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Abstract 

 Breast cancer is the second leading cause of cancer death in Canadian women. 

In these patients, mortality is due to metastasis of cancer cells from the breast to distant 

organs, resulting in impairment of function. To metastasize, cells must move through 

the stroma of the breast, enter the circulation, survive transit, exit the circulation, and 

form a secondary tumor. A critical component of this metastatic cascade is cancer cell 

motility. It is not fully understood how breast cancer cells gain the ability to move or 

what signaling pathways mediate these events, and identification of critical components 

of these pathways would represent potential targets for anti-metastatic therapies.  

 The MUC1 glycoprotein is expressed on the apical membrane of normal breast 

epithelia. In many human breast carcinomas, MUC1 is overexpressed and loses apical 

polarization, events that correlate with increased metastasis. The contribution of MUC1 

overexpression to increased metastasis is not completely understood, with the majority 

of studies attributing an anti-adhesive role to MUC1. Several critical steps of the 

metastatic cascade require cell adhesion, and it has been reported that MUC1 is a ligand 

for ICAM-1, which is expressed throughout the migratory tract of a metastasizing breast 

cancer cell. It was subsequently reported that MUC1/ICAM-1 binding initiates calcium 

oscillations, cytoskeletal reorganization, and cell migration, suggesting that binding 

could be important in metastasis. 

 Here, we investigate the mechanism of MUC1/ICAM-1 binding induced 

signaling. We show that Src kinase is a critical component of the MUC1/ICAM-1 

signalling axis, and that MUC1 forms constitutive dimers which are required for Src 

recruitment and ICAM-1 binding induced signaling. We show that MUC1 dimers are 

not covalently linked and do not require cytoplasmic domain cysteine residues, contrary 

to other reports. We show that MUC1 extracellular domain shedding is not required for 



 

 

dimerization, Src recruitment, or ICAM-1 binding induced calcium oscillations, 

although it is required for migration. Lastly, we show that autoproteolytic cleavage of 

MUC1 is not required for normal function. These results reveal information on the 

mechanism of MUC1/ICAM-1 signalling, which can be used to identify novel targets 

and combinational strategies for anti-metastatic therapy in breast cancer.  
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1.0.       Thesis overview 

 Breast cancer is the most frequently diagnosed malignancy and the second 

leading cause of cancer-related mortality in Canadian women with an estimated 5,300 

deaths in 2010 [1]. In these patients, mortality was due to metastasis of cells from the 

primary breast tumor to distant sites such as bone, liver, and brain, where metastatic 

tumors form, leading to impairment of organ function [2, 3]. In order to generate 

secondary tumors, cancer cells must complete several steps in the metastatic cascade, 

including movement through the stroma, entry into circulation, survival during transit, 

and movement through endothelial cells and the basement membrane at distant sites. A 

key requirement during this process is cell motility, a tightly orchestrated process 

involving numerous cell signalling pathways, actin cytoskeletal reorganization, and 

disruption and formation of focal adhesions between the migrating cell and underlying 

substratum [4]. It is not clear how breast cancer cells develop the ability to move, or what 

proteins and signalling pathways mediate each step. Clarification of the mechanism(s) 

underlying the inappropropriate or persistent activation of migratory signalling in breast 

cancer cells is a critical step in the development of therapies which can be used clinically 

to reduce breast cancer related mortality.  

 The MUC1 transmembrane glycoprotein is expressed on the apical membrane of 

normal breast epithelia and consists of a heavily glycosylated extracellular domain 

(ECD), single pass transmembrane domain (TMD), and a 72-amino acid (aa) cytoplasmic 

domain (CD). In many human breast carcinomas, MUC1 is overexpressed, 

underglycosylated and loses apical polarization, events that correlate with increased 

metastasis [5-7]. A large body of research has emerged investigating the role of MUC1 in 

carcinogenesis, cell survival, motility, and growth, with several promising clinical 

developments investigating the potential for MUC1 in cancer detection and therapy [8-
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10]. However, the correlation between increased MUC1 expression and increased 

metastasis is not completely explained by the majority of existing studies that attribute an 

anti-adhesive role to MUC1 due to its large, negatively charged ECD. Although anti-

adhesive properties would contribute to cell motility at certain points in cancer 

metastasis, other steps require cell-cell adhesion, a role that is at odds with MUC1’s 

proposed anti-adhesive function. In this regard, we were the first to report that MUC1-

ECD binds to ICAM-1, a protein present on activated stromal and endothelial cells, key 

points in the path of a metastasizing breast cancer cell [11, 12]. Subsequently, we 

reported that MUC1/ICAM-1 binding leads to generation of cellular calcium oscillations 

(CaOs), cytoskeletal rearrangements, and cell motility in MUC1-transfected cells and in 

MUC1 expressing breast cancer cells [13-15]. The mechanism of MUC1/ICAM-1 

induced signalling has not been fully described, although our previous studies implicated 

the activity of Src kinase, a non-receptor tyrosine kinase, in transduction of the ICAM-1 

signal. Although the mechanism of Src recruitment and activation is unclear, Src targeted 

anti-cancer therapies have been developed and tested clinically, and there is great 

potential for the rational combination of drugs targeting multiple components of a single 

pathway [16-18]. Therefore, investigation of the role of Src kinase in transmission of the 

MUC1/ICAM-1 signal may lead to development of therapeutic strategies which 

effectively target breast cancer metastasis.  

 In recent years, a body of research has emerged indicating that MUC1 forms 

dimers which are dependent on membrane proximal cysteine residues [19]. Inhibitors of 

MUC1 dimerization have been shown to result in cancer cell death in vitro and in vivo 

[20-22], although the mechanism of MUC1 dimerization and the role of dimerization in 

other cell processes, such as metastasis, is unclear. As our reported MUC1 ligand, ICAM-

1, exists as a dimer, it is plausible that MUC1 dimerization plays a role in transmission of 
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the ICAM-1 binding induced signal. Investigation of the role of MUC1 dimerization in 

transmission of the ICAM-1 signal could reveal additional clinical applications for the 

inhibitors of MUC1 dimerization already in existence, as well as provide targets for the 

development of novel therapies.  

