways.  

Co-transfection of E-cadΔcyto, E-cadΔp120BD, and E-cad/α-cat 

constructs with K10-luciferase reveals that only the E-cad/α-cat construct is able 

to measurably but non-significantly induce K10-luciferase activity compared to 

empty vector (Figure 6N-P). The inability of E-cadΔcyto to induce K10-luciferase 

activity suggests that the some portion of the intracellular domain of E-cadherin is 

necessary for the induction of K10 gene expression. The ability of E-cad/α-cat 
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but not E-cadΔp120 to induce K10-luciferase activity suggests that the p120 

binding domain is necessary for induction of K10 gene expression whereas the 

β-catenin binding domain is not. Sufficiency of individual intracellular domains to 

induce differentiation was tested using the IL2R constructs. Co-transfection of 

each construct with K10-luciferase reveals that only IL2R/cyto is sufficient to 

measurably yet non-significantly induce K10 luciferase activity compared to 

empty vector (Figure 6Q-S). As with K14 luciferase, due to the small expression 

change and large amount of variability, a much larger sample size may be 

necessary to provide a difinitive conclusion. However, together these results 

suggest that the p120 binding domain of E-cadherin is necessary for the initiation 

of differentiation and the cytoplasmic tail of E-cadherin is sufficient to initiate 

differentiation.  

 

E-cadherin elicits global expression changes that overlap with calcium 

induced differentiation 

The process of epidermal differentiation is one that involves thousands of gene 

expression changes (Radoja, Gazel et al. 2006). Therefore, although the K10-

luciferase and K14-luciferase reporters are instructive regarding the mechanism 

of E-cadherin induced differentiation, they provide only a narrow understanding. 

In order to gain a greater sense of the extent to which E-cadherin can initiate 

differentiation, a transcriptome wide analysis was performed using RNA-Seq. For 

this analysis, the gene expression changes during mouse epidermal 
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differentiation were defined by culturing primary mouse keratinocytes in 50µM 

Ca2+ to maintain basal cell identity (0hr) or switching to 1.2mM Ca2+ to initiate 

differentiation for either eight hours (8hr) or twenty-four hours (24hr). The eight-

hour time point was chosen because that is the point when stabilized E-cahderin 

has completely surrounded the plasma membrane when viewed by 

immunofluorescence (Figure 7A). Therefore, gene expression changes from 

50µM calcium to 8 hours of 1.2mM calcium should include early expression 

changes downstream of E-cadherin stabilization. Gene expression changes from 

50µM calcium to twenty-four hours of 1.2mM calcium should include those that 

persist for at least twenty-four hours downstream of E-cadherin stabilization. 

Twenty-four hours is also the standard time for inducing differentiation by calcium 

in keratinocytes (Eckert, Crish et al. 1997).  

In order to determine gene expression changes downstream of E-cadherin 

stabilization, primary keratinocytes were co-transfected with full-length E-

cadherin and GFP, then FACS sorted into +GFP and -GFP populations. This 

strategy allowed the isolation of E-cadherin transfected cells in the +GFP 

populations (Figure 7B). E-cadherin transfected, +GFP and -GFP populations 

were also analyzed by RNA-Seq for gene expression profiles. Fold expression 

changes were calculated by comparing 0hr to 8hr, 0hr to 24hr, and E-cadherin -

GFP to +GFP. In an attempt to analyze only biologically relevant fold changes, 

only changes of two-fold or greater were analyzed. This was considered 

sufficient stringency because a number of genes known to show differential 

expression during keratinocyte differentiation (as determined by in situ 
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hybridization or antibody staining in epidermal tissue) exhibited less than two fold 

changes in the 0hr to 24hr differentiation control comparison. For example, K5 is 

only expressed in the basal layer of the epidermis, yet exhibited just a 1.6 fold 

decrease after twenty-four hours of 1.2mM calcium.  

The overlap between each of these comparisons is diagramed in Figure 

7C. The number of genes that show a similar directional change from 0hr to 8hr 

and E-cadherin GFP- to GFP+ is 566. From 0hr to 24hr and E-cadherin GFP- to 

GFP+ the number of genes that show a similar directional change is 582. The 

number of genes that show similar directional change in all three comparisons 

total to 398 genes.  

 

RNA-Seq results are validated through qPCR analysis 

In order to investigate the mechanism of E-cadherin mediated gene 

expression changes, the list of similar directional changes from 0hr to 24hr and 

from E-cadherin GFP- to GFP+ was first condensed down to genes that were 

previously described in the literature to be differentially expressed during 

epidermal differentiation (Table 1). This list is not exhaustive, as only genes with 

a higher number of transcripts detected in the RNA-Seq analysis were 

considered. This list includes markers of basal cell identity (K14, K5, and Jag2), 

spinous cell identity (K1 and K10), and markers of proliferation (Myc and Ki67). 

Next, expression changes of this gene set were verified by qPCR (Figure 8A-N). 

To verify the calcium switch expression changes, three biological repeats of 
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keratinocytes grown in either 50µM calcium (0hr Ca2+) or 1.2mM calcium for 

twenty-four hours (24hr Ca2+) were analyzed (Figure 8A-G). Of the three basal 

genes measured, K14, and Jag2 showed significant reduction after 24 hours in 

high Ca2+ (Figure 8A-C). Although non-significant, K5 expression was also 

reduced after twenty-four hours in high Ca2+ (Figure 8B). Both spinous genes 

measured, K1 and K10 showed significant increase after twenty-four hours in 

high Ca2+ (Figure 8D, E). Finally, both cycle genes measured, Myc and Ki67 

showed significant reduction after twenty-four hours in high Ca2+ (Figure 8F, G). 

