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Abstract 

Colon cancer is characterized by the progressive loss of E-cadherin, a Ca2+-dependent adherens 

junction component and epithelial marker.  Furthermore, inhibition of the phosphatase SHP2, 

essential in the cell survival signaling via the epidermal growth factor receptor pathway, has been 

shown to upregulate E-cadherin in breast cancer cell lines.  This suggests that unregulated 

increases in SHP2 may promote a cancer cell phenotype.  The aim of this study was to define 

molecular mechanisms by which dietary Ca2+ is chemoprotective against colon cancer.  The 

extracellular Ca2+-sensing receptor (CaSR) has been implicated in this process and we speculated 

that there was a relationship between CaSR activation and E-cadherin and SHP2 expression 

levels on colonic epithelia.  A colonic adenocarcinoma cell line which lacks endogenous E-

cadherin expression, SW480, was used as a model cell.  CaSR levels were manipulated by 

transient transfection and E-cadherin and SHP2 expression levels were determined by Western 

blotting.  The E-cadherin expression pattern was also assessed with RT-PCR and 

immunocytochemistry.  We found that after CaSR activation via Ca2+ or other known CaSR 

agonists (neomycin sulphate, spermine), E-cadherin expression was increased and SHP2 

expression was decreased.  However, the E-cadherin expression pattern was altered in the 

presence of a dominant-negative CaSR (R185Q).  Furthermore, pharmacological inhibition of 

p38 MAPK inhibited CaSR-mediated increases of E-cadherin protein in SW480 cells.  Inhibition 

of p38 MAPK had no effect on CaSR-stimulation of E-cadherin transcript or promoter activity.  

SHP2 decreases usually seen after Ca2+-treatment were reduced after pharmacological inhibition 

of JNK in the presence of high Ca2+.  CaSR activation also increased cell-cell adherence as 

assessed by electronic cell sizing and this adherence was lost when both CaSR-mediated changes 

in E-cadherin and SHP2 expression were inhibited.  We conclude that CaSR activation in colonic 

epithelial cancer cells stimulated E-cadherin increases, through a mechanism involving p38 

MAPK, as well as inhibited SHP2 expression, through a JNK-mediated mechanism.  Further, 

these protein changes post-CaSR activation cause an increase in cell-cell adherence.  Our results 

suggest that the chemoprotective nature of dietary Ca2+ supplements may involve reciprocal 

regulation of E-cadherin and SHP2 via the CaSR. 
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Chapter 1 

General Introduction 

1.1 The colonic epithelium and E-cadherin 

The intestinal epithelium is a grouping of specialized cells that line the innermost layer of the 

intestine, separating it from the lumen.  The epithelium consists of cells forming layers and 

existing in very close relation to each other.  An intact epithelium functions as a protective barrier 

and facilitates absorption, secretion and cell-cell transport (reviewed in (McGuckin et al., 2009)). 

Under normal conditions, epithelial cells are held within the epithelial layer and do not move 

away from each other.  This occurs as a result of specialized structures known as junctions.  

These junctions include adherens junctions, tight junctions, gap junctions and desmosomes, and 

assist in the maintenance of the epithelia’s barrier role (reviewed in (Thiery & Sleeman, 2006)).  

Furthermore, it is very important for epithelial cells to maintain the correct orientation of the cells 

with regards to the colonic lumen, also known as apical-basolateral polarity.  

E-cadherin is a highly expressed protein within the normal epithelium.  It is a Ca2+-

dependent adhesion molecule that allows for the binding of adjacent cells to one another.  It is the 

major adhesion molecule of intestinal epithelia (Perl et al., 1998).  E-cadherin facilitates cell-cell 

adhesion through its role in adherens junctions, which features homotypic, intercellular binding of 

E-cadherin between adjacent cells.  These E-cadherin homodimers then form complexes with 

various catenin protein family members such as p120 catenin and �-catenin.  The protein complex 

binds with the cell’s actin cytoskeleton which has been shown relevant in maintaining epithelial 

cell polarity and cell-cell adhesion (Cavallaro & Christofori, 2004). 
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1.1.1 E-cadherin and epithelial-mesenchymal transition 

Mesenchymal cells have a different phenotype than epithelial cells.  Mesenchymal cells originate 

from the embryonic mesoderm and group together to form embryonic connective tissue.  They do 

not form an organized layer, nor do they maintain apical-basolateral cell polarity (Thiery & 

Sleeman, 2006).   

 During the progression of carcinomas, including colon carcinomas, epithelial cells take 

on a mesenchymal cell phenotype, identified by the loss of epithelial markers, the loss of apical-

basolateral polarity, and the loss of intercellular junctions.  This results in a reduction of their 

ability to adhere to each other (Christiansen & Rajasekaran, 2006).  This process is known at 

epithelial-mesenchymal transition (EMT).  EMT occurs during embryogenesis as epithelial cells 

begin to migrate to colonize different areas in a regulated fashion (Moustakas & Heldin, 2007).  

However, this process also exemplifies cellular events that are characteristic of carcinomas.  As 

epithelial cells become cancerous, they lose their defining epithelial features and take on 

mesenchymal properties.  EMT occurring in cells during tumour progression results in growth 

pattern changes, loss of cell-cell contact and a more invasive nature (Christiansen & Rajasekaran, 

2006).     

 The pivotal cellular alteration that occurs during EMT is the downregulation and eventual 

loss of E-cadherin protein expression (Bates & Mercurio, 2005).  It has been established that as 

tumours transition from adenoma to carcinoma, including colon adenomas, E-cadherin protein 

expression is reduced (Perl et al., 1998).  Without sufficient E-cadherin expression, cells become 

unable to adhere to one another, lose polarity and become more mobile.  The cells begin to invade 

surrounding tissues and are unable to control their growth, one property of a cancerous state.  The 

status of  E-cadherin expression is often regarded as the most important factor in establishing the 
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new mesenchymal phenotype and E-cadherin loss allows for carcinomas to become highly 

metastatic (Birchmeier et al., 1993;Guarino et al., 2007).  Thus the status of E-cadherin protein 

expression is a characteristic component of the deregulation of EMT. 

 

1.1.2 Mesenchymal-epithelial transition 

A converse process to EMT, termed mesenchymal-epithelial transition (MET) is known to exist 

wherein mesenchymal cells revert back to an epithelial-like phenotype, and reestablish polarity 

and E-cadherin expression.  After EMT occurs , and cancerous cells are able to migrate, MET 

must occur at the site of metastases (Hugo et al., 2007;Vincan & Barker, 2008).  This allows for 

reversion to a differentiated phenotype, causing a tumour mass to form at the secondary site.  It is 

this initiation of tumour growth at the secondary site that is the rate limiting step of metastases 

(Hugo et al., 2007).   

However, the MET process is currently very poorly understood.  Although the molecular 

determinants regulating EMT are well defined and investigated, those necessary for the MET 

process to occur are not.  With further research aimed at defining the mechanistic basis of MET, a 

potential tumour-suppressive pathway might be revealed.  That is, if MET is induced in a 

temporal pattern paralleling the occurrence of EMT, migration of cancer cells may be averted.  

Therefore, MET could possibly be exploited, and used advantageously, by chemopreventive 

strategies and further investigation into the cellular mechanisms of MET are necessary. 
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1.1.3 Regulation of E-cadherin through transcriptional repressors 

E-cadherin expression is blocked during EMT (Guarino et al., 2007).  It has been found that 

mutations in the E-cadherin (CDH1) gene, such as CDH1 promoter hypermethylation (Graff et 

al., 1995) and allele mutations (Berx et al., 1998), can cause some phenotypic changes consistent 

with a cancerous state.  This includes changes in adhesion properties of the epithelial cells 

(Conacci-Sorrell et al., 2003).  However, in many forms of cancer, including breast (Hajra et al., 

2002) and colon (Conacci-Sorrell et al., 2003), E-cadherin loss is not attributed to CDH1 

mutations but to transcriptional regulation by repression. 

In a normal physiological state, CDH1 expression is tightly regulated.  Two factors 

involved in transcriptional repression of CDH1 are SNAIL and SLUG.  SNAIL and SLUG are 

both multiple zinc finger-containing proteins that recognize conserved E-box DNA sequences in 

the promoter region of certain genes such as CDH1 (Moustakas & Heldin, 2007).  Normally, 

SNAIL and SLUG are important and beneficial transcriptional repressors.  SNAIL plays a role in 

the initiation of the process by which CDH1 is downregulated and SLUG contributes to the 

maintenance of the mesenchymal-like phenotype by keeping CDH1 repressed, causing E-

cadherin expression to decrease (Guarino et al., 2007).  Epithelial cells then take on mesenchymal 

properties and therefore have the ability to migrate, a process necessary during embryogenesis.  

SNAIL and SLUG are required to complete gastrulation, during which the three embryonic germ 

layers are positioned, and neural crest cell migration (Pena et al., 2005).  However, this delicate 

balance is upset during cancer progression as SNAIL and SLUG are mistakenly and 

pathologically induced (Hajra et al., 2002;Pena et al., 2005;Guarino et al., 2007); epithelial cells 

migrate and lose their ability to adhere through the loss of E-cadherin at a time when, in a healthy 

state, this would not occur.  
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1.1.4 Mechanisms of E-cadherin increases in colon cancer cell lines 

While much is understood about the molecular determinants of E-cadherin repression (Hajra et 

al., 2002;Conacci-Sorrell et al., 2003;Pena et al., 2005), very little is known about how E-

cadherin expression is upregulated or induced in the normal physiological state, or whether these 

pathways can be exploited pharmacologically.  Only three studies describe increases in E-

cadherin expression using in vitro models (Butt et al., 1997;Palmer et al., 2001;Chakrabarty et 

al., 2003).  The first study demonstrated that butyrate can stimulate E-cadherin expression in 

adenocarcinoma cells (Butt et al., 1997).  Butyrate is a short-chain fatty acid produced in the 

body as a result of bacterial fermentation of dietary fibre and it interacts with the receptors 

GPR41/43 (Brown et al., 2003).   This first study found that butyrate decreased invasiveness and 

tumour growth by not only inducing apoptosis, but also by increasing expression of E-cadherin 

(Butt et al., 1997).  However, the signaling stimulated by butyrate addition was not defined, 

largely since the receptors butyrate interacted with were not described until 2003 (Brown et al., 

2003).  The second study compared a large number of adenocarcinoma cells and found that 

induction of E-cadherin expression occurred after treatment of these cells with a physiological 1.4 

mM Ca2+ (Chakrabarty et al., 2003).  The majority of the cell lines used in this study 

endogenously expressed E-cadherin however, which made assessing reproducible changes in E-

cadherin expression difficult.  The third study demonstrated unequivocally that addition of 

1,25(OH)2D3, the active metabolite of vitamin D, to SW480 adenocarcinoma cells increased E-

cadherin protein expression and this effect was lost in cells with a defective vitamin D receptor 

(Palmer et al., 2001).  While this work suggested that vitamin D was the determinant in E-

cadherin expression, vitamin D receptor knockout mice have normal colons and do not 
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spontaneously develop colon carcinomas (Yoshizawa et al., 1997).  Much expansion is needed in 

the areas of these three studies to substantiate their preliminary results.  However, they were the 

first works to describe in vivo mechanisms by which to increase E-cadherin expression in colon 

cancer cells. 

 

1.1.5 E-cadherin, Ca2+, and chemoprevention 

Epidemiological studies have revealed that dietary Ca2+ supplementation has a chemoprotective 

effect against colon cancer, reducing adenoma recurrence and colonic cancer inception (Garland 

et al., 1985;Kune et al., 1987;Slattery et al., 1988;Shaukat et al., 2005;Park et al., 2009).  In 

2009, Park et al. examined dairy food and Ca2+ intakes in relation to both total cancer and cancer 

at individual sites.  They assessed the intakes of dairy foods and Ca2+ from both food and 

supplements, in addition to a food frequency questionnaire, in 293 907 men and 198 903 women.  

During an average 7 year follow-up, 36 965 cancer cases in men and 16 605 cancer cases in 

women were identified.  It was found that in both men and women, dairy and Ca2+ intakes were 

inversely correlated with cancers of the digestive system.  This decreased risk was strongest with 

regards to colorectal cancer risk (Park et al., 2009).    