 MUC1 undergoes several cleavage events, the roles of which in MUC1 signalling 

have not been described. Following translation of the MUC1 protein, conformational 

stress results in autoproteolytic cleavage, resulting in a protein consisting of two 

associated portions at the cell surface [23]. In addition, MUC1 present at the cell surface 

is subject to cleavage by the proteases ADAM17 and MT1-MMP, releasing the ECD into 

the extracellular space [24, 25]. It has been reported that this cleavage is dependent on a 

post-translational cleavage, although the mechanism of this dependency is not understood 

[26]. As high levels of serum MUC1-ECD has been correlated with a poor prognosis, the 

role of these cleavage events in MUC1 signalling is of clinical importance [27, 28].  

 In this study, we investigate the importance of Src kinase, MUC1 dimerization, 

and MUC1 cleavage in transmission of the ICAM-1 binding induced signal. We report 

that Src kinase is a critical component of the MUC1/ICAM-1 signalling pathway, 

highlighting the importance of investigation of the mechanism of Src recruitment and 

activation. MUC1 dimers form constitutively, are not covalently linked, and are 

independent of membrane proximal cysteine residues, contrary to previous reports. 

Inhibition of MUC1 dimerization results in decreased Src binding and disruption of 

ICAM-1 binding induced CaOs and cell migration. Further, we report that inhibition of 

MUC1-ECD shedding does not interfere with dimerization, Src recruitment, or ICAM-1 

binding induced CaOs, although it does disrupt ICAM-1 binding induced migration. We 

also investigated the activity of two MUC1 mutants, which do not undergo 

autoproteolytic cleavage, in ICAM-1 binding induced signalling, and we found that 
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although autoproteolytic cleavage is not required for transmission of the ICAM-1 signal, 

the nature of the mutation conferring cleavage resistance is a determinant of protein 

activity. We interpret these findings to indicate that MUC1 may dimerize by distinct 

mechanisms in different cellular contexts, although dimerization is clearly an important 

factor in MUC1 function. Importantly, we report that MUC1 dimerization is required for 

Src recruitment and ICAM-1 binding induced events, a novel and clinically significant 

finding, as inhibition of MUC1 dimerization therefore represents a potential target for 

anti-metastatic therapies. The discovery that MUC1-ECD shedding is required for 

ICAM-1 binding induced cell migration, but not CaOs, provides both an additional 

potential therapeutic target as well as information on the potential mechanism of ICAM-1 

induced signalling. We conclude our study with a proposed mechanism of MUC1/ICAM-

1 signaling, which will provide hypothesis for future studies and potential targets for 

clinical therapies.  

 

1.1. Breast cancer  

1.1.1. The normal breast 

 The structure and function of a normal adult breast is complex and dynamic, 

changing with age, menstrual, and reproductive status. In both males and females, breasts 

begin to develop early in gestation with the appearance of ectodermal thickenings known 

as the “milk lines”, which extend from the axilla to the medial thigh [29]. These 

thickenings will regress with the exception of the region over the fourth intercostal space, 

which will eventually develop into the breast. By the end of gestation, the mammary 

epithelium will have invaginated into the underlying stroma, developing into rudimentary 

ductal trees. Interestingly, this stage of ductal development occurs independently of 

hormonal stimulus, and occurs normally in mice deficient in estrogen, progesterone, 
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prolactin, and growth hormone receptors, all which contribute to later stages of ductal 

development [30, 31]. 

 The mammary gland established in utero is quiescent until puberty. In females, 

onset of menstruation initiates a series of structural and functional changes in the breast 

tissue. Hormonal influences result in a period of mammary growth, with deposition of fat 

and connective tissue occurring concurrently with elongation and further branching of the 

ductal systems established in utero [30].  At the terminus of each duct, an  alveolar “bud” 

will develop, consisting of division-competent stem cells which can differentiate into 

epithelium and myoepithelium, and are the initiation point for branching [32]. Following 

this period of growth and development, the mammary gland will be organized into 

terminal lobular – ductal units (TLDU) within the stromal tissue (Fig 1.1), which are 

capable of milk secretion. With each menstrual cycle, new alveolar buds form, resulting 

in a highly developed TLDU by age 35, with up to 80 alveoli per TLDU.  

 Full functionality of the mammary gland is only achieved under the influence of 

pregnancy and lactation. During pregnancy, hormonal changes result in growth of the 

breast and an increase in the proportion of glandular tissue. Following parturition, 

withdrawl of progesterone and high levels of prolactin stimulate the production of milk. 

Lactation is maintained by the action of prolactin on the luminal epithelial cells, 

stimulating production of milk, and oxytocin on the myoepithelial cells, stimulating 

ejection of milk [33]. Upon termination of breastfeeding, glandular involution occurs, 

with cell death and remodelling of the mammary tissue to nearly its pre-pregnancy state. 

Following menopause, lack of stimulation by estrogen and progesterone results in 

involution of the mammary gland, shortening of the ducts, atrophy of the lobules, and a 

predominance of fatty tissue.  
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 Various cell types are represented in the mature breast. The ducts and lobules 

consist of the luminal epithelial cells and basal myoepithelial cells, which form a net-like 

structure around alveoli. A basement membrane surrounds the epithelial and 

myoepithelial cells of the TDLUs, consisting of extracellular matrix proteins [34]. The 

breast stroma consists primarily of fibroblasts, which have the potential to differentiate 

into myofibroblasts following injury [35] and adipocytes. The breast also contains 

vascular smooth muscle and endothelial cells of the blood and lymphatic systems, with 

each vessel surrounded by a basement membrane. 

  

1.1.2. The cancerous breast 

1.1.2.1. Classification of breast cancer 

 Breast cancer was the most diagnosed malignancy in Canadian women in 2010, 

with an estimated 23,200 diagnosed and 5,300 deaths [1]. Breast cancer originates from 

stem cells of the ductal epithelia, and can be histologically classified as ductal-like 

(ductal carcinoma) or lobular-like (lobular carcinoma), and were historically classified 

based on this differentiation [36]. Ductal carcinomas account for approximately 80% of 

diagnosed breast cancers, tend to form more glandular structures, and proliferate more 

rapidly [37]. Lobular carcinomas are hallmarked by loss of E-cadherin expression, and 

are often estrogen receptor (ER) and progesterone receptor (PR) positive [38].  

 To completely classify a breast cancer sample, the sample is fixed, sectioned, and 

stained, usually with a hematoxylin and eosin stain. The sections are then examined and 

assayed for several standardized parameters. Grading focuses on the appearance of the 

cancer cells compared to normal breast tissue, and is an indication of the level of 

differentiation of the tumor, with poor differentiation indicating a worse prognosis [39]. 