To verify the expression changes downstream of E-cadherin, keratinocytes were 

co-transfected with GFP and full-length E-cadherin or GFP and empty vector 

then FACS sorted for GFP expression. Gene expression was then compared 

between E-cadherin transfected or vector transfected, GFP+ cells (Figure 8H-N). 

All genes measured showed statistically significant changes when transfected 

with E-cadherin compared to transfection with empty vector (p<.05) (Figure 8H-

N). Interestingly, late differentiation markers loricrin, filaggrin, and involucrin 

remained undetectable by qPCR in transfected samples and therefore could not 

be further analyzed. It is likely that in the timescale of this experiment, E-cadherin 

upregulation is only able to induce early differentiation gene expression changes 

in keratinocytes. These results suggest that E-cadherin regulates a variety of 

genes including basal genes, cell cycle genes, and differentiation genes during 

keratinocyte differentiation. These genes were further analyzed to determine the 

domain of E-cadherin that is responsible for inducing gene expression changes. 
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Fold changes seen by qPCR are much larger than those observed by 

RNA-Seq. There is one crucial difference between the ways these two analyses 

were conducted. For the RNA-Seq, E-cadherin transfected cells were compared 

to non-transfected cells. For the qPCR analysis, E-cadherin transfected cells 

were compared to emptry vector transfected cells. Thus, the transfection itself 

may suppress expression changes in E-cadherin transfected cells when 

compared to untransfected cells. In order to determine what affect the 

transfection has on gene expression, keratinocytes were transfected with empty 

vector and GFP then FACS sorted into GFP+ and GFP- populations. Gene 

expression was compared between these two populations for K14, K5, Jag2, K1, 

K10, Myc, and Ki67 (Figure 8O). Compared to GFP- cells, the transfected GFP+ 

cells showed increased expression of K14 (p<.05), Jag2 (p<.01), Myc (p<.05), 

and Ki67. GFP+ cells showed decreased expression of K5 (p<.01), K1 (p<.001), 

and K10 (p<.001). Aside from K5 expression, the transfected GFP+ display a 

less differentiated expression profile. This may explain why the E-cadherin 

transfected cells showed suppressed gene expression changes when compared 

to untransfected GFP- cells instead of cells transfected with empty vector. 

Because the transfection reagent requires cells to divide before DNA can be 

introduced into the nucleus, it is possible that the transfection is selecting for less 

differentiated, more proliferative keratinoctyes. Therefore, comparison with empty 

vector transfected cells will provide a more accurate measurement of gene 

expression changes since it is comparing similar populations of keratinoctyes. 
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E-cadherin influences differentiation gene expression through its β-catenin 

and p120 binding domains 

 E-cadherin constructs, E-cadΔcyto, IL2R/cyto, IL2R/p120BD, and IL2R/β-

catBD were each co-transfected with GFP into keratinocytes and cells were 

sorted by GFP expression (Figure 9A-G, constructs diagramed in Figure 6G). We 

examined K14 expression in cells transfected with E-cadherin constructs. The 

full-length E-cadherin construct (E-cadherin) reduces K14 expression down to 

25% of vector transfected control (Figure 9A). E-cadΔcyto, which is missing the 

cytoplasmic tail of E-cadherin, is unable to reduce K14 expression levels. 

IL2R/cyto, which contains only the cytoplasmic tail of E-cadherin fused with the 

IL2Rα transmembrane and extracellular domains, was sufficient to significantly 

reduce K14 expression (p<.05). Of the two intracellular domains, the β-catenin 

binding domain alone (IL2R/β-catBD) was sufficient to reduce K14 expression 

(p<.05). The p120 binding domain by itself (IL2R/p120BD) did not alter K14 

expression. These results suggest that E-cadherin negatively regulates K14 

expression by binding to β-catenin. K5 expression mirrored that of K14, showing 

the β-catenin binding domain of E-cadherin to be sufficient to reduce expression 

of K5 (Figure 9B). The next gene examined was the Notch ligand jagged2 (Jag2) 

known to be expressed in the basal layer of the epidermis (Powell, Passmore et 

al. 1998; Radoja, Gazel et al. 2006). Jag2 expression was significantly reduced 

upon transfection of E-cadherin, IL2R/cyto, IL2R/p120BD, or IL2R/β-catBD when 

compared to cells transfected with a vector control (Figure 9C). Unlike K14 and 
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K5, Jag2 expression is reduced in cells transfected with the β-catenin binding 

domain or p120 binding domain of E-cadherin. Next we analyzed K1 and K10 

expression after transfection with E-cadherin constructs. In both cases 

expression is significantly increased (p<.05) in E-cadherin, IL2R/cyto, 

IL2R/p120BD, or IL2R/β-catBD transfected cells when compared to cells 

transfected with a vector control (Figure 9D, E).  

In order to gain insight into what domain of E-cadherin is sufficient to 

inhibit the cell cycle, expression of the proliferation markers Myc and Ki67 were 

measured in transfected cells. Myc, also known as c-myc, is a powerful 

oncogene known to promote neoplasia in the epidermis (Pelengaris, Littlewood 

et al. 1999). During normal epidermal homeostasis, myc expression is thought to 

increase in epidermal stem cells to initially promote cell division, then initiate 

differentiation (Arnold and Watt 2001). Further progression of differentiation is 

accompanied by downregulation of Myc expression (Gandarillas and Watt 1997). 