In the case of Shaukat et al, they combined results from three independent trials.  

Subjects had previously undergone removal of colorectal adenomas and were randomly assigned 

to either a placebo group or a Ca2+ supplementation group.  The endpoint of the study was 

adenoma recurrence at the end of 3-4 years.  Shaukat et al. determined that the recurrence of 

colorectal adenomas was significantly less in patients who had been randomized into the Ca2+  

treatment group (2005).  Overall, they concluded that Ca2+ supplementation prevents the 

recurrence of colorectal adenomas (Shaukat et al., 2005).  Therefore, increases in Ca2+ intake are 
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associated with a both a decreased risk of colorectal adenoma recurrence (Shaukat et al., 2005) 

and a lower risk of colorectal cancer development (Park et al., 2009).  It can be hypothesized that 

if E-cadherin expression had been investigated in the discussed studies, a strong correlation 

would be revealed between increases in dietary Ca2+ and E-cadherin. 

However, the mechanisms of Ca2+’s chemoprevention of colon cancer are not fully 

understood.  In 2003, it was shown in four different human colon carcinoma cells lines, that 

treatment of these cells with extracellular Ca2+ caused a decrease in anchorage-independent 

growth, a property of colonic carcinoma cells, and an increase in E-cadherin (Chakrabarty et al., 

2003).  This suggested that a chemoprotective action of Ca2+ involved its ability to increase E-

cadherin expression. 

 

1.1.6 Increases in E-cadherin expression and a G-protein coupled receptor 

In 2007, a relationship was found between expression of a specialized G-protein coupled 

receptor, known as the extracellular Ca2+-sensing receptor (CaSR) which will be fully discussed 

in section 1.2, and E-cadherin expression (Bhagavathula et al., 2007).  First, the study used 

immunofluorescence to confirm that Ca2+ treatment did increase E-cadherin protein expression in 

the CBS colon carcinoma cell line.  Next, E-cadherin protein levels were examined by Western 

blotting and immunofluorescence after CaSR expression was experimentally decreased using an 

interfering RNA technique.  When CaSR levels were decreased, E-cadherin expression was 

attenuated after Ca2+ treatment (Bhagavathula et al., 2007).  This demonstrated a correlation 

between CaSR expression and E-cadherin via Ca2+ treatment.  However, this was not consistent 

with a causal relationship, nor did it explain the mechanism through which CaSR and E-cadherin 

are related.   
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The exact role Ca2+ plays in the increase of E-cadherin protein expression has not been 

elucidated.  The ability to turn on E-cadherin in carcinoma cells which have abolished E-cadherin 

expression could be consistent with activation of a tumour suppressor.  Ca2+ treatment may be a 

physiological means by which to generate this phenomenon and the CaSR may play a significant 

role.  However, the mechanisms by which Ca2+ is chemoprotective are not yet fully understood. 

 

1.2 Ca2+, the extracellular Ca2+-sensing receptor and cancer   

It has been suggested that the chemoprotective properties of Ca2+ within the colon may be a result 

of CaSR activation (Bhagavathula et al., 2007;MacLeod et al., 2007;Pacheco & MacLeod, 2008).  

However, a causal relationship for this phenomenon has yet to be shown and whether a true link 

between CaSR activation and E-cadherin expression exists is not understood.  Understanding the 

intrinsic properties of the CaSR when expressed in human intestinal epithelia is important to fully 

understanding the potential chemoprotective nature of the receptor. 

 

1.2.1 CaSR characterization and structure 

Throughout the 1980’s, it was demonstrated that certain parathyroid cells were able to recognize 

and respond to Ca2+ ions and that the mechanism by which this occurred was similar to G-protein 

coupled cellular signaling (Brown, 1991).  1n 1993, the parathyroid G-protein-coupled 

extracellular Ca2+-sensing receptor was cloned from the bovine parathyroid gland, providing the 

first direct evidence that Ca2+ ions could act as extracellular first messengers (Brown et al., 1993).   

 At present, the G-protein-coupled receptor CaSR is part of the C-family of G-protein-

coupled receptors.  Structurally it has been placed in this family of G-protein-coupled receptors 
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due to its uncommonly large N-terminal domain (Parnot & Kobilka, 2004).  The CaSR is 

characterized as having a large Venus flytrap extracellular domain important in Ca2+ or agonist 

sensing, a seven transmembrane spanning domain, and intracellular C- and N- termini.  In 

addition, the CaSR may be activated allosterically and perhaps directly by the aromatic amino 

acid L-phenylalanine (Mun et al., 2004).  Furthermore, common with many other C-family 

members, the CaSR operates as a disulfide bond-linked dimer (Breitwieser, 2006). 

 

1.2.2 CaSR function and activation 

The CaSR is most widely known for its role in controlling Ca2+ homeostasis in the parathyroid 

gland.  Activation of the CaSR by increasing extracellular Ca2+ causes a decrease in parathyroid 

hormone (PTH) secretion by the parathyroid gland, thus reducing blood-Ca2+ levels.  In the colon, 

the CaSR is expressed on both the apical and basolateral membranes of colonic crypt cells and 

has been found to regulate cellular signaling processes and cellular differentiation (reviewed in 

(Brown & MacLeod, 2001)).  To date, however, the exact role and physiological significance of 

the CaSR on cell physiology within the colon is not fully understood. 

The CaSR is a promiscuous receptor as it allows for the binding of many di- or 

polyvalent cations and ligands.  The CaSR may be activated by small changes, beginning at <5%, 

in extracellular Ca2+ levels (Hofer & Brown, 2003;MacLeod et al., 2007).  Certain aromatic 

amino acids (i.e. L-phenylalanine), spermine, neomycin sulphate, and gadolinium chloride have 

also been shown to activate the CaSR (reviewed in (Brown & MacLeod, 2001)). 

 

 

 



 

 

1.2.3 Downstream signaling transduced by the CaSR

A variety of intracellular signaling

of the phospholipases A2, C and D, an inhibition of intracellular 

(cAMP) accumulation and activation of mitogen

members such as p38 MAPK and 

mediators of cellular regulatory signals such as gene transcription, cell survival, apoptosis, 

proliferation and cell-cycle maintenance (reviewed in 

major groups, or superfamilies, of MAPKs: the 

family, the c-Jun NH2-terminal kinase (JNK) family, and the 

family includes the structurally and functionally similar ERK1 and ERK2.  The 

contains members JNK1, JNK2 and JNK3.  T

similar isoforms termed p38 MAPK

2003).  Understanding the CaSR’s post

elucidate the receptor’s role in the colon and the effect CaSR activation has on colonic cellular 

physiology.   

 

1.2.4 The CaSR as a chemoprotective agent and its link to E

As previously stated, epidemiological studies have determined that increases in dietary 

reduce the onset of colon cancer 

expressed on colonic crypt cell membranes and activated by extracellular 

CaSR may reveal how Ca2+ works as a chemoprotective mediator.  As discussed

potential role in colon cancer suppressio

protein levels after Ca2+ treatment and a suppression of CaSR protein expression by interfering 
10 

Downstream signaling transduced by the CaSR 

signaling events are linked to CaSR activation.  These include activation 

, C and D, an inhibition of intracellular cyclic adenosine monophosphate

accumulation and activation of mitogen-activated protein kinase (MAPK) pathway 

and JNK (Manning et al., 2006).  MAPKs are widely expressed 

mediators of cellular regulatory signals such as gene transcription, cell survival, apoptosis, 

cycle maintenance (reviewed in (Robinson & Cobb, 1997)).  There are three 

major groups, or superfamilies, of MAPKs: the extracellular signal-regulated kinase (ERK) 

terminal kinase (JNK) family, and the p38 MAPK family.  The ERK 

family includes the structurally and functionally similar ERK1 and ERK2.  The JNK family 

contains members JNK1, JNK2 and JNK3.  The p38 MAPK family includes four structurally 

p38 MAPK , p38 MAPK , p38 MAPK , and p38 MAPK

.  Understanding the CaSR’s post-activation signal transduction cascade will help to 

tor’s role in the colon and the effect CaSR activation has on colonic cellular 

The CaSR as a chemoprotective agent and its link to E-cadherin expression

As previously stated, epidemiological studies have determined that increases in dietary 

reduce the onset of colon cancer (Shaukat et al., 2005;Park et al., 2009).  As the CaSR is highly 

expressed on colonic crypt cell membranes and activated by extracellular Ca2+, focusing on the 

works as a chemoprotective mediator.  As discussed above

potential role in colon cancer suppression, Bhagavathula et al. directly measured E-cadherin 

treatment and a suppression of CaSR protein expression by interfering 

events are linked to CaSR activation.  These include activation 

cyclic adenosine monophosphate 

activated protein kinase (MAPK) pathway 

.  MAPKs are widely expressed 

mediators of cellular regulatory signals such as gene transcription, cell survival, apoptosis, 

).  There are three 

regulated kinase (ERK) 

family.  The ERK 

family 

family includes four structurally 

 (Platanias, 

activation signal transduction cascade will help to 

tor’s role in the colon and the effect CaSR activation has on colonic cellular 

cadherin expression 

As previously stated, epidemiological studies have determined that increases in dietary Ca2+ 

.  As the CaSR is highly 

, focusing on the 

above, to study a 

cadherin 

treatment and a suppression of CaSR protein expression by interfering 
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RNA.  The study shows that cytoplasmic E-cadherin was present and that Ca2+ added to the cells 

at a concentration of 1.4 mM caused an increase in membrane bound E-cadherin.  Further, the 

basal level of E-cadherin in nominally Ca2+-free conditions was substantially reduced using an 

interfering RNA technique directed against the CaSR.  This finding is odd since the CaSR should 

not have been activated under the nominal Ca2+-free conditions.  Overall, this study suggests that 

upregulating E-cadherin in colonic carcinoma cells (that have previously been shown to have 

decreased E-cadherin expression) may occur downstream of CaSR activation (Bhagavathula et 

al., 2007).  In other words, reverting colonic carcinoma cells back to a more normal, 

differentiated epithelial phenotype may involve increasing E-cadherin expression, and this may 

be mediated through the activation of the CaSR. 

 There is ambiguity in the literature in terms of directly linking CaSR activation to E-

cadherin upregulation, and subsequently E-cadherin upregulation to possible tumour suppression.  

It is known that diminished cell-cell adhesion in carcinoma leads to cell invasiveness (Frixen et 

al., 1991).  This involves the down-regulation of E-cadherin and it is this loss of E-cadherin-

mediated cell-cell adhesion that is the rate-limiting step during the progression from adenoma to 

carcinoma (Perl et al., 1998).  Additionally, extracellular Ca2+ may increase E-cadherin protein 

levels in colonic epithelial carcinoma cells (Chakrabarty et al., 2003;Bhagavathula et al., 

2005;Bhagavathula et al., 2007).  Preliminary studies suggest that CaSR activation mediates this 

process (Bhagavathula et al., 2007).   

Whether the CaSR is in fact responsible for Ca2+-mediated increases of E-cadherin has 

yet to be determined and the molecular mechanisms behind this event remain unknown.  Fully 

ascertaining how E-cadherin levels may be increased in colonic cancer cells has the potential to 

determine ways to revert cells back to their epithelial state, reinstating polarity and cell-cell 
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adhesion.  Determining unequivocally how to initiate E-cadherin expression may be equivalent to 

the discovery of a tumour suppressor.  However, it is also important to consider that regulation of 

other proteins could possibly play roles in E-cadherin regulation. 

 

1.3 Src-homology phosphotyrosyl phosphatase-2 and cancer 

Protein tyrosine phosphatases (PTPs) are a family of enzymes that function by removing, or by 

catalyzing the removal of, phosphate groups from the phosphorylated tyrosine residues of various 

proteins.  PTPs are classified as signaling molecules known to regulate cellular processes such as 

differentiation, growth, cell cycling and oncogene signaling pathways (Chan et al., 2008).  A 

small subfamily of PTPs exists called the src homology-2 (SH2) domain-containing phophatases.  

These PTPs contain two SH2 domains at their N-terminus acting as phospho-tyrosine binding 

domains, mediating the interaction of the PTP with its substrate (Feng, 1999).  The SH2 family 

contains two human members: src-homology phosphotyrosyl phosphatase-1 (SHP1) and src-

homology phosphotyrosyl phosphatase-2 (SHP2), encoded by PTPN6 and PTPN11 respectively 

(Chan et al., 2008).  Recently, irregular patterns of tyrosyl phosphorylation, usually regulated by 

SH2 family members, have been implicated in human diseases and cancers (Chan et al., 2008).  