Further examination of the tumor sample, as well as of lymph nodes in the axilla, can 
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determine tumor stage, or level of progression, which is discussed in Section 1.1.2.2, and 

is also a predictor of prognosis [40]. Lastly, tumor samples are also analyzed 

histologically for expression status of certain receptors, namely ER, PR and 

HER2/neu/ErbB2. Determination of the presence of these receptors is indicative of 

prognosis and will direct management and treatment course [41-43].  

 In recent years, maturity of the field of tissue molecular analysis has made it 

apparent that breast cancer is actually a group of many diseases, and classification should 

reflect this. A paradigm shifting paper by Perou et al. [44] showed that microarray 

analysis of breast tumors resulted in the emergence of six main groups, based on 

differences in global gene expression.  The initial division is based on ER receptor status, 

with ER-positive tumors being further subdivided into Luminal A and a worse prognosis 

Luminal B. ER-negative tumors are divided into ErbB2 positive, and a basal-like subtype 

characterized by being ``triple-negative`` for ER, PR and ErbB2. Recently, another 

subtype, claudin-low, has been identified [45] and characterized [46].  Further analysis 

revealed that these different subtypes have distinct rates of incidence [47, 48], survival 

[44], sites of metastasis [49], and response to certain chemotherapies [46, 50-53]. This 

evolution of breast cancer diagnostics has allowed for the rational and intelligent 

treatment of breast cancers based on their biology.  

 

1.1.2.2. Progression of breast cancer 

 All cancers are initially in situ, meaning the tumor mass has not yet penetrated 

through the basement membrane and into the stromal tissue [54]. At this stage, the tumor 

is too small to be detected by breast examination, although mammography may detect 

deposits of calcium within the tumor mass, which occurs when calcium salts from the 

bloodstream diffuse into necrotic areas within the tumor [55]. Eventually, the tumor mass 
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will invade through the myoepithelial cells and basement membrane into the stroma, at 

which   point   the   cancer   is   classified  as  invasive (Fig 1.2). Invasive carcinoma is of 

particular clinical significance due to the potential for the tumor cells to enter the blood 

or lymphatic systems and metastasize to other organs in the body, a process which is 

discussed in detail in Section 1.1.3. Establishment of metastatic breast cancer cells at 

secondary sites, such as lung, liver or brain, results in loss of functionality and 

subsequent patient mortality.  

 

1.1.3. Metastasis of breast cancer 

1.1.3.1. The metastatic cascade 

 A well defined sequence of events must occur in order for cells from a primary 

tumor mass to metastasize to a distant site in the body (Fig 1.3). This complex sequence 

of steps begins with major changes in the phenotype of cancer cells within the primary 

tumor. In order to metastasize, breast carcinoma cells of epithelial origin must aquire the 

ability to invade the surrounding stroma, a process requiring motility. In order for breast 

cancer cells to invade the stroma, they must lose the epithelial phenotype and shift to a 

more fibroblastic or mesenchymal phenotype. This process, termed the epithelial- 

mesenchymal transition (EMT), is also involved in non-pathologic events such as 

embryonic development and wound healing [56]. Several classes of proteins have been 

implicated in EMT, namely extracelluar matrix components, adhesion proteins, DNA 

binding proteins, and growth factors [57]. Specifically, loss of E-cadherin expression and 

cell polarity [58], and upregulation of N-cadherin, P-cadherin [59] and matrix 

metalloproteases [60-62] are hallmarks of EMT.  

 As breast cancer cells move through the stromal tissue, they may encounter a 

blood or lymphatic vessel.   Movement   of   the cell through the basement membrane and  
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endothelial cells of the vessel is a process termed intravasation, and is the next step in 

metastasis. In the lumen of the vessel, cancer cells are subjected to hostilities that may 

result in cell death. For example, loss of stromal support may result in anokis, a form of  

apoptosis triggered by loss of cell attachment. Also, stromal cells in the primary tumor 

environment support survival and metastasis of tumor cells by upregulating expression of 

a variety of genes involved in angiogenesis, invasion, and growth [63-67]. Additionally, 

the dangers of both hemodynamic shear stress and immune surveillance are unavoidable 

for the circulating cancer cell. 

    If a metastasizing cancer cell survives transit through the circulation, it can 

potentially adhere to the endothelial cells of a vessel wall and extravasate into a 

secondary site. Tumor cell preference for the site of extravasation and the process of 

metastatic tumor establishment is not entirely understood. Breast cancer most commonly 

metastasizes to bone, lung, liver and brain, with different prognosis [68] and genetic 

profiles [49, 69, 70] between sites. Although the mechanism behind this bias is not 

known, several theories have been proposed. In 1889, Stephen Paget’s “seed and soil” 

theory postulated that it is not only the tumor cell (“seed”) which determines the site of 

metastasis, but also the microenvironment of the metastatic site (“soil”). Basically, only 

tissues which provided the appropriate setting for a specific tumor cell would be 

susceptible to metastasis by that tumor [71]. Another theory proposes that specific ligand-

receptor interactions direct circulating cells to certain “addresses” within the body. 

Human breast cancer cells have increased expression of chemokine receptors CXCR4 

and CCR7, and sites of preferential breast cancer metastasis express high levels of the 

respective ligands CXCL12 and CCL21 [72]. Therefore it is plausible that circulating 

breast cancer cells will arrest upon transit through these organs and increase the 

likelihood for extravasation and development of a metastatic tumor. 
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 An additional theory proposes that cancer cells utilize a mechanism of 

extravasation similar to that of leukocytes, where a series of critical adhesions occur 

between    the    leukocyte   and   the    activated    endothelium (Fig 1.4) [73], resulting in  

leukocyte movement into tissue. Tissue inflammation results in the production of local 

factors which have several effects, including localized “activation” of the vessel 

endothelial cells by interleukins (IL) -1, -6, -8 and -12, and tumor necrosis factor (TNF)-

! [74-76]. Activation of the endothelium results in upregulation of vascular adhesion 

proteins such as selectins, which  can bind to sialyl Lewis a/x (sLea/x) containing 

glycoproteins on leukocytes such as P-selectin glycoprotein-1 (PSG1) [77]. This adhesion 

is weak, and results in leukocyte “rolling” across the endothelium. A more stable 

adhesion is mediated by endothelial cell adhesion molecules (CAMs) such as intercellular 

adhesion molecules (ICAM) and vascular adhesion molecule (VCAM), with expression 

stimulated by interleukin (IL)-1!, IL-4, TNF-! and interferon (INF)-" [78]. !1- and !2-

integrins on leukocytes bind to VCAM and ICAM, respectively, resulting in arrest of the 

rolling leukocyte [79, 80]. Following firm adhesion, leukocytes will undergo cell 

spreading, invadapodia formation, and transendothelial migration (TEM) [81].  