The decrease in myc expression after twenty-four hours in high Ca2+ or E-

cadherin transfection suggests that at these time points cells have already begun 

to decrease myc expression in response to differentiation (Figure 8F, M). In 

keratinocytes transfected with E-cadherin constructs, Myc expression was 

significantly reduced by the IL2R/cyto construct (Figure 9F). Ki67 is a widely 

used marker of proliferating cells. Similar to Myc expression, Ki67 expression 

was reduced after transfection with IL2R/cyto, but was not significantly changed 

IL2R/p120BD, or IL2R/β-catBD (Figure 9G). These results indicate that K14 and 

K5 expression is reduced downstream of β-catenin binding to E-cadherin, 
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whereas Jag2, K1, and K10 expression changes downstream of either β-catenin 

or p120 binding to E-cadherin. A reduction of Myc and Ki67 expression requires 

the full cytoplasmic tail of E-cadherin. Therefore, E-cadherin may signal through 

two independent pathways to influence gene transcription, one through β-catenin 

binding and the other through p120 binding. 

 A one-way ANOVA was used to determine whether the gene expression 

changes could be explained by natural variance in expression between samples. 

The p values obtained are listed (Figure 9H). All analyses fall within 95% 

confidence interval (p<.05). However, only Myc (p=0.0283) and Ki67 (p=0.0452) 

do not fall within a %99 confidence interval. This observation is a reflection of the 

greater variation of Myc and Ki67 expression seen in pcDNA3 transfected 

samples compared to the keratins and Jag2 (Figure 8O). One explanation for 

greater variance seen in the expression of these two genes is their cyclical 

expression during cell cycle progression and exit (Shiozawa, Li et al. 1996; 

Gandarillas and Watt 1997).  

 

Re-localization of β-catenin and p120 during keratinocyte differentiation 

 One potential mechanism through which the IL2R/p120BD and IL2R/β-

catBD constructs may influence gene expression is by sequestering p120 and β-

catenin from the cytoplasm and nucleus. We used immunofluorescence to 

observe the localization of β-catenin and p120 during keratinocyte differentiation. 

Keratinocytes maintained in low Ca2+ remain undifferentiated and display high 

amounts of perinuclear localization of both β-catenin and p120 (Figure 10). Low 
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amounts of nuclear β-catenin and p120 were also observed. After switching 

keratinocytes to high Ca2+ for twenty-four hours to induce differentiation, both β-

catenin and p120 relocate to the plasma membrane at the sites of cell-cell 

contacts (Figure 10). Because β-catenin and p120 both show a stark re-

localization during keratinocyte differentiation, it is possible that the IL2R/p120BD 

and IL2Rβ-catBD constructs function through a similar mechanism to cause gene 

transcription changes.  

 

Co-expression of p120 or β-catenin along with their respective binding 

domains partially prevents differentiation gene expression changes 

Both p120 and β-catenin bind transcription factors in the nucleus to 

influence gene transcription (Nelson and Nusse 2004; Park, Kim et al. 2005). In 

addition, p120 influences transcription from the cytoplasm by inhibiting RhoA 

signaling (Anastasiadis, Moon et al. 2000). Although specific gene targets of β-

catenin and p120 in the epidermis are unknown, removing these proteins from 

the nucleus and cytoplasm could prevent their activity and influence transcription 

of target genes. The strategy we used to investigate this possibility comprised of 

overexpressing p120 or β-catenin to provide excess protein that can resupply the 

cytoplasm and nucleus. Keratinocytes were co-transfected with p120 and 

IL2R/p120BD (Figure 11) or β-catenin and IL2R/β-catBD (Figure 12) then 

analyzed by qPCR for target gene expression.  

Co-transfection of p120 with IL2R/p120BD prevented the induction of K1 
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and K10 expression (Figure 11A, B). Exogenous p120 did not, however, prevent 

reduced expression of Jag2 (Figure 11C). There is the possibility that co-

expression of p120 and IL2R/p120BD is able to prevent induction of K1 and K10 

simply because the cell produces less IL2R/p120BD in the presence of the 

second construct. To test this possibility, the levels of IL2R/p120BD mRNA were 

measured by qPCR in both IL2R/p120BD + vector and IL2R/p120BD + p120 

transfected samples (Figure 11D). Dividing expression levels in IL2R/p120BD + 

p120 transfected samples by IL2R/p120BD + vector transfected samples actually 

gives a value grater than 1. Thus there is slightly more expression of 

IL2R/p120BD when co-expressed with p120 than with vector. Unless there is a 

discrepancy in protein production past the mRNA level, it appears that prevention 

of K1 and K10 induction is not due to reduced IL2R/p120BD production. 