Therefore, SHP1 and SHP2 structure, function and cellular processes have been extensively 

studied of late. 

 

1.3.1 SHP2 structure, function and role in disease 

Many research efforts are focused on the specific signaling and regulation of SHP2.  A more 

dominant role regarding the regulation of cell signaling has been suggested for SHP2, versus 
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SHP1 (Feng, 1999).  Furthermore, SHP2 has been shown to be ubiquitously expressed while 

SHP1’s expression pattern is essentially restricted to hematopoietic cells (Chan & Feng, 2007;Pao 

et al., 2007). 

 In addition to the two SH2 domains, SHP2 also contains a PTP domain, a C-terminus 

with tyrosyl phosphorylation sites, and a proline-rich motif (Chan et al., 2008).    In a healthy, 

basal state, SHP2 activity is suppressed by interactions between an SH2 domain and the PTP 

domain.  When SHP2 is stimulated, by growth factors or cytokines for example, it is recruited via 

both SH2 domains to the site where it is needed.  There, phosphotyrosyl peptide binding to an 

SH2 domain disrupts the inhibitory effect previously held due to SH2-PTP binding.  The PTP 

domain is now exposed and can act to remove appropriate phosphate groups from phosphorylated 

proteins (Chan et al., 2008).   

 Studies have shown that mutations of SHP2 can lead to pathological conditions and 

cancers.  For instance, it was found that in cases where residues Asp61 and Glu76 in an SH2 

domain were mutated to Ala residues, Noonan Syndrome, a congenital genetic condition effecting 

much of the body, or leukemias were induced (Tartaglia et al., 2002).  Of special reference to 

colon cancer, Zhou and Agazie recently demonstrated that SHP2 protein is over-expressed in 

breast tumours (2008).  Using immunoreactive techniques, SHP2 expression was assessed in both 

breast cancer cells and in infiltrating ductal breast carcinomas.  In all cell lines examined, and in 

over 70% of ductal tumours analyzed, SHP2 levels increased.  When SHP2 expression was 

inhibited through the addition of a dominant-negative SHP2, anchorage-independent growth of 

the breast cancer cell lines was blocked (Zhou & Agazie, 2008).  As anchorage-independent 

growth is a cancerous property, the ability to block it by decreasing SHP2 protein suggests an 

influential role for SHP2 in cancer cell transformation.  Zhou & Agazie concluded that SHP2 may 
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promote oncogenesis in breast cells (2008).  Overall, investigations involving SHP2 status and 

signaling are both warranted and important as accumulating evidence implicates SHP2’s 

involvement in cancer development and progression.   Once its properties are fully understood, 

the alteration of SHP2 may be a way to revert cancer cells to their normal phenotype. 

  

1.3.2 The link between SHP2 and E-cadherin 

In 2008, a link was found between SHP2, cancer, and E-cadherin.  Zhou and Agazie used small 

hairpin RNA to selectively knockdown SHP2.  By employing confocal microscopy and 

immunoblotting, it was discovered that when SHP2 expression was diminished, breast cancer 

cells exhibited less migration.  Anchorage-independent growth in soft agar was also significantly 

reduced with inhibition of SHP2 (2008).  Enhanced cell migration and the ability to grow in 

anchorage-independent conditions are both prominent characteristics of cancer.  The fact that 

inhibition of SHP2 causes a decrease in both properties indicates that this may be a way to revert 

cancer cells to a normal epithelial phenotype.  Furthermore, Zhou and Agazie showed that upon 

SHP2 inhibition in breast cancer cell lines, levels of the epithelial marker E-cadherin were 

increased, whereas levels of the mesenchymal marker vimentin, a cytoskeletal protein, were 

decreased (2008).  These results indicate that by suppressing SHP2, the expression of the 

epithelial marker E-cadherin is increased and the epithelial nature of the cells can be reinstated.  

This study was the first to suggest a positive correlation between E-cadherin and SHP2 

expression in cancer cells.  However, the direct physiological relationship between the two 

proteins is unknown.  It is unclear whether levels of E-cadherin expression affect SHP2 levels and 

vice versa or whether a yet uninvestigated signaling pathway mutually regulates both proteins.  

Moreover, a biological way in which to regulate SHP2 expression has not yet been reported.  
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While extracellular Ca2+ may increase E-cadherin expression in some carcinoma cell lines, 

potentially through activation of the CaSR, no such biological course to regulate SHP2 is known 

as of yet.   

 

1.4 Thesis introduction 

E-cadherin is a Ca2+-dependent adhesion molecule and is highly expressed by intestinal epithelia, 

allowing for the binding of adjacent cells to each other through adherens junctions (Perl et al., 

1998).  Diminished cell-cell adhesion and subsequent invasiveness of tumour cells involves the 

down-regulation of E-cadherin and this loss of E-cadherin-mediated cell-cell adhesion is the rate-

limiting step in the progression from adenoma to carcinoma (Perl et al., 1998).  Accumulating 

evidence now implicates the CaSR, its expression and activation, as being somehow involved in 

Ca2+-mediated chemoprotection and restoration of E-cadherin in colonic carcinoma cells 

(Bhagavathula et al., 2007;MacLeod et al., 2007).  However, further evidence is needed to 

substantiate this and the molecular events behind this process have not yet been investigated.  We 

hypothesize that the signals transduced by the CaSR are responsible for Ca2+-mediated E-

cadherin expression in colonic epithelial adenocarcinoma cells. 

 Recently, the phosphatase SHP2 has been shown to play a significant role in cancer.  

Mutations in SHP2 have been linked to Noonan syndrome and various leukemias (Tartaglia et al., 

2002).  Further, SHP2 is over-expressed in breast cancer cells and ductal tumours (Zhou & 

Agazie, 2008).  Inhibition of SHP2 in these cases, however, was found to increase E-cadherin 

expression, suggesting a link between the two proteins and a possible chemoprotective 

mechanism (Zhou & Agazie, 2008).  We propose that E-cadherin and SHP2 expression in 
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adenocarcinoma cells are directly linked to each other and their expression is mediated by the 

same signaling pathway. 

 A well-developed understanding exists of the mechanisms by which E-cadherin may be 

repressed in colon cancer cell lines, and the expression pattern of SHP2 in colon cancer cell lines.  

However, the factors underlying how expression of E-cadherin may be restored, and the 

biological means by which to decrease SHP2 over-expression, in colon cancer are largely 

unknown.  Further, whether there is anything linking E-cadherin and SHP2 expression in colon 

cancer cells has yet to be determined.  Our main hypothesis is that both increases in E-cadherin 

expression and subsequent decreases in SHP2 expression are CaSR-mediated. 

 Therefore, we investigated the role of Ca2+-mediated CaSR activation in regulating E-

cadherin and SHP2 protein expression.  For this, we used a colonic epithelial carcinoma cell line 

with no basal E-cadherin expression but expressing high levels of SHP2.  By employing cell 

culture and molecular techniques, we were able to test the effects of CaSR over-expression and 

activation on E-cadherin and SHP2 protein expression.  Further, by using electronic cell sizing, 

we were able to test whether CaSR activation could lead to altered adherence properties in this 

cell line consistent with a more normal epithelial phenotype.  

 

Our goals were as follows: 

• To determine whether CaSR activation could lead to an increase in E-cadherin 

expression 

• To characterize the signaling events mediating E-cadherin expression 

• To determine whether CaSR activation could cause a reciprocal regulation of E-cadherin 

and SHP2 by decreasing SHP2 expression 
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• To characterize the signaling events mediating suppression of SHP2 

• To establish whether protein changes (E-cadherin increases and SHP2 decreases, if 

plausible) that occur post-CaSR activation cause an increase in cell-cell adhesion  
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Chapter 2 

Materials and Methods 

Cell culture   

Human colon adenocarcinoma cell lines Caco-2, DLD-1, HT-29, SW48, and SW480 were 

purchased from the American Type Culture Collection (Rockville, MD).  DLD-1 and SW480 cell 

lines were grown in Roswell Park Memorial Institute medium (RPMI)  and Caco-2, HT-29 and 

SW48 cell lines in Dulbecco’s modified Eagle’s medium (DMEM), both supplemented with 10% 

FBS and 100 �U/ml penicillin.  DMEM was also supplemented with 5 mL of L-glutatmine.  The 

human intestinal embryonic crypt cell line (HIEC) was obtained from Dr. J.F. Beaulieu 

(Université de Sherbrooke, Sherbrooke, Québec, Canada).  The HIEC cells were cultured in Opti-

MEM modified reduced serum Eagle’s minimum essential media (EMEM), supplemented with 

4% FBS, 100 µU/ml penicillin, and the appropriate growth factors (see (Escaffit et al., 2006)).  

Cells were maintained at 37°C in a humidified 5% CO2 incubator and split twice weekly (1:10) 

with 0.25% trypsin based on confluence.  MEK1 inhibitor PD98059 was purchases from Cayman 

Chemical (Ann Arbor, MI).  JNK inhibitor I ((L)-Form) (L)-JNKI1, PKC inhibitor 

bisindolylmaleimide I GF 109203X, and p38 MAPK inhibitor SB203580 were purchased from 

Calbiochem (Madison, WI).  Inhibitors were added to SW480 cells for a 1 hr pre-treatment period 

in RPMI media before treatment commenced.  Anisomycin was a generous gift from Dr. M. 

Ropeleski (Queen’s University, Kingston, ON). 
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Transient transfections and luciferase reporter assays 

For all experiments not involving luciferase, cells were transfected with plasmid DNAs using 

SuperFect transfection reagent (Qiagen, Mississauga, ON) as per the manufacturer’s 

recommendations.  Unless otherwise stated, 1.5 �g of plasmid was transfected per well on a 6-

well cell culture dish.  For luciferase experiments, cells were transfected with plasmid DNAs 

using PolyFect transfection reagent (Qiagen) and amounts of plasmids used were as follows per 

well of a 24-well plate: 0.6 �g E-cadherin promoter (made by Dr. Frans Roy, Molecular Cell 

Biology Unit, Department of Molecular Biology, VIB-Ghent University, Ghent, Belgium), 0.75 

�g wild-type CaSR, 5 ng SV40 renilla luciferase-reporter.  For all experiments, 18 hrs post-

transfection, cells were incubated for 18 hrs in serum-free, Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 4 mM L-glutamine, 0.2% BSA, 100 �U/ml penicillin and 0.005 mM Ca2+.  

Cells were then treated for 18 h with the same medium or medium supplemented with 5 mM 

Ca2+.  Cells used for luciferase were harvested with 100 �l reporter lysis buffer (Promega) and 

luciferase activity was measured using a Lumant LB9507 luminometer (Berthold Technologies, 

Bad Wildbad, Germany).  E-cadherin promoter activity was normalized to SV40 renilla activity 

for each well on the 24-well plate, and each experimental parameter was done in triplicates.    

 

Western blot analysis 

 At the end of the treatment period, cells were washed twice with ice-cold phosphate-buffered 

saline (PBS) containing 1 mM sodium vanadate and 25 mM NaF.  Next, ice-cold lysis buffer (20 

mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25 mM NaF, 1% Triton X-

100, 10% glycerol, 1 mM dithiothreitol, 1 mM sodium vanadate, 50 mM glycerophosphate, and a 

cocktail of protease inhibitors) was added.  Lysates were sonicated for 5 sec and then centrifuged 
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at 10 000 g for 10 min at 4°C.  Equal amounts of protein, as determined by Biorad Protein Assay, 

from whole cellular lysates were resolved using electrophoresis on an 8% (E-cadherin, SHP2) or 

a 12% SDS-polyacrylamide gel (�-actin, phospho-p38 MAPK, total p38 MAPK, phospho-JNK, 

total JNK).  Blots were blocked for 1hr at room temperature in 1 x TBST containing 0.1% tween-

20 and 5% skim milk powder.  Blots were washed for three 5-min periods at room temperature in 

1 x TBST containing 0.1% tween-20.   