 Many parallels can be found between the adhesion molecules and receptors used 

by leukocytes and metastasizing cancer cells. The correlation between inflammation and 

cancer metastasis has been the subject of recent interest [82, 83], as many of the 

endothelial cell surface receptors recognized by cancer cells are a product of the 

inflammatory response. For example, the selectins used by leukocytes in initial 

attachment are also receptors for sLea/x containing glycoproteins on cancer cells. 

Increased expression of sLea/x structures has been correlated with cancer progression, and 

many cancer proteins, primarily of the mucin family, are known to have altered 

expression and  structure  of this  and  many  other  potential   selectin  ligands [84-86]. In  
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addition to potential binding to selectins, many cancer cells also possess ligands for the 

CAMs involved in firm adhesion of leukocytes. ICAM-1 is a ligand for the mucin MUC1  

[12, 87], a protein commonly overexpressed in many cancers of epithelial origin and 

associated with poor prognosis [88-91]. In addition, several endothelial cell integrins are 

receptors for cancer cell molecules [73]. Thus, the evidence for a leukocyte-like 

migration mechanism in cancer cell metastasis is accumulating and will guide both future 

research and therapeutic development [92].  

 

1.1.3.2. Cell migration 

Several steps of the metastatic cascade require cell motility, a complex and 

tightly regulated process. In the normal breast, epithelial cells are non-motile, and 

therefore breast carcinoma cells must develop the ability to move in order to metastasize. 

Cell movement can be precipitated by a variety of non-mutually exclusive factors, 

including environmental growth factors and cytokines, EMT, and escape from oxidative 

stress [93-95]. The currently accepted model of cell motility can be summarized as (1) 

protrusion of lamellipodium at the leading edge; (2) membrane anchoring to substratum; 

(3) disassembly of membrane anchors at the rear; and (4) contraction of cell from the rear 

[96, 97] (Fig 1.5). 

 In a resting cell, the actin cytoskeleton is in a steady state characterized by 

equilibrium between polymerisation of globular-actin (G-actin) at the “barbed” (+) end 

and depolymerisation at the “pointed” (-) end of filamentous-actin (F-actin) [93]. 

Initiation of cell motility via activation of growth factor receptors is largely controlled by 

members of a group of proteins belonging to the Rho family of guanosine triphosphate 

(GTP)-ases. Upon stimulation, guanosine diphosphate (GDP) is exchanged for GTP, 

resulting in an “active” state, facilitating downstream activation of effector molecules and  
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leading to reorganization of the actin cytoskeleton [98]. The main substrates for active 

Rho  GTPases   are  the   WAVE/WASP   family   of    Arp2/3  complex activators [99], 

which facilitate actin polymerization at the leading edge by forming “nucleation cores”, 

the first step in creation of a new filament.  Rho family GTPases have been reported to be 

overactive in cancer cells [100], and increased expression of RhoA has been associated 

with breast cancer progression [101].  

Actin filaments can adopt different conformations to generate either lamellipodia 

or filopodia. Lamellipodia are thin, broad protrusions that are the basis of directional 

migration, and are created by Arp2/3 mediated actin polymerisation and branching [102]. 

Filopodia, by contrast, are long, narrow protrusions that consist of actin filaments which 

are not branched. Activation of different members of the RhoGTPase family determines 

if lamellipodial or filipodial protrusions will develop [102]. Family member Rac initiates 

lamellipodia protrusive motility, while Cdc42 activation results in filipodial protrusions. 

Following protrusion formation at the leading edge, focal contacts must be established to 

anchor the cell membrane to the underlying substratum. Integrins, transmembrane 

receptors composed of non-covalently associated # and ! subunits, are key components 

of this process as they can associate with numerous components of the extracellular 

matrix (ECM) [103]. An important characteristic of focal contacts is the ability for 

turnover, as contacts need to be established and dissolved rapidly for optimal cell 

migration [104]. The protein tyrosine kinase focal adhesion kinase (FAK) plays a major 

role in the generation of focal contacts, and can serve as a scaffold protein to bring other 

components within proximity, facilitating interactions [96]. FAK is activated by 

autophosphorylation on Y397 in response to integrin binding to ECM components, 

activation of growth factors receptors or G-protein coupled receptors (GPCRs), or 

phosphorylation at Y397 by activated Src kinase [105, 106]. This phosphorylation event 
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leads to recruitment of Src homology (SH) 2 domain containing proteins such as Src 

kinase, triggering a cascade of phosphorylation and recruitment events. Linkage to the 

actin cytoskeleton occurs through proteins such as talin and paxillin [107]. FAK and Src 

have been implicated in the progression and metastasis of colorectal [108], breast [109], 

and prostate [110] cancers, and several chemotherapeutic compounds have been 

developed to specifically inhibit this interaction [111-113]. 

  In addition, other types of linkages exist between the actin cytoskeleton and 

components of the ECM, with differing components, function, and in vitro vs. in vivo 

existence [107]. Cell-cell adhesion (adherens junctions) is also controlled by Src kinase 

activity, as activated Src can induce degradation, cleavage, or dissociation of adherens 

junctions [114]. Increased Src activity has been correlated with decreased expression of 

E-cadherin, a critical component of adherens junctions, and decreased cell-cell adhesion 

[115].  