In order to overexpress β-catenin without subsequent cytoplasmic 

degradation, the point mutant β-catenin S33Y (β-cat) that lacks the 

phosphorylation site that signals β-catenin for dagredation was used (Sadot, 

Conacci-Sorrell et al. 2002). Co-transfection of β-cat and IL2R/β-catBD 

prevented induction of K1 and K10 (Figure 12A, B). Exogenous β-catenin also 

prevented the reduction of K14 expression caused by IL2R/β-catBD (Figure 

12C). In contrast, K5 and Jag2 expression remained reduced by IL2R/β-catBD 

upon co-transfection with β-cat (Figure 12D, E). Again, the expression of 

IL2R/βcatBD was compared between IL2R/βcatBD + vector transfected and 

IL2R/βcatBD + β-cat transfected samples (Figure 12F). Similar to the 
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IL2R/p120BD samples, the expression of IL2R/β-catBD was slightly higher in 

IL2R/β-catBD + β-cat samples than IL2R/β-catBD + vector samples. 

The ability of exogenous p120 and β-cat to prevent induction of K1 and 

K10 or partially prevent reduction of K14 supports a model whereby 

IL2R/p120BD and IL2R/β-catBD influence gene expression by sequestering 

endogenous p120 and β-catenin. However, because exogenous p120 and β-cat 

are unable to prevent changes in K5, or Jag2 expression, there is likely an 

additional mechanism by which the p120 binding domain and β-catenin binding 

domain of E-cadherin are able to influence gene expression. 

Chapter IV is a combination of experiments and analyses performed or 

supported by the author of this dissertation, Michael Pham, Siavash Namiranian, 

Christopher Cowing-Zitron, and Benjamin Yu. The dissertation author was the 

primary investigator and author of this work. 
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CHAPTER V: Discussion of E-cadherin in Epidermal Homeostasis 
and Tumor Progression 
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E-cadherin regulates epidermal homeostasis 

During normal homeostasis of the epidermis, stem cells in the basal layer 

balance self-renewal to produce more stem cells and differentiation to become 

the dead cells that make up the cornified envelope at the skin surface. The 

progress of differentiation is accompanied by increased extracellular Ca2+ 

concentrations and E-cadherin mediated adhesion. Previous studies 

demonstrate that E-cadherin deletion from the epidermis results in slowed 

differentiation and hyperproliferation (Young, Boussadia et al. 2003; Tinkle, 

Lechler et al. 2004). In the current study we demonstrate that forced stabilization 

of E-cadherin in the basal layer of the epidermis resulted in premature 

differentiation. Basal cells took on a differentiated morphology and expressed the 

spinous layer marker, K1. E-cadherin stabilization also reduced proliferation in 

the basal layer as measured by the percentage of Ki67 positive basal cells. 

  The observation that E-cadherin, a cell-cell adhesion protein at the plasma 

membrane, can influence cell fate suggests that E-cadherin regulates signaling 

pathways that influence gene transcription. A number of pathways including Wnt, 

PI3K, EGFR, and Notch signaling were shown to be regulated by E-cadherin 

(Nelson and Nusse 2004; Calautti, Li et al. 2005; Xie and Bikle 2007; Maeda, 

Takemura et al. 2008). As a means of determining potential mechanisms of E-

cadherin mediated signal transduction, the minimal domain of E-cadherin 

required to induce epidermal differentiation was defined. Cultured primary mouse 

keratinocytes were transiently transfected with E-cadherin constructs containing 
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domain deletions or individual domains. Cells were co-transfected with either a 

luciferase reporter to measure K14 or K10 promoter activity or with GFP and 

subsequently FACS sorted to isolate transfected cells. K14-luciferase assays 

revealed that the β-catenin binding domain is sufficient to reduce K14 promoter 

activity. Surprisingly, the β-catenin binding domain of E-cadheirn was not 

sufficient to induce K10-luciferase activity. Only the E-cad/αcat and IL2R/cyto 

constructs induced K10 luciferase activity. Although not statistically significant, 

the trends of these results suggest that the p120 binding domain of E-cadherin 

may regulate expression of K10-luciferase. The lack of significance in these data 

likely comes from the small expression changes and large variability, which 

represents a need for a much larger sample size. The ability of two independent 

domains of E-cadherin to alter expression of these luciferase constructs 

underscores the complexity of signaling downstream of E-cadherin stabilization. 

 To gain a more detailed perspective on transcriptional regulation by 

specific domains of E-cadherin, we turned to endogenous gene expression. 

Accurate selection of genes that are regulated transcriptionally downstream of E-

cadherin required a high throughput screen. To first define gene transcription 

changes during epidermal differentiation, RNA-Seq was used to profile 

transcription in undifferentiated primary mouse keratinocytes as well as 

keratinocytes differentiated for eight or twenty-four hours via increased Ca2+ 

concentrations. The resulting transcriptional profiles revealed vast and dynamic 

changes in gene transcription during differentiation. Even as few as 8 hours of 

differentiation caused more than eight thousand changes in gene transcription 
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two-fold or greater. Only half of these changes remained after twenty-four hours 

of differentiation. However, an additional three thousand changes in gene 

transcription were also observed after twenty-four hours of differentiation. 

Previous studies conducted similar screens, looking at gene transcription 

changes associated with differentiation of human interfollicular epidermal cells, 

and mouse hair follicle bulge stem cells (Tumbar, Guasch et al. 2004; Radoja, 

Gazel et al. 2006). The dynamics of gene transcriptional changes during 

differentiation may account for the fact that less than 10% of gene changes 

observed in previous profiles were represented in primary mouse keratinocytes 

treated for eight or twenty-four hours of increased Ca2+ concentrations.  