For detection of proteins, membranes were incubated in 1% BSA/TBST containing goat-

anti E-cadherin (1:4000; R&D Systems, Minneapolis, MN), or mouse-anti �-actin (1:8000; 

Sigma, Saint Louis, MO) or 5% milk/TBST containing rabbit-anti SHP2 (1:1250; Cell Signaling 

Technologies, Pickering, ON), rabbit-anti phospho-p38 MAPK/total p38 MAPK (17:10000, Cell 

Signaling Technologies), or rabbit-anti phospho-JNK/total JNK MAPK(17: 10000, Cell Signaling 

Technologies) overnight at 4°C.  This was followed by washing and a 1 hr incubation at room 

temperature in 1% BSA/TBST in mouse anti-goat (E-cadherin, 1:2000), rabbit anti-mouse (�-

actin, 1:4000), or mouse anti-rabbit (phospho-p38 MAPK, total p38 MAPK, phospho-JNK, total 

JNK; 17:10000) linked to horseradish peroxidise.  Membranes were subsequently washed and the 

horse radish peroxidase-conjugated secondary antibody was detected (SuperSignal West Pico 

Chemiluminescent Substrate) and developed onto x-ray film.  The computer program ImageJ 

1.38x (Wayne Rasband, National Institute of Health, USA) and BioToolKit320 

(changbioscience.com) were used to analyze the obtained Western blotting films and calculate the 

relative optical density (ROD) of bands.  RODs of desired proteins were normalized to RODs of 

�-actin.  Representative Western blots after at least 3 independent experiments are shown. 
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RT-PCR 

 Semiquantitative RT-PCR was performed using a Mastercycler (Eppendorf, Hamburg, 

Germany).  Total RNA from cells was isolated using Trizol as per manufacturer’s instructions.  

The total recovered RNA was quantified using a spectrophotometer and aliquots of 1 �g total 

RNA were used to synthesize cDNA at 37°C for 1 hr by using an Omniscript RT kit (Qiagen).  

Primers for E-cadherin were sense 5’-GAG TGA ATT TTG AAG ATT GC-3’ and antisense 5’-

GAG GCC AGG AGA GGA GTT GG-3’.  For E-cadherin amplicons, RT-PCR was carried out 

for 35 cycles at 55°C and the amplicon was 287 base pairs in size.  Primers for �-actin were sense 

5’-CCT TCC AGC AGA TGT GGA TT-3’ and antisense 5’-TGA GGC TAG CAT GAG GTG 

TG-3’.  Again, RT-PCR was carried out for 35 cycles at 55°C and the amplicon is 169 base pairs 

in size.   E-cadherin RT-PCR products were sequenced by the Genomics Facility, Advanced 

Analysis Centre (University of Guelph, Guelph, ON) and found to be 100% homologous with 

human E-cadherin transcript.  At least 3 independent experiments were performed. 

 

Immunofluorescence 

Cells used for immunofluorescence experiments were grown on collagen-coated cover slips in a 

24-well tissue culture dish.  After treatment, coverslips were washed three times with 1 x PBS at 

room temperature for 5 min each.  Coverslips were fixed with 4% neutral buffered formaldehyde 

for 15 min at room temperature and washed again.  Coverslips were then blocked with 1% goat 

serum in PBS containing 0.2% Tween-20 for 1 hr.  Goat anti-E-cadherin was diluted in Dako 

antibody diluting solution (1:4000) and 100 �l of this cocktail was added to each well.  The plate 

was placed in a 4°C humidifying chamber overnight.  Samples were washed and incubated for 1 

hr at room temperature in secondary antibodies (mouse anti-goat IgG conjugated with G� Alexa 
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555 (1:1000; Invitrogen, Burlington, ON).  Coverslips were incubated with Hoechst (1:5000; 

Sigma, Oakville, ON) for 1 min to label nuclei followed by washing and mounting onto glass 

slides with 50% glycerol in PBS.   

 

Cell dissociation assay  

This assay was modified from a previously published model (Nagafuchi et al., 1994).  After 

treatment, SW480 cells were dissociated with either 0.01% trypsin diluted in PBS or 30 mM 

EDTA diluted in Ca2+/magnesium-free HBSS for 30 min at 37°C.  A total cell count for the 

number of cells per well was obtained using EDTA dissociation.   

Each dissociation method was performed in the presence of 0.005 or 5 mM extracellular 

Ca2+ or the appropriate MAPK pharmacological inhibitors and cells were collected after 10 

rounds of pipetting.  100 �l of the homogenous populations were diluted in 10 mL of PBS and 

subjected to electronic cell sizing as per manufacturer’s protocol (Beckman Coulter Z2 Coulter 

particle counter and size analyzer, Mississauga, ON).  An adherence ratio was created for each 

condition (0.005 mM Ca2+, 5 mM Ca2+, or inhibitor treatments): number of cells dissociated with 

0.01% trypsin/number of cells dissociated with 30 mM EDTA.  The higher the adherence ratio, 

the less cell-cell adherence exists.  The lower volume cursor was set at 8 fentoliters (fl) and the 

upper volume cursor was set at 30 fl and everything in between was counted as a single cell. 

 

Statistical analysis  

All values represent mean + SEM of at least 3 independent experiments.  Data was analyzed by 

the Student’s t-test or by ANOVA when appropriate.  A p- value of < 0.05 was considered a 

statistically significant difference.  
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Chapter 3 

Results 

3.1 Regulation of E-cadherin in colonic carcinoma cells 

3.1.1 E-cadherin protein expression increases post-CaSR activation 

To assess the role of endogenous CaSR activation by extracellular Ca2+ on E-cadherin expression 

in colonic carcinoma cells, cells were serum starved and then treated with low 0.005 mM Ca2+ or 

high 5 mM Ca2+ for 18 hrs.  E-cadherin protein expression was assessed by Western blot analysis.  

All but one cell line screened (SW480), including the colon carcinoma cell lines Caco-2, DLD-1, 

HT-29, and SW48, and the normal-like human intestinal embryonic crypt (HIEC) cell line, 

showed endogenous E-cadherin expression (Figure 1a).   

To assess the roles of CaSR activation by extracellular Ca2+ and other CaSR agonists on 

E-cadherin expression in colonic carcinoma cells, a CaSR-over-expressing cell culture model was 

developed.  SW480 human epithelial colon adenocarcinoma cells were transiently transfected 

with CaSR plasmid, serum starved and then treated with 0.005 mM Ca2+ or 5 mM Ca2+ for 18 hrs.  

E-cadherin protein expression was assessed by Western blot analysis.   

In an effort to confirm the effectiveness of the transient CaSR transfections, an affinity-

purified, polyclonal anti-CaSR antiserum was used to perform Western blot analysis to assess 

CaSR immunoreactivity in untransfected and CaSR-transfected SW480 cells (Figure 1b).  This 

showed the presence of a 122 kD-immunoreactive band and a 250 kD-immunoreactive band, 

consistent with the published weights of the monomeric and dimeric forms of the CaSR, 

respectively (Justinich et al., 2008).  Furthermore, after CaSR transfection there was a large shift 

in the immunoreactivty of the monomeric form to the dimeric form of the CaSR-specific protein.   
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Figure 1: Endogenous E-cadherin and CaSR expression in colonic carcinoma cell lines.  A) 
Western blot showing Caco-2, DLD-1, HT-29, SW48 and HIEC cell lines having endogenous E-
cadherin protein expression.  B) Western blot showing monomeric and multimeric CaSR protein 
before and after transient transfection with a wild-type CaSR plasmid.   
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The SW480 cell line showed no endogenous E-cadherin expression and there was a 

marked increase in E-cadherin expression after CaSR over-expression and Ca2+ treatment, as 

assessed by Western blot analysis (Figure 2a).  This E-cadherin increase in SW480 cells was also 

confirmed by immunocytochemistry (Figure 2b).  Agarose gel electrophoresis of RT-PCR 

products, using a set of primers directed against E-cadherin, showed that mRNA levels for E-

cadherin increased after Ca2+ treatment in both untransfected and CaSR-transfected conditions 

(Figure 2c).  This increase was much more substantial in conditions where the CaSR had been 

over-expressed.  DNA sequence analysis was performed on PCR product isolated from CaSR-

transfected SW480 cells and revealed 100% homology with E-cadherin mRNA, confirming that 

the PCR product amplified originated from E-cadherin transcript. 
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Figure 2: E-cadherin protein and transcript expression post-CaSR activation.  A) Western blot 
showing E-cadherin protein expression increases post-CaSR transfection and activation with 5 
mM Ca2+.  B) Immunocytochemistry staining for E-cadherin in left most panes, Hoescht nuclear 
staining in middle panels and overlapped images in the right most panels.  Large increases in E-
cadherin expression are seen after 5 mM Ca2+ treatment.  C) Agarose gel electrophoresis of RT-
PCR products showing E-cadherin transcript increases after 5 mM Ca2+ treatment.  Bands have 
been inverted in middle panel to better show disparity.  Increases are more substantial in 
conditions where the CaSR has been over expressed. 
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To determine that E-cadherin protein increases seen after Ca2+ treatment were a result of 

CaSR activation, CaSR-over-expressing SW480 cells were treated with increasing amounts of 

extracellular Ca2+ and E-cadherin expression was assessed by Western blotting.  It was observed 

that E-cadherin protein levels increased in a concentration responsive manner to millimolar 

amounts of extracellular Ca2+ (Figure 3a and b; for b, n=3) and the EC50 for Ca2+ was calculated 

to be ~2.6 mM, consistent with the CaSR’s known EC50 after activation by extracellular Ca2+ 

(Quinn et al., 1997).  Furthermore, E-cadherin expression was assessed by Western blotting after 

CaSR activation by other known polyvalent CaSR agonists in 0.005 mM Ca2+: neomycin sulphate 

and spermine.  Increasing extracellular amounts of the agonists caused increases in protein 

expression, as shown by Western blot analysis, further confirming that E-cadherin protein 

increases are CaSR-mediated in SW480 cells (Figure 3c and d).  Finally, transfection of a 

dominant-negative CaSR plasmid, R185Q, did not reveal the same E-cadherin expression pattern 

after Ca2+ treatment (Figure 3e).  E-cadherin levels were increased after treatment with lower 

millimolar amounts of extracellular Ca2+
 than when transfected with wild-type CaSR plasmid, but 

declined with increasing Ca2+ concentrations.  The Ca2+ concentrations which caused maximal 

stimulation of E-cadherin after wild-type CaSR over-expression showed no E-cadherin 

expression in the presence of R185Q.  This change in the concentration response of E-cadherin to 

extracellular Ca2+ after dominant-negative CaSR transfection further implicates the involvement 

of the CaSR in E-cadherin expression after Ca2+ treatment.  Overall, it was demonstrated that 

increases in E-cadherin expression after Ca2+ treatment is a CaSR-mediated process. 
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Figure 3: Increases in E-cadherin protein expression are CaSR-mediated.  A) Treatment of 
CaSR-over-expressing SW480 cells with increasing amounts of extracellular Ca2+ causes a 
concentration responsive increase in E-cadherin protein.  B) Graphical representation (n=3) of E-
cadherin concentration response to extracellular Ca2+.  Relative optical density (ROD) of E-
cadherin Western blot is normalized to ROD of �-actin Western blot.  C) Western blot showing 
increasing amounts of extracellular neomycin sulphate and spermine (in 0.005 mM Ca2+) 
increases E-cadherin expression in CaSR-over-expressing SW480 cells.  D) Graphical 
representation of Western blots shown in panel C.  E-cadherin ROD normalized to �-actin ROD.  
E) Western blot showing SW480 cells over-expressing a dominant-negative version of the CaSR, 
R185Q, possess a dissimilar E-cadherin expression pattern to increasing amount of extracellular 
Ca2+.  E-cadherin expression is higher after treatment with 0.005 or 1.5 mM Ca2+ in the R185Q-
over-expressing cells than in wild-type CaSR-over-expressing cells.  However, E-cadherin 
expression after 5 mM Ca2+ is abolished in the R185Q-over-expressing cells. 
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3.1.2 CaSR-mediated increases in E-cadherin protein are p38 MAPK-dependent 

In order to determine the mechanism by which CaSR mediates E-cadherin increases in SW480 

cells, E-cadherin expression was assessed in CaSR-over-expressing cells post-CaSR activation by 

5 mM Ca2+ in the presence of different pharmacological MAPK pathway inhibitors (JNK ((L)-

JNKI1, 0.18 �M), MEK1 (PD98059, 10 �M), PKC (GF 109203X, 1 �M), p38 (SB203580, 10 

�M); Figure 4a).  Most noteworthy was the prevention of CaSR-mediated E-cadherin increases 

post-CaSR activation in the presence of 10 µM SB203580, cited in the literature as an appropriate 

concentration to block all p38 MAPK activity (Peiris et al., 2007;Maiti et al., 2008).  SB203580 

in the presence of 0.005 mM Ca2+ did not cause an E-cadherin expression pattern different from 

0.005 mM Ca2+ treatment alone.   