 Emerging evidence has demonstrated that calcium (Ca2+) plays a critical role in 

actin cytoskeletal “treadmilling”, which provides the protrusive force at the leading edge 

as well as retraction at the rear (Fig 1.6). Non-pathologic cell migration in mammalian 

leukocytes [116], spermatozoa [117], and neurons [118, 119] is controlled by Ca2+, and 

actin assembly in myofibrillogenesis of Xenopus embryos is dependent on the generation 

of a  Ca2+ oscillatory signal [120].  As a signalling mechanism, Ca2+ oscillation allows for 

specific activation of downstream effectors depending on frequency, amplitude and 

spatiality [121]. Calcium release is stimulated by activation of transmembrane receptors 

such as receptor tyrosine kinases (RTKs), GPCRs and integrins, resulting in local 

activation of phosphatidylinositol 3-kinase (PI3K) at the leading edge. PI3K can be 

activated by association with the active G-protein Ras or through association of the SH2 

domain with a phosphorylated tyrosine [122]. The  phosphoryated  tyrosine  residue   can  
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either be internal to the PI3K protein, with tyrosine-688 being a substrate for activated 

Src kinase [123], or present on an activated membrane  anchored receptor such as platelet  

derived growth factor (PDGF) [122]. These interactions result in both PI3K activation 

and localization to the cell membrane, where its substrates are located. Phosphorylation 

of phosphoinosidtides by PI3K generates docking sites for proteins containing pleckstrin 

homology (PH) domains, such as phospholipase C (PLC) [96]. Active PLC can then 

hydrolyse phosphatidylinositol (4,5) bisphosphate (PIP2), generating several products, 

such as profilin, which facilitates G-actin adenosine diphosphate (ADP)/adenosine 

triphosphate (ATP) exchange, resulting in addition of G-actin to F-actin at the barbed 

end. Gelsolin and cofilin, two other proteins released by PLC activity, act to sever F-actin 

from the pointed end. Cleavage of PIP2 also generates inositol (1,4,5) triphosphate (IP3), 

which binds to the IP3 receptor (IP3R) on the endoplasmic reticulum, stimulating release 

of internal Ca2+ stores [124]. Further activation of PLC by Ca2+ results in the 

characteristic Ca2+ oscillation, which diminishes in amplitude as intracellular stores are 

depleted [125]. 

 The impact of the Ca2+ oscillatory signal on cell activity is not completely 

understood and is the subject of much interest, as Ca2+ as second messenger is widespread 

in cells in spite of its potential toxicity [121, 126]. In the context of cell migration, Ca2+ is 

known to bind to calmodulin (CaM), facilitating activation of CaM-dependant protein 

kinase II (CaMKII) and myosin light chain kinase (MLCK), promoting cell contraction 

[96]. Ca2+ can also activate calpain, which targets components of focal contacts, releasing 

these contacts at the pointed end and causing forward movement. Other factors 

contributing to focal contact turnover include phosphorylation of FAK at S910 by 

extracellular signal regulated kinase (ERK), which inhibits FAK-paxillin binding and 

dissociates the ECM-actin cytoskeleton linkage. In addition, ERK upregulates proteases 
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involved in cleavage of extracellular and intracellular contacts [96], digesting mature 

contacts and allowing for forward movement of the cell body.  

 Investigation of the process of cancer cell motility, a critical step in the metastatic 

cascade, has revealed several potential targets for cancer therapeutics. In particular, the 

correlation between increased Src kinase activity and breast cancer metastasis has 

attracted much interest into the function of Src kinase in normal and pathologic states and 

the potential of Src inhibitors in a clinical setting [127-129]. 

 

1.2.  Structure and function of the MUC1, ICAM-1 and Src molecules 

1.2.1. The mucin family of proteins 

Mucins are high molecular weight, heavily glycosylated proteins expressed on 

the epithelial luminal surfaces of the body. Their primary function in normal tissue is to 

form a protective gel-like coating, shielding epithelial surfaces from desiccation, 

pathogens, and other insults [130, 131]. Several of the known mucin family members 

lack a transmembrane domain (TMD) and are secreted from cells (MUC2, 5, 6, and 7), 

while others possess a single-pass TMD and cytoplasmic domain (CD), in addition to the 

large, negatively charged extracellular domain (ECD) (MUC1, 3, 4, 12, 16, and 17) 

(Figure 1.7). The ECD of transmembrane mucins is composed of a variable number of 

tandem repeats (VNTR); and MUC1 3, 12, 13 and 17 also contain a sperm protein, 

enterokinase, and agrin (SEA) domain, which contains an autoproteolytic cleavage site 

[132-134]. In these variants, immediately following translation, conformational stress 

results in fracture, followed by non-covalent reassociation and export to the cell surface. 

The physiological significance of this cleavage event has yet to be fully elucidated, but it 

has  been   hypothesized   that this  cleavage  event  permits rapid  shedding  of the  ECD,  
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translating extracellular conditions to the cytoplasm [8]. The potential mechanism and 

consequences of this cleavage event will be further discussed in Section 1.2.2.4.  

 Overexpression of membrane-tethered mucins has been implicated in several 

respiratory   pathologies,   such  as  cystic   fibrosis,   asthma,   and    chronic   obstructive  

pulmonary disorder (COPD) [135]. Additionally, tethered mucins have been the subject 

of intense study over the last decade with reference to their role in cancer, and a clear 

relationship between overexpression and glycosylation changes and prognosis has 

emerged [136-142]. The most thoroughly understood mucin, MUC1, is overexpressed in 

breast cancer [7, 143, 144], has been implicated in tumor growth, metastasis and immune 

suppression [145-148], and will be discussed at length in Sections 1.2.2. and 1.2.3. 

 

1.2.2. MUC1 structure 

1.2.2.1. MUC1 Extracellular domain 

 MUC1 (also known as CA15-3, CD227, episialin, EMA, ETA, DF3, MEA, 

MCA, PEM and PUM) was initially purified and cloned from human breast milk [149, 

150]. It consists of a large ECD, containing the SEA domain cleavage site, a single-pass 

TMD and a 72 amino acid (aa) CD. MUC1-ECD is highly O-glycosylated, with 50 to 

90% of its mass due to carbohydrate moieties, and can weigh 250-500kDa depending on 

the number of VNTRs and level of glycosylation. The MUC1-ECD contains an N-

terminal 23-aa signal sequence, VNTRs of a 20-aa sequence (Fig 1.8), with repeat 

number varying from 40-90 depending on allelic polymorphism, and flanked by 

degenerate repeats [151-153].  Each tandem repeat contains five serine and threonine 

residues, which are potential sites for the attachment of O-linked glycoproteins. This 

glycosylation imparts a negative charge to the MUC1-ECD, and results in a rigid 

structure that may extend 200-500nm from the cell surface [154, 155]. C-terminal to the  
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VNTRs is the 120-aa SEA domain, containing the autoproteolytic cleavage site. 