 Gene transcriptional changes downstream of E-cadherin were also 

profiled using RNA-Seq. Transcriptional profiles were compared between E-

cadherin transfected keratinocytes and untransfected keratinocytes. Slightly 

more than three thousand genes showed a two-fold or greater expression 

change in cells transfected with E-cadherin. Of these, only 749 overlap with 

either eight or twenty-four hours of Ca2+ induced differentiation. Only 398 are 

common between all three conditions. Because extracellular calcium influences 

many cellular processes in addition to the stabilization of E-cadherin, it is not 

surprising that E-cadherin only recapitulates a portion of gene transcription 

changes downstream of increased Ca2+ concentrations.  

Using this screen as a guide, seven genes were chosen for monitoring the 

initiation of differentiation and cell proliferation: basal layer genes K14, K5 and 

Jag2, spinous layer genes K1 and K10, and proliferation markers Ki67 and Myc. 
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Using qPCR, expression of each gene was measured in keratinocytes 

transfected with one of the E-cadherin constructs and compared to control cells 

transfected with empty vector. K14 and K5 were both downregulated by the β-

catenin binding domain of E-cadherin. This observation confirms the conclusion 

drawn from the K14-luciferase analysis. Jag2, K1, and K10 showed expression 

changes in cells transfected with either the p120 binding domain or β-catenin 

binding domain of E-cadherin. This observation is consistent with the conclusion 

drawn from the K10-luciferase, yet provides a more precise view of which 

intracellular domain is able to influence K10 expression. Because luciferase only 

uses a portion of the K10 promoter, it is likely that the induction of K10-luciferase 

activity by the intracellular p120 or β-cat binding domain of E-cadherin requires a 

portion of the promoter not included in the luciferase construct. This is an 

example of how qPCR of endogenous gene expression paints a more accurate 

picture compared to luciferase assays. Finally, Myc and Ki67 expression was 

reduced by the full cytoplasmic tail of E-cadherin. The variety of domain 

combinations sufficient to cause transcriptional changes in this subset of genes 

highlights the complexity of signaling downstream of E-cadherin. In addition, 

each of these constructs was derived from the human E-cadherin sequence. The 

ability of human E-cadherin to influence such profound gene expression changes 

in mouse keratinocytes demonstrates the high amount of functional conservation 

between species. 

The ability of the p120 and β-catenin binding domains of E-cadherin to 

influence gene transcription changes implicates p120 and β-catenin as regulators 
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of epidermal differentiation. Sequestration of p120 by E-cadherin may influence 

gene transcription by inhibiting p120 function in the nucleus. p120 is known to 

influence gene transcription by binding to the transcriptional inhibitor Kaiso and 

preventing its ability to bind DNA (Daniel and Reynolds 1999; Daniel, Spring et 

al. 2002). Sequestration of p120 from the cytoplasm could prevent p120 from 

binding to RhoA GTPase and inhibiting its function (Anastasiadis, Moon et al. 

2000). In addition, p120 is phosphorylated by src at the sights of AJ (Kanner, 

Reynolds et al. 1991; Calautti, Cabodi et al. 1998). Because src is required for 

subsequent activation of PI3K signaling and differentiation of keratinocytes in 

vitro, it is possible that p120 may function within this pathway (Xie, Singleton et 

al. 2005). In accordance with a sequestration model, expression of exogenous 

p120 in the presence of IL2R/p120BD prevents the induction of K1 and K10 gene 

expression. However, Jag2 and expression was still reduced in the presence of 

both exogenous p120 and IL2R/p120BD. Therefore, p120 sequestration may 

account for a portion but not all of gene transcription changes that occur 

downstream of p120 binding to E-cadherin (Figure 13). Determining which 

pathway p120 sequestration functions through will require further studies to 

investigate which pathways are activated or inhibited in the presence of the 

IL2R/p120BD construct. Inhibition or activation of the responsible pathway in the 

presence of IL2R/p120BD should prevent gene transcription changes. 

β-catenin is a well known transducer of Wnt signaling through TCF/LEF 

binding parterns. Wnt signaling is known to regulate cell survival, proliferation, 

differentiation, migration, polarity, metabolism, and carcinogenesis (Lade and 
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Monga 2011). Therefore, removal of β-catenin from the nucleus via sequestration 

by E-cadherin to the plasma membrane is a possible mechanism for E-cadherin 

to mediate gene transcription. In accordance with this hypothesis, 

overexpression of β-catenin along with IL2R/β-catBD fully prevented induction of 

K1 and K10 and reduction of K14 expression. Reduction of K5 and Jag2 

expression was not prevented in the presence of exogenous β-catenin. Similar to 

p120, β-catenin sequestration may account for a portion but not all of gene 

transcription changes that occur downstream of β-catenin binding to E-cadherin 

(Figure 13). Although β-catenin is known to regulate gene transcription through 

TCF/LEF binding partners, TCF/LEF mediated signaling is not detectable in the 

interfollicular epidermis of mice except for early stages of development 

(DasGupta and Fuchs 1999). Therefore, E-cadherin sequestration of β-catenin 

cannot promote differentiation of epidermal cells in postnatal mice by inhibiting 

signaling through the TCF/LEF pathway. β-catenin sequestration must influence 

gene transcription through other means. Further investigation of β-catenin’s 

function in the basal layer of the epidermis is necessary to elucidate this 

signaling pathway. Interestingly, because reduced expression of Myc and Ki67 

required both β-catenin and p120 binding domains it could not be determined by 

these experiments whether this change is sequestration dependent or 

independent (Figure 13). 
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E-cadherin and catenins in tumor progression 

Reduced expression of E-cadherin is observed in many epithelial tumor 

types (Chen, Liu et al. 2003; Nelson and Nusse 2004). In certain tumor types, the 

loss of E-cadherin was shown to play a causal role in tumor progression and 

metastasis (Perl, Wilgenbus et al. 1998; Hsu, Meier et al. 2000). The original 

conclusion of this research was that E-cadherin acts as a tumor suppressor by 

forcing tumor cells to adhere to surrounding cells, fixing it within the tissue of 

origin. The loss of E-cahderin was thought to allow these cells to freely migrate in 

the absence of adhesion. However, more recent evidence suggests that the 

adhesive properties of E-cadherin are dispensable for tumor suppression. 