Western blot analysis further showed that DMSO, the SB203580 vehicle, in the presence 

of 5 mM Ca2+ did not prevent the substantial increase in E-cadherin activity (Figure 4b).  Overall, 

relative optical density (ROD) ratios, obtained by Western blot, were created by comparing E-

cadherin ROD to �-actin ROD.  These ratios showed an approximate 60% inhibition when the 

p38 MAPK inhibitor was present (n=3, *=p<0.05; Figure 4c). 
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Figure 4: CaSR-mediated increases in E-cadherin are p38 MAPK-mediated.  A) Western blot 
showing effect of pharmacological MAPK inhibitors post-CaSR activation on increases in E-
cadherin expression.  B) Western blot showing pharmacological p38 MAPK inhibitor, SB203580, 
caused prevention of CaSR-mediated E-cadherin expression.  The inhibitor’s vehicle, DMSO, had 
no effect on E-cadherin levels post-CaSR activation.  C) Graphical representation of ROD of E-
cadherin normalized to �-actin post-CaSR activation in the presence and absence of SB203580 
(n=3). 
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To determine whether the effect of p38 MAPK activation on CaSR-mediated E-cadherin 

increases was a post-transcriptional phenomenon, agarose gel electrophoresis of RT-PCR 

products was performed using a set of primers directed against E-cadherin.  It was shown that 

mRNA levels for E-cadherin increased after Ca2+ treatment in CaSR-transfected conditions and 

this increase was unaffected by the presence of SB203580, the pharmacological p38 MAPK 

inhibitor (Figure 5a).  Furthermore, relative luciferase activity (RLA), measured after transfection 

of the CaSR and an E-cadherin promoter and treatment with 5 mM Ca2+, increased compared to 

the 0.005 mM Ca2+ treatment (Figure 5b).  The presence of the p38 MAPK inhibitor once again 

had no effect on relative luciferase activity in either the 0.005 or 5 mM Ca2+ treatment conditions.  

Taken together, these results suggested that p38 MAPK’s mediation of E-cadherin expression 

post-CaSR activation may be post-transcriptional. 
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Figure 5: Effect of p38 MAPK inhibition on CaSR-mediated E-cadherin expression is post-
transcriptional.  A) Agarose gel electrophoresis of RT-PCR products showing E-cadherin 
transcript increases after CaSR activation.  This increase was unaffected by treatment with p38 
MAPK inhibitor SB203580.  B) Graphical representation showing RLA of an E-cadherin 
promoter before and after CaSR activation (n=3).  E-cadherin promoter activity was increased 
post-CaSR activation and this increase was not statistically different after treatment with 
SB203580. 
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To determine that CaSR activation stimulates p38 MAPK activation, a time-course 

analysis was employed.  SW480 cells were treated for 0, 2 or 5 minutes with 0.005 mM Ca2+ or 5 

mM Ca2+ and then subjected to phosho-p38 MAPK analysis by Western blotting (Figure 6a).  It 

was shown that large increases in phospho-p38 MAPK immunoreactivity were seen within 5 

minutes after treatment with 5 mM Ca2+.  Little to no phospho-p38 MAPK immunoreactivity was 

seen after 0.005 mM Ca2+ treatment.  This suggested that activation of the CaSR causes 

phosphorylation and activation of p38 MAPK. 

To assess the time-dependent expression pattern of phospho-p38 MAPK post-CaSR 

activation in the SW480 cell line, untransfected cells were treated with 5 mM Ca2+ for increasing 

lengths of time (0, 2, 5, 10, 30 minutes).  Phospho-p38 MAPK expression was then assessed by 

Western blot analysis (Figure 6b).  Interestingly, maximal phospho-p38 MAPK activation was 

seen between 5 and 10 minutes and began to decrease again within 30 minutes. 

  SW480 cells were transfected with an empty vector PC3, wild-type CaSR, or the 

dominant-negative CaSR, R185Q, and treated with 5 mM Ca2+ for 5 minutes to stimulate 

phospho-p38 MAPK activity.  Western blot analysis revealed CaSR-over-expressing cells had the 

most robust phospho-p38 MAPK immunoreactivity, and this immunoreactivity decreased when 

only endogenous CaSR protein was present, or when CaSR expression was knocked down by 

R185Q.  This further confirmed that p38 MAPK activation occurs downstream of CaSR 

activation. 

 

 

 

 



 

34 

 

 

Figure 6: CaSR activation stimulates p38 MAPK in SW480 cells.  A) Western blot showing 
treatment of untransfected SW480 cells with 0.005 mM Ca2+ for 0, 2 or 5 minutes exhibits very 
low levels of phospho-p38 MAPK immunoreactivity within 2 minutes.  This activity is abolished 
by 5 minutes.  However, treatment with 5 mM Ca2+ reveals substantial phospho-p38 MAPK 
activity within 5 minutes.  B) Western blot showing maximal p38 MAPK activation after Ca2+ 
treatment occurs between 5 and 10 minutes in untransfected SW480 cells.  C) Western blot 
showing phospho-p38 MAPK activity after 5 minutes in 5 mM Ca2+ is greater in CaSR-over-
expressing cells compared to cells transfected with an empty vector (PC3) or a dominant-negative 
version of the CaSR (R185Q). 
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3.1.3 CaSR-mediated E-cadherin protein increases require cellular factors in excess of p38 

MAPK 

Anisomycin, an antibiotic isolated from Streptomyces griseolus, inhibits protein synthesis by 

blocking peptidyl transferase activity in eukaryote ribosomes.  It is a known potent kinase 

activator and has been shown to activate both p38 MAPK and JNK in the SW480 cell line 

(Adachi et al., 2009).  To confirm anisomycin stimulated p38 MAPK activation, Western blot 

analysis for phospho-p38 MAPK immunoreactivity was performed in SW480 cells that had been 

treated with increasing amounts of anisomycin for 30 minutes (Figure 7a).  It was observed that 

both anisomycin concentrations were able to stimulate p38 MAPK activation after a 30 minute 

treatment period. 

 Knowing that anisomycin could directly stimulate p38 MAPK and furthermore that p38 

MAPK activation was essential for CaSR-mediated E-cadherin increases, an anisomycin 

treatment was applied to SW480 cells for 18 hrs, by-passing the CaSR.  Western blot analysis 

was then used to assess E-cadherin levels (Figure 7b).  The anisomycin treatment did not cause 

the E-cadherin increases seen post-CaSR activation by Ca2+.  This suggested that although CaSR-

mediated increases in E-cadherin required p38 MAPK activation, the process is multi-faceted and 

cannot take place after p38 MAPK activation alone.  
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Figure 7: Anisomycin activates p38 MAPK in SW480 cells but does not cause E-cadherin 
expression.  A) Western blot showing treatment of SW480 cells with anisomycin for 30 minutes 
activates p38 MAPK as assessed by phospho-p38 MAPK immunoreactivity.  B) Western blot 
showing CaSR-activation causes an increase in E-cadherin expression but p38 MAPK activation 
alone, by anisomycin, does not after 18 hrs of treatment.   
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3.2 Regulation of SHP2 in colonic carcinoma cells 

3.2.1 SHP2 protein expression decreases post-CaSR activation 

To assess the role of CaSR activation by extracellular Ca2+ and other CaSR agonist on 

SHP2 expression, the same cell culture model used for E-cadherin investigations was employed.  

SW480 cells were transiently transfected with CaSR plasmid, serum starved and then treated with 

low 0.005 mM Ca2+ or high 5 mM Ca2+ for 18 hrs.  SHP2 protein expression was assessed by 

Western blot analysis.  There was a marked decrease in SHP2 expression after CaSR over-

expression and Ca2+ treatment, as assessed by Western blotting (Figure 8a).   

In order to confirm that SHP2 protein decreases observed after Ca2+ treatment were a 

result of CaSR activation, CaSR-over-expressing SW480 cells were treated with increasing 

amounts of extracellular Ca2+.  SHP2 expression was assessed by Western blotting.  It was 

observed that SHP2 protein levels decreased in a concentration responsive manner to millimolar 

amounts of extracellular Ca2+ (Figure 8b and c; for c, n=3).  The EC50 for Ca2+ was calculated to 

be ~2.4 mM, consistent with CaSR’s known EC50 after activation by extracellular Ca2+ (Quinn et 

al., 1997).  Furthermore, SHP2 expression was assessed by Western blotting after CaSR 

activation by other known polyvalent CaSR agonists neomycin sulphate and spermine.  

Treatment with these CaSR agonists caused a decrease in SHP2 protein expression, further 

suggesting that this process is CaSR-mediated (Figure 8d).   
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Figure 8: Decreases in SHP2 protein expression are CaSR-mediated.  A) Western blot showing 
SHP2 protein expression decreases post-CaSR over-expression and activation by 5 mM Ca2+.  B) 
Western blot showing treatment of CaSR-over-expressing SW480 cells with increasing amounts 
of extracellular Ca2+ causes a concentration responsive decrease in SHP2 protein expression. C) 
Graphical representation (n=3) of SHP2 concentration response to extracellular Ca2+.  ROD of 
SHP2 Western blot is normalized to ROD of �-actin Western blot.  D) Western blot showing 
treatment of CaSR-over-expressing SW480 cells with neomycin sulphate or spermine (in 0.005 
mM Ca2+ media) causes a decrease in SHP2 expression.  E) Graphical representation of Western 
blot shown in panel D.  SHP2 ROD normalized to �-actin ROD shows decrease in SHP2 with 
neomyscin sulphate or spermine is comparable to the decrease seen with CaSR activation by 
Ca2+. 
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3.2.2 CaSR-mediated decreases in SHP2 are JNK-dependent 

In order to determine the mechanism by which CaSR mediates SHP2 decreases in SW480 cells, 

SHP2 expression was assessed in CaSR-over-expressing cells post-CaSR activation by 5 mM 

Ca2+ in the presence of different pharmacological MAPK inhibitors (JNK ((L)-JNKI1, 0.18 �M), 

MEK1 (PD98059, 10 �M), PKC (GF 109203X, 1 �M), p38 (SB203580, 10 �M); Figure 9a).  It 

was found that 0.18 �M of (L)-JNKI1 in 5 mM Ca2+ attenuated the decrease in SHP2 expression 

seen with 5 mM Ca2+ treatment alone.   

SHP2 expression was again assessed in CaSR-over-expressing cells and pharmacological 

MAPK inhibitors were added in the presence 0.005 mM Ca2+.   Western blot analysis determined 

that JNK inhibition, even without CaSR activation, caused the same decrease in SHP2 expression 

as seen after CaSR activation by 5 mM Ca2+ (Figure 9b).  Although ERK inhibition was seen to 

have a potentially similar effect on SHP2 expression, further investigations focused on the role of 

JNK in SHP2 regulation.   
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Figure 9: CaSR-mediated decreases in SHP2 are JNK-mediated.  A) Western blot showing effect 
of pharmacological MAPK inhibitors post-CaSR activation on decreases in SHP2 expression.  
JNK inhibition post-CaSR activation caused a prevention of the expected decrease in SHP2 
expression. B) Western blot showing effect of pharmacological MAPK inhibitors in the presence 
of 0.005 mM Ca2+ on SHP2 expression.  JNK inhibition caused a decrease in SHP2 expression.  
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To determine that CaSR activation stimulates JNK activation, a time-course analysis was 

employed.  Untransfected SW480 cells were treated for 0, 2 or 5 minutes with 0.005 mM Ca2+ or 

5 mM Ca2+ and then subjected to phospho-JNK analysis by Western blotting (Figure 10a).  It was 

shown that large increases in phospho-JNK immunoreactivity were seen within 5 minutes after 

treatment with 5 mM Ca2+.  A slight increase in phospho-JNK immunoreactivity was seen within 

2 minutes after 0.005 mM Ca2+ treatment.  This suggested basal JNK activation in SW480 cells 

exists.  However, JNK phosphorylation and activation is markedly increased post-CaSR 

activation.  