Following cleavage, the two subunits reassociate as a heterodimer [132] of the large, 

VNTR containing portion and the membrane-spanning portion, which contains 58 

extracellular domain residues (Fig 1.8). The SEA domain and this cleavage event will be 

discussed  further   in   Section   1.2.2.4. Glycosylation   of    MUC1   occurs in the Golgi  

complex, with N-glycosylation potentially occurring on five sites C-terminal to the 

tandem repeat region [153, 156] (Fig 1.8). O-glycosylation of the VNTR region is carried 

out by a number of enzymes of the N-acetylgalactoseaminyltransferase (GalNAcT) 

family. The specific type and extent of glycosylation will depend on the expression 

profile of the various enzymes in the cell, as well as the physiological context [135]. In 

normal breast epithelial cells, addition of N-acetylgalactoseamine (GalNAc) to the MUC1 

peptide backbone by !1,3-GalNAcT forms the “Tn antigen” (Fig 1.9). This is followed 

by addition of galactose, which forms the “core 1” structure, also known as T antigen or 

Thomsen-Friedenreich (TF) antigen (Fig 1.9). These sugar side chains are a substrate for 

“core 2” enzymes, which add N-acetylglucosamine (GlcNAc), followed by chain 

extension, resulting in polylactoseamine chains which can be linear or branched. Chains 

are terminated with addition of sugars such as sialic acid, fucose and GalNAc [6, 157]. 

 In human breast cancers, both the composition and distribution of O-glycans on 

the MUC1 protein is altered. Glycans are often shorter and core 1 based, with siaylation 

occurring soon after initiation, and resulting in the generation of new antigens such as 

sialyl-T [6, 157, 158]  (Fig 1.9). In the breast cancer cell line T47D, the majority of the 

glycans are T antigen, with sialyl-T and Tn antigen making up the remainder [159]. 

Additionally, T47D cell MUC1 is glycosylated on nearly all potential VNTR sites, 

compared to about 50% in normal tissues, possibly explained by increased accessibility 

of sites due to    the   truncated   O-glycans    [157, 160, 161].     These    differences     in  
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glycosylation patterns between normal and cancer cell MUC1 can be attributed to the 

differing expression profiles of the enzymes responsible for initiation and extension of O-

glycans. The activity of !1,6-N-acetylglucosyltransferase (GlcNAcT) has been found to 

be decreased in breast cancer tissues, while the activity of #2,3-sialyltransferase (sialylT) 

is   increased [6],   resulting   in    premature   sialylation  of O-glycans, terminating chain  

extension. Recently it was shown that overexpression of #2,3-sialylT could promote 

mammary tumorigenesis in mice [162], indicating that the presence of the sialyl-T 

antigens could confer a growth advantage. Rughetti et al. found that recombinant MUC1 

protein containing high levels of sialyl-T O-glycans impaired the function of dendritic 

immune cells, suggesting immunosupression as a potential mechanism for the observed 

effects [163]. Additionally, TF antigens present on cancer associated MUC1 [164, 165] 

have been shown to be ligands for circulating galectin-3, and binding results in 

polarization of MUC1, increasing endothelial adhesion by revealing previously occult 

surface ligands [166-168]. 

 The dysregulation of MUC1 O-glycosylation results in unique epitopes present 

on breast cancer cells which are candidates for use in the development of cancer vaccines 

and treatments. Antibodies raised to the protein backbone of MUC1 were found to react 

with over 90% of breast carcinomas assayed, with little or no reactivity to normal breast 

epithelia [169], indicating that in cancer the peptide backbone is exposed and potentially 

immunogenic. Recent work by Ryan et al. has suggested that the combination of O-

glycan and peptide backbone neoepitopes may elicit a greater immune response than the 

peptide backbone alone, an important consideration in the design of vaccines [170]. 

Numerous peptide, cell, DNA, and glycopeptide based MUC1 vaccines have been 

developed, with promising results from initial testing and trials [9, 171-175]. 

1.2.2.2. MUC1 transmembrane domain 
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 MUC1 contains a single-pass, 28-aa TMD [143]. The length of the MUC1-TMD 

is longer than the average TMD of 20-aa [176], which may have several implications on 

protein trafficking, membrane localization, and processing. For example, cleavage of 

amyloid precursor protein by "-secretase is affected by the length of the TMD [177], and 

MUC1 has been recently identified as a "-secretase substrate [178].   

 

1.2.2.3. MUC1 cytoplasmic domain 

 In contrast to its lengthy TMD, MUC1-CD is relatively short, at only 72-aa (Fig 

1.10), and has an atomic mass between 25-15kDa, depending on N-glycosylation and 

cleavage [178]. The first three aa of the MUC1-CD, termed the CQC motif, has been a 

subject of interest in recent years. An earlier report by Pemberton et al. demonstrated the 

necessity of the cysteine residues in membrane localization [179], while a subsequent 

study demonstrated that the cysteine residues are sites of palmitoylation and are involved 

in MUC1 recycling from endosomal compartments [180]. In conflict with Pemberton’s 

study, they also reported that cysteine mutation does not prevent MUC1 trafficking to the 

cell membrane or association with detergent resistant membranes (DRM). DRM is a 

broad definition for cholesterol enriched domains of the cell membrane which have 

unique lipid and protein composition. Although the classification, structure and function 

of DRMs is still a topic of debate, the importance of DRMs in cellular activity is well 

established [181, 182].  

 In recent years, focus has shifted to the role of the CQC motif in MUC1 nuclear 

localization and dimerization. Extensive research on this topic, performed by the Kufe 

group, demonstrates that the CQC motif is necessary for oligomerization of truncated 

MUC1 (containing only the cytoplasmic domain) in vivo [19].  Further  work  led  to  the  
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development of an inhibitor which blocks oligomerization and nuclear localization of 

MUC1, disrupts redox balance, and induces necrotic cell death in several solid and 

hematologic malignancies [20-22, 183, 184]. 

 Interest in the MUC1-CD as a signalling molecule was sparked when it was 

discovered that tyrosine phosphorylation occurred at several sites [185]. As MUC1-CD 

does not harbour tyrosine kinase activity itself, research began to focus on interactions 

between MUC1-CD and potential kinase effector proteins.  Subsequently, MUC1-CD has  

been shown be a substrate for several tyrosine kinases, including c-Src, Lck, Lyn, c-Abl, 

and epidermal growth factor receptor (EGFR) [186-189] (Fig 1.10). Tyrosine 

phosphorylation of MUC1-CD generates potential binding motifs for several proteins 

such as Src, c-Abl, PI3K, PLC, Grb2, and CrkL [185, 186, 190-193] (Fig 1.10). 