Instead, it is the regulation of cell signaling via the intracellular domain of E-

cadherin that grants its tumor suppression capabilities. In the SW480 colon 

cancer cell line, sequestration of β-catenin by the intracellular domain of E-

cadherin in the absence of adhesion was sufficient to suppress proliferation 

(Gottardi, Wong et al. 2001). Additionally, the β-catenin binding domain of E-

cadherin was sufficient to suppress in vitro invasion of human breast (MDA-MB-

231) and prostate (TSU-Pr1) epithelial carcinoma cells (Wong and Gumbiner 

2003). The more recent hypothesis for how the loss of E-cadherin leads to tumor 

progression is through the loss of regulation on β-catenin signaling (Nelson and 

Nusse 2004). Because cytoplasmic β-catenin is normally degraded through the 

Anaphase Promoting Complex (APC), a secondary mutation in one of the 

proteins that comprise this complex is required before β-catenin accumulates in 

the nucleus to promote tumor progression (Nelson and Nusse 2004). The results 
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of the current study correlate with this hypothesis, suggesting that sequestration 

of β-catenin by E-cadherin can inhibit proliferation and promote differentiation in 

the epidermis. Loss of E-cadherin may reverse this process leading to tumor 

progression.  

 Loss of p120 expression is also associated with tumor progression in 

many cancer types, including about 70% of prostate cancers (Reynolds and 

Roczniak-Ferguson 2004). Recent studies show that conditional deletion or 

knock down of p120 in epithelial tissues of mice results in tumor growth and 

metastasis (Yanagisawa, Huveldt et al. 2008; Smalley-Freed, Efimov et al. 2011). 

Because downregulation of p120 leads to E-cadherin de-stabilization as well as 

reduced E-cadherin expression, it was originally hypothesized that loss of p120 

leads to tumor progression through reduced E-cadherin and increased β-catenin 

activity (Reynolds and Roczniak-Ferguson 2004). However, in more recent 

studies the role of p120 in regulating Rho signaling is examined as a possible 

means of p120 to act in tumor progression (Schackmann, van Amersfoort et al. 

2011; Zhang, Wang et al. 2011). The results described in this thesis demonstrate 

that p120 can regulate differentiation and proliferation independent of β-catenin. 

Therefore it is likely that the loss of p120 leads to tumor progression through β-

catenin independent signaling in addition to β-catenin dependent signaling.
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APPENDIX: Figures and Tables 



 60 

 

 

Figure 1. The architecture of the epidermis. The epidermis is comprised of 
four layers: basal, spinous, granular, and squamous. Epidermal stem/progenitor 
cells reside in the basal layer and initiate a process of terminal differentiation as 
they move into the spinous layer. As these cells progress through the 
differentiation pathway, they eventually become the dead cells that make up the 
cornified envelope in the squamous layer. Characteristics of each layer are 
indicated to the left. Markers of specific layers are indicated in blue. Separation of 
layers is designated by dotted lines. The basement membrane is designated by a 
dashed line. Gradients of Ca2+ and adhesional components are indicated to the 
right. 
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Figure 2. Cell adhesion complexes of the epidermis. The basic structure of an 
adherens junction, desmosome, hemidesmosome, focal adhesion, tight junction, 
and gap junction are diagramed. Only a portion of proteins found in each 
complex are shown. 
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Figure 3. Forced stabilization of E-cadherin in the basal layer of the 
epidermis results in premature differentiation. All staining shown was 
performed on newborn mice. A) Staining for β4 Integrin (β4) marks the basement 
membrane in red. Staining for the basal layer marker Keratin 5 (K5), spinous 
layer marker Keratin 1 (K1), or granular layer marker Loricrin (Lor) is shown in 
green. Epidermis is labeled (epi) and underlying dermis is labeled (der). 
Comparison between wild type (WT) epidermis and K14-Ecad transgenic 
epidermis shows shorter, thinner basal layer cells in transgenic epidermis. K1 is 
expressed in second layer of cells from the basement membrane in WT 
epidermis, but is expressed in the basal layer of K14-Ecad transgenic epidermis. 
In WT epidermis, Lor is expressed in the granular layer, three or four cells from 
the basement membrane, whereas K14-Ecad transgenic epidermis shows Lor 
expression in the second layer from the basement membrane. B) WT and K14-
Ecad transgenic epidermis were stained for K5 in red and the proliferation marker 
Ki67 in green. The basement membrane is designated by the white dotted line. 
The circles that appear in the dermis are hair follicles, known to stain positive for 
Ki67 at newborn stage. These were not included in the analysis. Ki67 positive 
cells are marked by white arrows. The number of Ki67 positive basal layer cells 
was tallied over 3 comparable sections from each mouse and divided by the total 
number of basal layer cells to arrive at the fraction of positive basal cells. Four 
WT and four K14-Ecad mice were analyzed in this fashion. Values were graphed 
as a mean ± SEM. ** p<.01. 
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Figure 4. Engagement of endogenous E-cadherin in primary mouse 
keratinocytes induces differentiation. Primary keratinocytes were seeded onto 
plates coated with either human IgG1 protein (hIgG1) or a chimeric protein (A) 
comprising the extracellular domain of E-cadherin fused to the constant region of 
human IgG1 (Ecad:Fc). Cells were grown in low Ca2+ concentrations for 48 hours 
(higG1, Ecad:Fc) or for 24 hours in low Ca2+ then switched to high Ca2+ for 24 
hours (IgG1+Ca2+). Quantitative PCR analysis was used to measure expression 
of K5 (B), K1 (C), and Ki67 (D). Gene expression was divided β-actin levels 
±SEM. (E) ANOVA analysis results for each gene is listed. * p<0.05, ** p<0.01, 
*** p<0.001.
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Figure 5. Juncion formation in differentiating keratinocytes. Primary mouse 
keratinocytes were seeded in low Ca2+ concentrations at low confluency (50µM 
Ca2+ or 1.2 mM Ca2+) or completely confluent (Confluent). Twenty-four hours 
after seeding, the 1.2mM Ca2+ samples were switched to high Ca2+ 
concentrations for another 24 hours. Forty-eight hours after seeding, cells were 
stained for components of adhesion complexes. The specific protein detected is 
indicated in green, and the junction that each protein contributes to is labeled on 
the left. White arrows indicate membrane staining indicative of junction formation. 