The time-dependent expression pattern of phospho-JNK post-CaSR activation was 

investigated in the SW480 cell line and untransfected cells were treated with 5 mM Ca2+ for 

increasing lengths of time (0, 2, 5, 10, 30 minutes).  Phospho-JNK expression was then assessed 

by Western blot analysis (Figure 10b).  Maximal phospho-JNK activation was seen within 10 

minutes and began to decrease again within 30 minutes. 

SW480 cells were transfected with an empty vector PC3, wild-type CaSR, or the 

dominant-negative CaSR R185Q, and treated with 5 mM Ca2+ for 5 minutes to stimulate 

phospho-JNK activity.  CaSR-over-expressing cells had the most robust phospho-JNK 

immunoreactivity as assessed by Western blotting.  This immunoreactivity decreased when only 

endogenous CaSR protein was present, or when CaSR expression was knocked down by R185Q.  

This further confirmed that JNK activation occurs downstream of CaSR activation. 
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Figure 10: CaSR activation stimulates JNK activity in SW480 cells.  A) Western blot showing 
treatment of untransfected SW480 cells with 0.005 mM Ca2+ for 0, 2 or 5 minutes exhibits 
phospho-JNK immunoreactivity within 2 minutes.  This activity is decreased by 5 minutes.  
However, treatment with 5 mM Ca2+ reveals phospho-JNK activity within 2 minutes and more 
substantial phospho-JNK activity within 5 minutes.  B) Western blot showing maximal JNK 
activation after Ca2+ treatment occurs between 5 and 10 minutes in untransfected SW480 cells.  
C) Western blot showing phospho-JNK activity after 5 minutes in 5 mM Ca2+ is maximal in 
CaSR-over-expressing cells compared to cells transfected with an empty vector (PC3) or a 
dominant-negative version of the CaSR (R185Q). 
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3.3 Protein changes post-CaSR activation effect cell adherence 

3.3.1 Ca2+ treatment of CaSR-transfected SW480 cells increases cell adherence 

To assess adhesion activity of CaSR-over-expressing SW480 cells after 0.005 mM or 5 mM Ca2+ 

treatment, a cell dissociation assay was modified from a previously established model (Nagafuchi 

et al., 1994).  In this assay, SW480 cells were transiently transfected with CaSR plasmid, serum 

starved and then treated with low 0.005 mM Ca2+ or high 5 mM Ca2+ for 18 hrs.   

For each experimental parameter, half the tissue culture dish wells were treated with 

0.01% trypsin in PBS for 30 minutes and half were treated with 30 mM EDTA in Ca2+/Mg 2+-free 

HBSS.  EDTA-treated wells were used as positive controls for total cell number per well as 

EDTA treatment is a method of Ca2+ chelation, causing a loss of all Ca2+-mediated cell adhesion 

and subsequent loss of the cell’s ability to adhere to a culture dish (MacLeod & Hamilton, 1990).  

Cells were then dissociated with several times of pipetting and subjected to electronic cell sizing, 

set to count single cells within a certain size range.  The mean volume of SW480 cells detached 

by this method was 15.8+1.3 fl (n=5).   

After cell counts were obtained, a ratio was created using the number of cells 

detached/counted by the electronic cell sizer with 0.01% trypsin over the number of cells 

detached with 30 mM EDTA; the lower this ratio, the less single cells counted and the more cells 

left on the plate.  This is consistent with an increase in cell-cell adherence (Figure 11a).  

Adherence ratios were compared for 0.005 mM Ca2+ and 5 mM Ca2+ treatments, or without and 

with CaSR activation, and found to be 1+0.1 and 0.2+0.05, respectively (n=9, *=p<0.05; Figure 

11b).  It was found that CaSR-activation in CaSR-over-expressing SW480 cells caused a 

significant increase in adherence (or a decrease in the adherence ratio). 
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Figure 11: CaSR activation increases adherence of SW480 cells.  A) Schematic representation of 
the cell adhesion assay process.  Red lines indicate lower and upper cell volume parameters, 8 fl 
and 30 fl, respectively.  B) Graphic representation of the cell adherence ratio after 0.005 mM Ca2+ 

and 5 mM Ca2+ treatments (n=9). 
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3.3.2 Increases in cell-cell adherence are due to protein changes post-CaSR activation 

To determine whether the increase in SW480 cell-cell adherence was a result of CaSR activation 

or the protein changes that transpire as a result of CaSR activation, (the increases in E-cadherin 

expression and decreases in SHP2 expression), the same cell adherence assay was employed.  

This time, however, cell adherence was assessed after CaSR activation in the presence of 

pharmacological inhibitors to block E-cadherin increases and SHP2 decreases (n=9, *=p<0.05, 

Figure 12).  SB203580 was used to block p38 MAPK activity and thus CaSR-mediated E-

cadherin increases and (L)-JNKI1 was used to block JNK activity and CaSR-mediated SHP2 

decreases.   

It was found that p38 MAPK inhibition post-CaSR activation causes a partial reversion of 

the cell adherence ratio.  Although not statistically significant, when CaSR-mediated increases in 

E-cadherin were blocked, cells were slightly less adherent than when E-cadherin expression was 

maximal.  However, when both p38 MAPK and JNK were inhibited post-CaSR activation, there 

was a total reversion of the adherence ratio to that of the low Ca2+ control (Figure 12).  That is, 

when E-cadherin expression was abolished and SHP2 levels remained elevated, the CaSR-

mediated increases in cell adherence were unable to occur.  Pharmacological inhibitors in the 

presence of low 0.005 mM Ca2+ had no effect on cell adherence. 
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Figure 12: CaSR activation increases adherence of SW480 cells through changes in E-cadherin 
and SHP2 expression.  Graphical representation of cell adherence ratios shows a reversion of the 
ratio after addition of p38 MAPK and JNK pharmacological inhibitors in the presence of 5 mM 
Ca2+ towards the 0.005 mM Ca2+ ratio control (n=9). 
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Chapter 4 

Discussion 

E-cadherin expression is lost during the progression from normal epithelia to colon cancer.  

Therefore, the ability to increase or restore E-cadherin expression in colonic epithelial carcinoma 

cells may be consistent with activating a tumour suppressor and reverting the cells to their normal 

epithelial phenotype.  The molecular basis for how Ca2+ acts to chemoprevent colon cancer may 

be through activation of the CaSR and subsequent increases in E-cadherin expression, however 

this has yet to be shown unequivocally.  A relationship may also exist between the src-homology 

phosphatase SHP2 and E-cadherin expression (Zhou & Agazie, 2008).  We present novel findings 

that Ca2+-induced CaSR activation mediates E-cadherin increases and SHP2 decreases in the 

colonic epithelial carcinoma cell line SW480, reverting cells to a more adherent phenotype.  This 

may be one of the molecular determinants through which Ca2+ is chemoprotective against colon 

cancer.  Our findings are summarized in Figure 13.   

The current experiments demonstrate that increases in extracellular Ca2+ will stimulate 

the CaSR over-expressed on a colonic adenocarcinoma cell line, SW480, to substantially increase 

expression of E-cadherin and extinguish expression of SHP2.  Evidence that the CaSR, rather 

than increases in extracellular Ca2+ alone, mediated these effects emerged from three lines of 

experiments.  In the first, over-expression of wild-type CaSR increased the stimulation of E-

cadherin, or reduction in SHP2, with an EC50 to extracellular Ca2+ appropriate to the receptor’s 

characteristic affinity.  Secondly, exposure of the cells in low-Ca2+ medium to other well-

characterized polyvalent CaSR agonists had a comparable effect as increases in extracellular 

Ca2+.  Third, over-expression of an extensively characterized dominant-negative CaSR, R185Q, 

revented the changes stimulated by incubation with high-Ca2+ medium.  Together, these findings  
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Figure 13: Schematic representation of the conclusions from this study.  After CaSR activation 
by Ca2+ or other CaSR agonists, p38 MAPK and JNK are activated.  This leads to increases in E-
cadherin expression and decreases in SHP2 expression, respectively, together causing an increase 
in cell-cell adherence of SW480 cells. 
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allow us to conclude that activation of the CaSR results in increased E-cadherin expression and 

substantial reduction in SHP2 expression in a model adenocarcinoma cell line.   

 Insight into the signaling mechanisms responsible for the CaSR-mediated increases in E-

cadherin and reduction in SHP2 were found in experiments using pharmacological inhibitors of 

various MAPKs and Western blotting for activated, phosphorylated MAPKs.  The CaSR-

mediated increases in E-cadherin protein expression were prevented by a p38 MAPK inhibitor, 

while CaSR activation by Ca2+ stimulated transient increase in phospho-p38 MAPK 

immunoreactivity.  Blocking CaSR-mediated p38 MAPK activity had no effect on E-cadherin 

transcript changes or E-cadherin promoter activity.  The CaSR-mediated decreases in SHP2 were 

prevented by inhibition of JNK MAPK, while CaSR activation by Ca2+ stimulated transient 

increases in phospho-JNK immunoreactivity.  At the time of maximal stimulation, both increases 

in phospho-p38 MAPK and phospho-JNK were substantially reduced by over-expression of a 

dominant-negative CaSR.  These experiments suggest to us that p38 MAPK and JNK stimulated 

by the CaSR are important determinants of the CaSR-mediated stimulation of E-cadherin 

expression and reduction of SHP2 expression.  Because p38 MAPK inhibition had no effect on 

either the increases in E-cadherin transcript or promoter activity, we conclude that the effects of 

p38 MAPK on E-cadherin are likely post-transcriptional. 

 The current experiments also demonstrate cell-cell adherence of the SW480 cells was 

increased by high-Ca2+ treatment.  Further, combined blocking of the CaSR-mediated increases in 

phospho-p38 MAPK and phospho-JNK prevented this increase in adherence.  Together, these 

results allow us to conclude that both E-cadherin increases and SHP2 decreases are mediated by 

Ca2+ activation of the CaSR, and that both these protein changes will mediate increases in cell-

cell adherence in this adenocarcinoma cell line.   
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4.1 Effect of CaSR activation on E-cadherin expression 

In order to study how CaSR activation might increase E-cadherin expression, we first screened 

several well-established adenocarcinoma cell lines (HT-29 (Zweibaum, 1993), Caco-2 

(Zweibaum, 1993), DLD-1 (Groden et al., 1995), SW48 (Ilyas et al., 1997), SW480 (Groden et 

al., 1995) for endogenous expression of E-cadherin.  Only the SW480 cell line had no 

endogenous expression, while E-cadherin was present in the others.  Indeed, a fetal-derived 

human embryonic line used for extracellular matrix studies (HIEC (Escaffit et al., 2006)) also 

expressed substantial amounts of E-cadherin in low-Ca2+ medium.  The adenocarcinoma line 

SW480 had been reported as a useful vehicle for studies of E-cadherin (Palmer et al., 2001) so we 

elected to use this line for our studies.  With no endogenous E-cadherin present, the cellular 

mechanics of how to increase its expression could be effectively investigated.  We found that the 

CaSR was expressed endogenously on the SW480 cells.  Western blot analysis revealed both 

monomeric and multimeric CaSR expression on these cells.  We showed that transient 

transfection of wild-type human CaSR increased expression CaSR protein in these cells.  With no 

endogenous E-cadherin expression but expression of the CaSR, this made them an ideal vehicle 

to assess whether CaSR activation influences E-cadherin expression. 

Upon CaSR over expression and high Ca2+ treatment, E-cadherin expression was 

markedly increased.  We were able to confirm this using both Western blotting and 

immunocytochemistry.  Further, RT-PCR revealed that upon Ca2+ treatment of SW480 cells, E-

cadherin transcript levels increased.  This increase was more substantial after CaSR-over-

expression however, implying that E-cadherin increases may be CaSR-mediated. 
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Ca2+ stress results when a sustained Ca2+ flux across the endoplasmic reticulum’s 

membrane causes saturated or defective protein folding by the endoplasmic reticulum.  