Additional signalling and structural molecules that MUC1-CD has been demonstrated to 

interact with include ER-#, !-catenin, "-catenin, and ezrin, which suggests linkage 

between MUC1-CD and the actin cytoskeleton [186, 194-198]. Interestingly, many of 

these interactions have been found to be altered in cancerous cells, and will be discussed 

further in Section 1.2.3. Taken together, these studies indicate that MUC1 likely plays a 

role in many cell signalling pathways, but the exact function of MUC1 in these pathways 

is not fully understood. 

 

1.2.2.4. MUC1 cleavage 

 In both normal and cancerous epithelial cells, MUC1 undergoes an 

autoproteolytic cleavage event (S1) post-translationally, resulting in two subunits that 

reassociate non-covalently [132, 199] (Fig 1.9). The site of cleavage has been identified 

as G1097/S1098VVV within the SEA domain [23], and involves attack of the glycine 

carbonyl group by the serine hydroxyl group, followed by hydrolysis which forms novel 
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N- and C-termini [200] (Fig 1.11). This cleavage occurs due to the strained conformation 

of the newly synthesized protein, disrupting proper hydrogen bonding for !-sheet 

conformation. S1 cleavage results in a conformation favourable for hydrogen bonding 

and !-sheet conformation, also potentially explaining the mechanism for maintained 

association between the two subunits [200].  

 S1 cleavage can be disrupted by several mutations at the G/SVVV site. Insertion 

of 2-4 glycines just N-terminal to G/SVVV resulted in lack of S1 cleavage and 

maintenance of native folding [201], due to relief of conformational stress at the G/S site.  

Another experiment involved mutation of the catalytic serine to alanine, and resulted in 

an uncleaved protein which was unable to adopt a native structure [200], as determined 

by molecular modelling. In a separate study [26], in vivo analysis of a serine to alanine 

mutant also concluded that the mutant exists as a full-length, uncleaved protein, but did 

not investigate the effect of mutation on MUC1 folding, although they did confirm that 

the mutant was expressed at the cell surface. They also constructed several mutants with 

both glycine and serine residues mutated, with similar results.  

 The exact role (if any) that MUC1 S1 cleavage has in protein functionality has 

yet to be determined, but a useful model may be the better characterized NOTCH protein 

(Fig 1.12). NOTCH receptors are single-pass transmembrane proteins which function in 

transcriptional activation of genes involved in differentiation, proliferation, and survival 

[202]. NOTCH undergoes S1 cleavage by a furin-like protease during maturation, 

resulting in two associated subunits present at the cell surface [203], similar to MUC1. In 

contrast to MUC1, however, S1 cleavage has been found to be important for cell surface 

expression [204]. Studies investigating the role of this cleavage in NOTCH function have 

yielded contradictory results, indicating that S1 cleavage may only be important in 

response to certain NOTCH ligands [205, 206].  
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 The presence of high levels of MUC1-ECD in human serum has been correlated 

with cancer progression and has been used clinically as a diagnostic and prognostic tool 

[7, 27, 207-209]. For MUC1-ECD to enter the circulation, several steps must be taken.  

First, MUC1 must lose apical polarity, which occurs in most MUC1 overexpressing 

carcinomas and has been correlated with a poor prognosis [5, 89, 137]. Secondly, the 

MUC1-ECD must be shed from the cell, either by dissociation of the non-covalently 

linked subunits generated by S1 cleavage, or by a second cleavage event (S2). Thathiah et 

al. reported in 2003 that MUC1-ECD is released from the cell surface following S2 

cleavage by a disintegrin and metalloprotease-17 (ADAM-17) [24]. They subsequently 

identified a second, pervanadate stimulated, MUC1 protease, membrane-type 1 matrix 

metalloprotease (MT1-MMP) [25], and also demonstrated that TNF-# treatment 

stimulated MUC1-ECD release [210]. Interestingly, a separate 2003 study found that 

mutation of the S1 cleavage site to generate an uncleaved form inhibited S2 cleavage and 

MUC1-ECD release, suggesting a functional consequence of S1 cleavage [26]. The 

site(s) of cleavage by these sheddases have not been identified, although substrate 

specificity for both ADAM17 and MT1-MMP have been described [211]. The function 

of S2 cleavage of MUC1 is not fully understood, but several interesting hypotheses can 

be formulated. Release of the large, negatively charged ECD could facilitate dimerization 

of MUC1-CD (discussed in Section 1.2.2.3), as steric hindrance imparted by the ECD 

could prevent dimers from forming. Further, MUC1-CD has been localized to the nucleus 

while the ECD has not, indicating that a cleavage event occurred prior to import [212]. 

Additional research is needed to ascertain the role of MUC1 cleavage in both normal and 

cancerous cells. 

 NOTCH has also been identified as a substrate for both ADAM17 and another 

protease, ADAM-10, both which act to release NOTCH-ECD and activate the NOTCH 
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signalling pathway [213-215]. Ligand binding to NOTCH-ECD results in trans-

endocytosis into the ligand expressing cell, revealing an occult site on NOTCH and 

allowing cleavage by ADAM10/17 [216]. The role of each of the ADAMs in NOTCH 

signalling is not fully understood, but appears to be dependent on cell context and 

activating stimulus [217].  S2 cleavage (by either ADAM) is necessary for a third 

cleavage event (S3), which is performed by an enzyme complex called "-secretase and 

releases a fragment of NOTCH which travels to the nucleus, activating transcription of 

target genes [218-221]. MUC1 has recently been identified as a substrate for "-secretase, 

extending the analogy between itself and NOTCH [178], although the role of MUC1 "-

secretase cleavage has yet to be elucidated.   

 Cleavage of a variety of cell surface receptors by ADAMs and "-secretase has 

been implicated in cancer progression and metastasis and identification and evaluation of 

inhibitors is currently the subject of intense research [222-229]. The role of these 

cleavage events in MUC1 function is not fully understood but would be of significant 

clinical interest due to the involvement of MUC1 in cancer progression.  

 

1.2.2.5. MUC1 splice variants 

 Alternative splicing of MUC1 mRNA results in the generation of several 

truncated variants. The first described is termed MUC1-Y, and lacks the entire VNTR 

domain but contains a portion of the SEA domain, and identical TMD and CD to MUC1 

[230]. Although it contains the S1 cleavage site, it does not undergo autoproteolysis and 

exists as a single protein entity. MUC1-Y is a binding partner for another splice variant, 

termed MUC1-SEC, which contains the tandem repeat domain but lacks a TMD and is 

secreted from the cell. Binding between MUC1-Y and MUC1-SEC results in tyrosine 

phosphorylation of MUC1-Y cytoplasmic domain [231]. High levels of MUC1-Y have 
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been reported in breast, ovarian and prostate cancer, suggesting function for MUC1-Y in 

cancer initiation and/or progression [232-234]. Another isoform, MUC1-Z (also called 

MUC1-X), is similar to MUC1-Y but contains an additional 18aa in the ECD [235]. 