 66 

 

 

 
 

 

Adherens 
Junctions 
 
 
 
 
 
 
 
 
 
 
Desmosome 
Junctions 
 
 
 
 
 
 
 
 
Tight 
Junctions 
 
 
 
 
Gap 
Junctions 
 
 



67      

 

Figure 6. Mapping the minimal domain of E-cadherin sufficient to alter 
expression of K14- and K10-luciferase reporters. Primary mouse 
keratinocytes were seeded into 24 well plates in low Ca2+ concentrations at low 
confluency or completely confluent (A, B, D, E). Four hours later, cells were co-
transfected with Renilla-luciferase under control of the TK promoter, K14- (A, B) 
or K10-luciferase (D, E), and empty vector. Twenty-four hours after seeding, cells 
were left in low Ca2+ concentrations or switched to high Ca2+ concentrations for 
twenty-four hours. (C, F) Primary keratinocytes were treated the same as low 
Ca2+ samples in A and C, except that cells were co-transfected with either empty 
vector or E-cadherin. (G) Constructs of E-cadherin are diagramed. The ability of 
each protein to facilitate adhesion, β-catenin binding, or p120 binding is indicated 
below each construct. (H-S) Keratinocytes grown at low confluency and low Ca2+ 
were co-transfected with Renilla, K14- (H-M) or K10-luciferase (N-S) and either 
empty vector or a construct of E-cadherin. In each experiment, the number of 
light units produced by K14- or K10-luciferase was divided by the corresponding 
number of light units produced by the Renilla-luciferase. All experiments were 
performed with 3 technical repeats for each biological repeat and at least 
biological repeats for each condition. Error bars represent SEM. * p<0.05, ** 
p<0.01, *** p<.001.  
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Figure 6 continued
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Figure 7. Characterization of gene expression changes downstream of E-
cadherin in keratinocytes. (A) Primary mouse keratinocytes were cultured in 
low Ca2+ concentrations, then switched to high Ca2+ concentrations for 0, 2, 4, 
6, 8, or 24 hours. Cells were then stained for E-cadherin in green. White arrows 
mark the distance between membranes of adjacent cells that are forming AJs. 
(B) Keratinocytes were co-transfected with E-cadherin and GFP, cultured for two 
days, then FACS sorted for GFP+ and GFP- populations. RNA was collected 
from both populations and tested by reverse transcriptase (RT)-PCR for 
expression of exogenous E-cadherin. (C) Venn diagram of overlapping gene 
expression changes as well as a chart listing the number of changes common to 
specific comparisons. 
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Figure 8. Quantitative PCR validation of RNA-Seq data. (A-G) Primary mouse 
keratinocytes were grown in low or high Ca2+ concentrations for twenty-four 
hours. RNA was then collected for qPCR analysis of gene expression. 
Expression levels were divided by β-actin expression then graphed as a ratio in 
comparison to the low Ca2+ control. (H-N) Keratinocytes were co-transfected with 
GFP and empty vector (Vector) or GFP and E-cadherin (E-cadherin).  Forty-eight 
hours after transfection, cells were FACS sorted based on GFP expression. RNA 
was then collected from GFP+ cells for qPCR analysis of gene expression. 
Expression levels were divided by β-actin expression then graphed as a ratio in 
comparison to the vector control ±SEM. (O) Keratinocytes were transfected with 
GFP and empty vector then forty-eight hours later, FACS sorted for GFP 
expression. Endogenous gene expression was measured in GFP+ and GFP- 
populations. Expression levels were normalized to β-actin expression then 
graphed as a ratio of expression in GFP+ cells / expression in GFP- cells ±SEM. 
* p<.05, ** p<.01, *** p<.001. 