Eventually, this causes apoptosis of the effected cells (Singh et al., 2008).  To confirm that E-

cadherin increases in CaSR-over-expressing SW480 cells after high Ca2+ treatment were a result 

of CaSR activation and not Ca2+ stress (Singh et al., 2008), we first determined a concentration-

responsive effect of extracellular Ca2+ on E-cadherin expression.  As there was no difference 

between 5 mM and 7.5 mM Ca2+ (data not shown), this allowed us to calculate an approximate 

EC50 for this agonist.  This EC50 matched other studies of Ca2+-stimulation of the CaSR (Sanders 

et al., 2001;Tfelt-Hansen et al., 2003;Tfelt-Hansen et al., 2004) and indicated to us that E-

cadherin increases after Ca2+ treatment in SW480 cells were mediated by the CaSR.   

Second, to further verify the CaSR’s involvement, we treated CaSR-over-expressing 

SW480 cells with other well-characterized polyvalent CaSR agonists neomycin sulphate and 

spermine (Brown & MacLeod, 2001) and examined E-cadherin expression.  E-cadherin levels 

increased after treatment with both additional CaSR-agonists in low Ca2+ medium.  This was a 

second line of evidence confirming that increases in E-cadherin expression were a result of CaSR 

activation.   

As a third step to confirm E-cadherin increases were a CaSR-mediated process, we 

transfected SW480 cells with a dominant-negative CaSR, R185Q (Bai et al., 1996).  The CaSR 

works as a dimer (Jiang et al., 2004) and R185Q, with a mutation in the extracellular domain, 

results in increased numbers of functional heterodimers with a decreased affinity for Ca2+ (Bai et 

al., 1996).  Depending on the biological readout, this can be manifested as a right-shift in the 

EC50 of Ca2+ for the stimuli.  R185Q has been shown to change the EC50 for Ca2+-stimulated PTH 

related protein (Sanders et al., 2001), intracellular Ca2+ mobilization (Bai et al., 1996), and 



 

52 

 

secretion of the bone morphogenetic protein BMP2 (Peiris et al., 2007), strongly suggestive of 

CaSR-mediation.  In other words, it takes more Ca2+ to stimulate the same effect compared with 

wild-type CaSR expression.  We found that R185Q over-expression in SW480 cells prevented 

high-Ca2+ (5 mM) stimulation of E-cadherin, consistent with inhibition by the dominant-negative 

CaSR.  However, we also observed increased E-cadherin expression at lower Ca2+ concentrations 

in the R185Q cells (0.005 mM and 1.5 mM).  These amounts only slightly increased E-cadherin 

expression when wild-type CaSR was expressed.  We speculate that R185Q may alter the 

proportion of functional wild-type and endogenous CaSR homodimers so that a sufficient number 

were present to respond to small levels of Ca2+, with increased E-cadherin expression as a result.  

Because over-expression of a dominant negative R185Q prevented the high-Ca2+ stimulation of 

E-cadherin expression, we conclude that the Ca2+-stimulation of E-cadherin expression is CaSR-

mediated. 

Thus, evidence that the stimulation of the CaSR resulted in Ca2+-stimulation of E-

cadherin came from three lines of experiments.  First, our EC50 to extracellular Ca2+ was 

consistent with the known EC50 for the CaSR (Sanders et al., 2001;Tfelt-Hansen et al., 

2003;Tfelt-Hansen et al., 2004).  Second, other well-characterized polyvalent CaSR agonists 

neomycin sulphate and spermine (Brown & MacLeod, 2001) stimulated E-cadherin expression.  

Third, over-expression of a dominant-negative CaSR, R185Q (Bai et al., 1996), prevented high-

Ca2+-induced E-cadherin expression.  We believe these experiments show the first unequivocal 

evidence that Ca2+-induced E-cadherin expression is a result of CaSR activation and can occur in 

adenocarcinoma cells that have no endogenous E-cadherin expression.   

Other studies have also proposed a direct link between E-cadherin expression and the 

CaSR (Chakrabarty et al., 2003;Bhagavathula et al., 2005;Bhagavathula et al., 2007).  Original 
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observations from Chakrabarty et al. (2003) and Bhagavathula et al. (2005) found that E-cadherin 

levels increased after a 1.4 mM Ca2+ treatment versus a 0 mM Ca2+ treatment.  They also used 

Western blotting to show the presence of the CaSR on the FET, SW480, MOSER, and CBS cell 

lines.  Although both studies found the CaSR to be present in colon cancer cell lines and showed 

a Ca2+-dependent mechanism by which to upregulate E-cadherin expression, they failed to 

perform experiments to directly link the CaSR and E-cadherin expression. No other CaSR 

agonists were used to activate the CaSR prior to investigating E-cadherin expression under these 

conditions.  No EC50 was calculated for millimolar Ca2+, and no techniques were used to 

knockdown the CaSR to see if this affected Ca2+-mediated E-cadherin expression.  Further, their 

chosen Ca2+ concentrations are suspect.   Treating cells with Ca2+-free media as in the two studies 

in question would release Ca2+ from intracellular stores (Nemeth, 2004) as well as create 

unwanted endoplasmic reticulum stress (Singh et al., 2008).  Additionally, the “high-Ca2+” 

concentration used, 1.4 mM, is much less than the established EC50 to extracellular Ca2+ 

appropriate to the CaSR’s characteristic affinity.  For these reasons, it is difficult to interpret a 

direct link between the CaSR and E-cadherin expression based on the results of these studies. 

In 2007, Bhagavathula et al. also showed increases in E-cadherin expression in the 

human colonic carcinoma cell line CBS after Ca2+ treatment.  While this study did use interfering 

RNA against the CaSR to show a reduction in the amount of E-cadherin produced after treatment 

with 1.4 mM Ca2+, unfortunately the reduction in E-cadherin was also seen in the nominally Ca2+-

free conditions, where the CaSR should not be active.  This suggests that mechanisms other than 

the CaSR were responsible for the increase caused by addition of 1.4 mM Ca2+ to these cells.  

Indeed, as the thrust of the study was to show that cytoplasmic E-cadherin was translocated to the 

membrane by CaSR activation, it is noteworthy that no distinction was made between 
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cytoplasmic and membrane-bound E-cadherin in the cells treated with interfering RNA against 

the CaSR.  Further, they did not employ other examples of CaSR involvement, such as treatment 

with other polyvalent CaSR agonists in low Ca2+ conditions and calculation of the EC50 to 

extracellular Ca2+, to unequivocally confirm Ca2+-mediated E-cadherin expression occurs through 

CaSR activation.  Overall, no studies to date have conclusively linked E-cadherin expression in 

colonic carcinoma cells to CaSR activation. 

In addition to Ca2+, the active metabolite of vitamin D, 1,25(OH)2D3, is a biological agent 

that has been established as chemopreventive against colon cancer and able to mediate E-cadherin 

expression in colonic adenocarcinoma cells (Palmer et al., 2001;Chakrabarty et al., 2005).  The 

CaSR gene contains two promoters, each of with possess a vitamin D response element (Canaff & 

Hendy, 2002).  Upon closer investigation it was shown that both promoters of the CaSR gene 

were stimulated by 1,25(OH)2D3  and CaSR protein expression increased after the treatment 

(Chakrabarty et al., 2005).  Based on our results, we believe their results are consistent with the 

induction of E-cadherin after vitamin D treatment being a result of an upregulation in CaSR 

protein expression.  With more multimeric CaSR protein available, more receptor activation 

ensues and thus E-cadherin expression is induced.  Consequently, it is possible that vitamin D 

treatment increases E-cadherin by first increasing CaSR expression and that physiological 

activation of the CaSR stimulates E-cadherin.   

 

4.2 Signaling mechanisms behind CaSR-mediated E-cadherin expression 

We determined the signaling pathway by which CaSR-mediated E-cadherin increases occurred in 

SW480 cells.  Mitogen-activated protein kinase (MAPK) pathway members are known to be 

activated post-CaSR activation (Manning et al., 2006).  MAPKs are widely expressed mediators 
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of cellular regulatory signals such as gene transcription, cell survival, apoptosis, proliferation and 

cell-cycle maintenance.  We found that CaSR-mediated increases in E-cadherin protein 

expression were prevented by a p38 MAPK inhibitor.  Although ERK inhibition as well as PKC 

inhibition had an effect on CaSR-mediated E-cadherin increases, we focused our attention on p38 

MAPK inhibition.  We deemed this inhibition to have the most profound effect on E-cadherin 

increases post-CaSR activation.   

Further, CaSR activation by extracellular Ca2+ stimulated transient increases in phospho-

p38 MAPK (the active form) immunoreactivity.  At the time of maximal stimulation, increases in 

phospho-p38 MAPK were reduced by over-expression of the dominant-negative CaSR, R185Q.  

This confirms that phospho-p38 MAPK is stimulated by the CaSR and is an important down-

stream determinant of the Ca2+-stimulation of E-cadherin expression.  This is the first time that 

CaSR-mediated p38 MAPK has been implicated as a mediator of increases in E-cadherin 

expression. 

Blocking CaSR-mediated p38 MAPK activity had no effect on E-cadherin transcript 

increases or the activity of the E-cadherin promoter.  We examined our RT-PCR for E-cadherin 

transcript levels after CaSR activation in the presence and absence of the pharmacological p38 

MAPK inhibitor.  E-cadherin transcript levels were still elevated above baseline after CaSR 

activation and inhibitor treatment.    Next, we obtained an E-cadherin promoter containing sites 

for both E-cadherin transcriptional repressors SLUG and SNAIL (Comijn et al., 2001).  Using a 

luciferase promoter reporter assay in CaSR-over-expressing cells, we observed that E-cadherin 

promoter activity increased after a high-Ca2+ treatment.  This increase in promoter activity was 

still seen after blocking CaSR-mediated p38 MAPK.  Because p38 MAPK inhibition had no 

effect on the increases in E-cadherin transcript or promoter activity, we conclude that the effects 
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of p38 MAPK on E-cadherin are most likely post-transcriptional.  Additional experiments, such 

as determining the half-life of E-cadherin mRNA with and without p38 MAPK inhibition, are 

required to further confirm this effect is post-transcriptional.  

This is contradictory to work published by Bhagavathula et al. in 2005.  They employed 

the use of the human colon carcinoma cell line CBS to study the effect of ERK inhibition on 

Ca2+-mediated E-cadherin.  After cells were supplemented with 1.4 mM Ca2+ and E-cadherin 

protein expression was examined, it was concluded that ERK inhibition prevented increases in E-

cadherin expression (Bhagavathula et al., 2005).  However this paper is equivocal for two 

reasons:  First, the CBS cell line has endogenous E-cadherin expression and therefore any 

increase in E-cadherin is contentious as different cellular signals may be involved versus when 

there is no endogenous E-cadherin expression.  Second, the cells in this experiment were placed 

in Ca2+-free medium which causes a release of intracellular Ca2+ stores and therefore endoplasmic 

reticulum stress (Singh et al., 2008).   

Therefore, when ERK inhibition blocked Ca2+-mediated E-cadherin increase, it can be 

hypothesized that ERK was blocking the effect of endoplasmic reticulum stress and not a CaSR-

mediated process.  No appropriate experiments were performed to show that E-cadherin 

expression induced by Ca2+ was CaSR mediated thus it cannot be concluded that ERK signaling 

is involved in this process. In contrast, we believe that p38 MAPK is the most appropriate MAPK 

to investigate with regards to mediating E-cadherin increases post-CaSR activation.  Further, we 

have confirmed through use of a dominant-negative CaSR, R185Q, that blocking p38 MAPK 

activation is in fact obstructing a signal downstream of the CaSR. 

Our work with various MAPK pharmacological inhibitors suggests that CaSR-mediated 

E-cadherin increases are a multi-faceted process, and p38 MAPK is only one of the cellular 
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mediators.  This notion was furthered when treatment with a known p38 MAPK-activator, 

anisomycin (MacLeod et al., 2003), failed to increase E-cadherin in the SW480 cell line.  

Anisomycin activates p38 MAPK in a CaSR-independent manner.  Therefore, we propose that 

both CaSR activation and p38 MAPK activation are necessary to increase E-cadherin expression 

in colonic carcinoma cell lines.  

 

4.3 Effect of CaSR activation on SHP2 expression 

Using the same experimental procedures to determine E-cadherin increases in the SW480 cell 

line were CaSR-mediated, we established that SHP2 decreases seen after high-Ca2+ treatment 

were also a result of CaSR activation.  To our knowledge, this is the first example of a biological 

means by which to regulate SHP2 expression in a colonic carcinoma cell line and the first work to 

link SHP2 regulation to the CaSR.  Other studies utilized short-interfering RNA techniques to 

experimentally knock-down SHP2 expression, however they unfortunately have not found an in 

vivo, biological process by which to regulate SHP2 as we have (Zhou & Agazie, 2008). 

 

4.4 Signaling mechanisms behind CaSR-mediated decreases in SHP2 expression 

Much like the experiments studying the signaling mechanisms responsible for CaSR-mediated 

increases in E-cadherin, we delineated the pathways behind CaSR-mediated SHP2 decreases 

using pharmacological MAPK inhibitors.  Use of a JNK inhibitor prevented CaSR-mediated 

decreases in SHP2.  Further, CaSR activation by an extracellular Ca2+ treatment stimulated 

transient increases in phospho-JNK immunoreactivity.  At the time of maximal CaSR-mediated 

stimulation, phospho-JNK immunoreactivity was considerably reduced when the dominant-
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negative CaSR, R185Q, was over-expressed.  This indicated to us that CaSR activation is 

responsible for JNK activation and that CaSR-stimulated JNK activity is an important 

determinant of SHP2 decreases in colonic carcinoma cells.  Although ERK inhibition also had a 

role in this model, given the results of the experiment involving MAPK inhibition after CaSR 

activation, we focused our attention on JNK’s involvement.   

 We unexpectedly found that inhibition of JNK without CaSR activation caused a 

decrease in SHP2 expression much like the high-Ca2+ control.  After discovering basal levels of 

phospho-JNK present in the SW480 cell without CaSR activation, we are able to explain these 

findings.  As low levels of phospho-JNK are endogenously expressed in the cells without CaSR 

activation, it is credible that its inhibition without CaSR activation may have an effect on SHP2 

expression.  If JNK is an essential regulator of SHP2, without CaSR activation, its presence may 

aid in maintaining high levels of SHP2 expression.  Thus, when this basal phospho-JNK activity 

is inhibited, SHP2 expression may decrease.  In the case of CaSR activation however, JNK’s role 

is altered.  When the CaSR is stimulated, we found that JNK activation is needed to decrease 

SHP2 expression.  We believe this is the first demonstration that JNK activation is essential for 

the SHP2 regulation in colonic carcinoma cells.  However, the way in which JNK exhibits its 

function on SHP2 expression depends on the status of the CaSR.  If the CaSR is activated, JNK 

mediates decreases in SHP2 expression and if the receptor is inactive, JNK works to maintain 

high levels of SHP2.  JNK may work constantly to increase SHP2 unless inhibited by the CaSR, 

however more experimentation is needed to confirm this. 
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4.5 Effect of CaSR-mediated protein changes on cell adherence 

To assess the likely role of E-cadherin protein increases and SHP2 protein decreases after CaSR-

activation in the colonic carcinoma SW480 cell line, our lab modified a previously established 

cell adhesion assay (Nagafuchi et al., 1994).  We first validated our technique by showing that 

incubation of SW480 cells in increasing concentrations of trypsin increased the number of cells 

removed from the plate.  By using the electronic cell sizer to create cell volume versus cell 

number graphs, we were able to set the cursors so that only cells falling within a certain volume 

range, the range for single cell size, were counted.  Therefore, the fewer single cells counted (the 

cells within the certain volume range), the more cells left on the culture dish and the more cell 

aggregates present.  In other words, the fewer single cells counted, the higher the degree of cell-

cell adherence. 

 With the use of electronic cell sizing, we were able to effectively gauge the effects of 

Ca2+ treatment on cell adhesion.  Through use of this assay, we discovered that addition of 

extracellular Ca2+ was able to increase the adherence of SW480 cells.  This finding suggests to us 

a reversion of the carcinoma cells to a more adherent phenotype.  An increase in cell-cell 

adherence is suggestive of mesenchymal-epithelial transition (MET) occurring following CaSR 

activation as the reversion of a cancerous property, loss of adherence, has occurred.       

We further wished to elucidate that this increase in cell-cell adherence was a result of the 

protein changes seen post-CaSR activation and not high-Ca2+ treatment.  By blocking both CaSR-

mediated p38 MAPK activity and CaSR-mediated JNK activity, we were able to see a cell-cell 

adherence ratio very similar to that of the low Ca2+ treatment.  This represented a condition where 

both CaSR-mediated E-cadherin increases and SHP2 decreases had been inhibited.  The decrease 
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in CaSR-mediated cell-cell adherence in this case indicates that both E-cadherin and SHP2 

expression play a role in dictating the degree of cell-cell adherence in SW480 cells. 

Our results further show that after CaSR activation and E-cadherin inhibition through p38 

MAPK inhibition, cell-cell adhesion remained high.  As previously discussed, this adhesion was 

lost when both E-cadherin expression and SHP2 decreases were inhibited post-CaSR activation.  

We feel this implicates SHP2 suppression as being important in increasing cell-cell adhesion in 

SW480 cells.  We speculate that SHP2 may have a direct effect on E-cadherin in order to have 

such a manifest effect on cell-cell adherence.  It has been shown that CaSR activation will 

transactivate the epidermal growth factor receptor (EGFR), part of the epidermal growth factor 

(EGF) signaling pathway (Yano et al., 2004;MacLeod et al., 2004;Tfelt-Hansen et al., 

2005;Tomlins et al., 2005;Chattopadhyay, 2006).  This occurs because the CaSR will stimulate 

matrix metalloproteinases, which, depending on the cell type, will liberate an agonist of the 

EGFR.  Such cross talk may be dysregulated when CaSR stimulation results in a reduction of 

SHP2.  If SHP2 can no longer dephosphorylate the EGFR, further events might evolve which 

could possibly impact assembly of E-cadherin in its junctional complex.  Silencing SHP2 and 

determining the status of E-cadherin synthesis, expression and co-localization with other 

members of the junctional complex might address this question.  Further investigations are 

required to assess the effect of SHP2 on E-cadherin junctional status.  Indeed, understanding 

whether inhibiting CaSR-mediated transactivation of the EGFR influences SHP2 status would be 

informative in both tumour and normal colonic epithelia.  

 Other studies have examined proliferative cell increases in vitro to assess changes in cell 

phenotype after an extracellular Ca2+ treatment (Bhagavathula et al., 2005;Chakrabarty et al., 

2003).  However, in our current study, the main focus was CaSR-mediated E-cadherin expression 
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and its effects on cell-cell adhesion.  E-cadherin can exert invasion suppressing properties in 

tumor cell lines by reinstating this adhesion (Behrens et al., 1989;Vleminckx et al., 1991).  

Consequently, we deem a measure of cell-cell adhesion with and without CaSR activation as a 

potential marker of tumour suppression.  To our knowledge, our work is the first demonstration 

of the reinstating of cell-cell adherence in a tumor cell line as a direct result of protein changes 

downstream of the CaSR; a substantial increase in E-cadherin expression with a decrease in 

excessive SHP2 expression. 

 

4.6 Future directions 

CaSR activation increases otherwise absent E-cadherin protein expression through a p38 MAPK-

mediated process, and promotes decreases in marked SHP2 expression through a JNK-mediated 

process in SW480 colonic epithelial carcinoma cells.  However other cellular factors regulating 

these two events are unknown.  For instance, pharmacological inhibition of p38 MAPK post-

CaSR activation has been shown to impede induction of E-cadherin expression but not abolish it.  

This indicates the involvement of other cellular mediators.  To conclusively define the molecular 

pathway by which CaSR activation increases E-cadherin expression, other cellular factors, such 

as other MAPK pathway members or members of other signaling cascades such as PKC, could be 

inhibited in the presence of CaSR activation.  E-cadherin protein expression would then be 

examined by Western blotting and other factors arbitrating E-cadherin expression may be 

discovered.  Once these factors are identified, experiments such as those performed during the 

examination of p38 MAPK’s effect may be executed.  Employing pharmacological inhibitors and 

examining E-cadherin promoter and transcript levels (by relative luciferase activity and RT-PCR,  
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respectively) post-CaSR activation will determine whether a cellular factor exhibits its effect 

post-transcriptionally.  Based on our original pharmacological inhibitor data showing possible 

PKC and JNK involvement, we expect to find other MAPK pathway members that influence 

CaSR-mediated E-cadherin increases in colonic epithelial carcinoma cells.   

 The cellular model utilizing pharmacological inhibitors is an excellent method of 

studying the effect of p38 MAPK on E-cadherin.  However, it was not able to convey which of 

the four p38 MAPK isoforms (Enslen et al., 2000) was responsible for decreasing CaSR-

mediated E-cadherin expression.  This may be done through Western blotting for CaSR-mediated 

E-cadherin after transfection with short-interfering RNA against the different isoforms alone, or 

in combination.  We will be able to determine which specific p38 MAPK isoform, or combination 

of isoforms, needs to be present and activated to allow for increases in E-cadherin.  By resolving 

which precise p38 MAPK isoform intercedes CaSR-mediated increases in E-cadherin expression, 

the signaling pathway responsible will be further understood and the body of knowledge 

advanced. 

 Moreover, increased expression of non-canonical Wnt5a protein has been correlated with 

the aggressiveness of gastric cancer (Kurayoshi et al., 2006) and increased levels of Wnt5a 

transcript have been found in colon cancer (Weeraratna et al., 2002).  CaSR activation stimulates 

the secretion of Wnt5a from colonic myofibroblasts and expression of aWnt5a receptor, the 

tyrosine kinase Ror2, on intestinal epithelia in human adenocarcinoma cells (MacLeod et al., 

2007).  Our lab has previously established that when Wnt5a secretion is stimulated by the CaSR 

and binds Ror2 in colon carcinoma cells, defective Wnt protein signaling is suppressed and 

epithelial differentiation is stimulate (MacLeod et al., 2007;Pacheco & MacLeod, 2008).  We 

would like to assess the effect of Wnt5a-Ror2 interaction on E-cadherin transcript and protein 
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levels in colonic epithelial carcinoma cells.  This may be done through RT-PCR and Western 

blotting after over-expression of Ror2 and treatment with Wnt5a conditioned media.  If E-

cadherin levels increase after such treatment, it may be that Ca2+-stimulation of Wnt5a and Ror2 

via the CaSR could exploit an additional pathway by which to increase E-cadherin expression and 

enhance the efficacy of Ca2+ chemoprotection. 

 Finally, we would like to use transgenic mice to study the effect of CaSR-mediated 

protein changes during different stages of colon cancer in vivo.  Once a model is fully 

characterized with regards to CaSR expression, E-cadherin expression, SHP2 expression, and 

invasiveness during different phases of colon cancer we intend on examining the effects of 

increasing dietary Ca2+ on E-cadherin and SHP2 levels.  We would then like to perform these 

experiments in CaSR-knockout animals and study the differed effect of dietary Ca2+ on E-

cadherin and SHP2 in these cases.  This would allow us to show direct in vivo evidence that the 

chemoprotective nature of Ca2+ may function through the CaSR and its regulation of E-cadherin 

and SHP2. 

 

4.7 Summary 

In conclusion, we have identified a novel molecular pathway which may be operative for Ca2+-

mediated chemoprevention through activation of the CaSR.  Through RT-PCR and Western blot 

analysis, we have conclusively defined that CaSR activation leads to induction of E-cadherin 

expression and reduction of SHP2 expression.  Further, through the use of pharmacological 

inhibitors, relative luciferase activity, RT-PCR and Western blotting, we have determined that E-

cadherin increases seen post-CaSR activation are p38 MAPK-mediated and occur post-

transcriptionally.  SHP2 decreases seen post-CaSR activation were found to be JNK-mediated.  
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Lastly, we have correlated the protein changes seen after CaSR activation with an increase in cell-

cell adhesion, suggesting a reversion of the carcinoma cells to a more epithelial phenotype.  

These original results strongly indicate a new molecular basis for Ca2+’s prevention and 

alleviation of colon cancer through involvement of the CaSR. 
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