 73 

 

 

 

 



 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 continued 



75      

 

Figure 9. Mapping the minimal domain of E-cadherin sufficient to alter 
endogenous gene expression. (A-G) Primary mouse keratinocytes were co-
transfected with GFP and empty vector (Vector) or GFP and a construct of E-
cadherin. Forty-eight hours after transfection, cells were FACS sorted based on 
GFP expression. RNA was then collected from GFP+ cells for qPCR analysis of 
gene expression. Gene expression levels were divided by β-actin expression 
then graphed as a ratio in comparison to the vector control ±SEM. (H) One-way 
ANOVA analysis was performed on each qPCR analysis. The resulting p values 
are listed. * p<.05, ** p<.01, *** p<.001. 
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Figure 9 continued 
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Figure 10. β-catenin and p120 relocate from the cytoplasm and nucleus to 
the membrane during keratinocyte differentiation. Primary mouse 
keratinocytes were grown in low Ca2+ concentration (50µM Ca2+) or in high Ca2+ 
concentration (1.2mM Ca2+) to induce differentiation. Cells were stained for β-
catenin or p120 as indicated. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI), and are represented by dotted lines. 
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Figure 11. Exogenous p120 prevents a subset of gene expression changes 
elicited by IL2R/p120BD. (A-C) Primary mouse keratinocytes were co-
transfected with GFP and empty vector, GFP and equal parts empty vector and 
IL2R/p120BD, or GFP and equal parts IL2R/p120BD and p120. Forty-eight hours 
after transfection, cells were FACS sorted based on GFP expression. RNA was 
then collected from GFP+ cells for qPCR analysis of gene expression. Gene 
expression levels were divided by β-actin expression then graphed as a ratio in 
comparison to the vector control. (D) Expression of IL2R/p120BD was compared 
between IL2R/p120BD + Vector and IL2R/p120BD + p120 samples. Expression 
levels of IL2R/p120BD are graphed as a ratio of expression in IL2R/p120BD + 
Vector / expression in IL2R/p120BD + p120. Error bars represent ±SEM. * p<.05, 
** p<.01.
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Figure 12. Exogenous β-catenin prevents a subset of gene expression 
changes elicited by IL2R/β-catBD. (A-E) Primary mouse keratinocytes were co-
transfected with GFP and empty vector, GFP and equal parts empty vector and 
IL2R/β-cat BD, or GFP and equal parts IL2R/β-cat BD and β-catenin S33Y. 
Forty-eight hours after transfection, cells were FACS sorted based on GFP 
expression. RNA was then collected from GFP+ cells for qPCR analysis of gene 
expression. Gene expression levels were divided by β-actin expression then 
graphed as a ratio in comparison to the vector control. (F) Expression of IL2R/β-
cat BD was compared between IL2R/β-cat BD + Vector and IL2R/β-cat BD + β-
catenin S33Y samples. Expression levels of IL2R/β-cat BD are graphed as a 
ratio of expression in IL2R/β-cat BD + Vector / expression in IL2R/β-cat + β-
catenin S33Y. Error bars represent ±SEM. * p<.05, ** p<.01, *** p<.001. 
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Figure 13. Model of E-cadherin mediated differentiation in the epidermis. In 
undifferentiated keratinocytes, p120 and β-catenin are free to cycle between the 
cytoplasm and nucleus. E-cadherin stabilization at the membrane sequesters 
p120 and β-catenin from the cytoplasm and nucleus causing a transition from 
basal layer gene expression to differentiation gene expression. E-cadherin elicits 
gene expression changes through sequestration dependent and independent 
pathways. Genes labeled in blue are normally expressed in undifferentiated 
keratinocytes, and genes labeled in green are expressed in differentiating 
keratinocytes. Lines with arrows indicate upregulation, and lines with bars 
indicate inhibition of expression.  



 82 

 

 

Table 1. Genes identified by RNA-Seq and previous studies 

Gene Reference 

Up/Down Regulated 

Upon Differentiation 

K14 (Fuchs and Green 1980) Down 

K5 (Fuchs and Green 1980) Down 

Jag2 (Radoja, Gazel et al. 2006) Down 

Myc (Gandarillas and Watt 1997) Down 

Ki67 (Rijzewijk, Van Erp et al. 1989) Down 

K1 (Woodcock-Mitchell, Eichner et al. 1982) Up 

K10 (Woodcock-Mitchell, Eichner et al. 1982) Up 
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Table 2. Primers used for qPCR experiments 

Gene Forward Primer 3’ to 5’ Reverse Primer 3’ to 5’ 

K14 GAGGAGACCAAAGGCCGTTAC GAGGAGAATTGAGAGGATGAGGA 

K5 GGCTCTCAAAGATGCCAGAA TGACTGGTCCAACTCCTTCC 

Jag2 CAATGACACCACTCCAGATGAG GGCCAAAGAAGTCGTTGCG 

Myc AGTGCTGCATGAGGAGACAC GGCAGCTGGATAGTCCTTCC 

Ki67 CAAGGCGAGCCTCAAGAGATA TGTGCTGTTCTACATGCCC 

K1 GACACCACAACCCGGACCCAAAACTTAG ATACTGGGCCTTGATTCCGAGATGATG 

K10 GTCCACTGGTGATGTGAATGT CCAGACCCTGAACAGTACGTC 

β-actin GTGACGTTGACATCCGTAAAGA GCCGGACTCATCGTACTCC 
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