Presently, the expression profiles and significance of these alternate isoforms in normal 

and malignant tissue is unclear. 

 

1.2.2.6. MUC1 expression in normal and cancerous tissue 

 The MUC1 gene is encoded on chromosome 1q21 [236, 237], and the promoter 

contains potential binding sites for several transcriptional regulators including Sp1, NF-1, 

NF-$B, ER, and PR [8]. MUC1 expression has been demonstrated to be upregulated in 

response to treatment with ethanol, IL-6, INF-", IL-7, and phorbol 12-myristate 13-

acetate (PMA) [238-241].  

 Normal expression of MUC1 occurs in several different localities in the body. It 

is expressed nearly ubiquitously in secretory epithelial tissues such as that of the lung, 

uterus, eye, breast, and stomach [242], and is believed function as part of a protective 

barrier against environmental factors. MUC1 is also expressed on a variety of cells of 

hematopoietic origin and the MUC1 gene promoter contains cis-elements that are specific 

to both epithelial and hematopoietic cell types [243]. Expression of MUC1 in 

malignancies of both epithelial and hematopoietic origin has been the subject of much 

research, as well as the interaction between soluble MUC1 and immune cells. MUC1 is 

reported to be expressed on activated T-cells, and a role in T-cell migration has been 

suggested by the polarization of MUC1 at the leading edge of migrating T-cells [244, 

245]. Interestingly, MUC1 tandem repeats, which could be secreted or cleaved from 

carcinoma cells, has been found to induce T-cell anergy, a process that is reversible by 

addition of IL-2 [245, 246]. Cross-linking of T-cell associated MUC1 with divalent 
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antibodies also inhibited T-cell proliferation, suggesting a role for MUC1 clustering in 

this process [247]. The immunosuppressive role of circulating MUC1 and anti-MUC1 

antibody is still a topic of debate, and will be an important consideration in the design of 

MUC1-specific vaccines [248-250]. 

 MUC1 is reported to be overexpressed in both epithelial and hematopoietic 

malignancies [8], and several mechanisms of overexpression have been reported. At the 

level of transcription, the MUC1 promoter contains a STAT site which has been shown to 

be responsive to proinflammatory factors such as INF-" and IL-6 [238], suggesting a role 

for inflammation in MUC1 overexpression. The MUC1 gene has also recently been 

reported to be amplified in breast carcinoma [251], and a role for methylation of the 

MUC1 gene has also been demonstrated to be important in transcriptional regulation 

[252, 253]. A gene translocation, t(1;14)(q21;q32), has also been reported in B-cell 

lymphomas, bringing the MUC1 gene under control of the Ig heavy chain promoter [254, 

255]. Taken together, the accumulating body of evidence reporting high levels of MUC1 

in malignancies strongly suggests a role for MUC1 in tumorigenesis and/or tumor 

progression. 

 

1.2.3.  MUC1 function 

1.2.3.1. MUC1 function at the molecular level 

1.2.3.1.1. MUC1 as a cellular receptor 

 Although early investigations of MUC1 labelled it as an anti-adhesive protein 

due to its large, negatively charged ECD [256, 257], more recent work has demonstrated 

a pro-adhesive role. MUC1 is reported to interact with several extracellular ligands, such 

as the flagella of Pseudomonas aeruginosa [258, 259]. Further studies on this interaction 

revealed that MUC1 is a negative regular of airway inflammation, and suppresses the 
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inflammatory response stimulated by P. Aeruginosa. Additional work indicated that the 

MUC1-CD is a critical component of this anti-inflammatory effect and is phosphorylated 

upon P. Aeruginosa binding, adding weight to the notion of MUC1 as a cell signalling 

receptor [260, 261].  

 Due to the loss of apical polarization in many cancer tissues, MUC1 may 

potentially interact with many ligands it would otherwise not encounter. For example, 

MUC1 has been identified as a ligand for ICAM-1 [12], which is expressed on both 

stromal and endothelial cells [11, 262]. This binding has been found to initiate cell 

signalling in MUC1 expressing cells leading to cell migration and simulated 

transendothelial migration, and will be discussed further in Section 1.2.6. 

 MUC1 has also been reported to bind to circulating galectin-3, which is increased 

in the serum of cancer patients [263, 264], via the Tn antigen present on cancer-

associated MUC1-ECD (discussed in Section 1.2.2.1). This binding results in polarization 

of cell surface MUC1, revealing previously occult cell surface adhesive proteins such as 

CD44 and E-cadherin. Increased homotypic cell adhesion via these proteins allows for 

cancer cell embolus formation, increasing survival of tumor cells in circulation through 

avoidance of anoikis. The MUC1-ECD also contains sLea/x sugar side chains which have 

been shown to interact with selectin proteins present on activated endothelium, and this 

has been found to inhibit leukocyte attachment to endothelial cells [265, 266]. This 

binding parallels interactions between activated endothelial cells and leukocytes, which 

results in extravasation; therefore the possibility that MUC1 sLea/x binding is involved in 

tumor cell metastasis is appealing. Although these data reveal additional ligands for 

MUC1-ECD, they support the notion that MUC1 functions primarily as an anti-adhesive 

molecule, and additional research is needed to reconcile these diverse roles. 
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1.2.3.1.2. MUC1 as a scaffold protein 

 Not only does MUC1-CD bind to several cellular proteins (discussed in Section 

1.2.2.3), but it has been postulated to act as a scaffold protein, acting to promote 

signalling by recruitment of signalling mediators, such as kinase-substrate pairs, 

facilitating signal initiation. For example, MUC1 is a known substrate and binding 

partner of Src, with potential binding sites for both Src SH2 and SH3 motifs [267]. 

MUC1/Src interaction has been shown to potentiate interaction between Src and 

downstream effectors such as P13K and CrkL [14, 268]. Interaction between MUC1 and 

Src has been implicated in MUC1 targeting to the mitochondria, murine mammary 

tumorigenesis, calcium signalling, and cell motility, suggesting roles in redox balance, 

cell proliferation, and metastasis [14, 268, 269]. In addition to being phosphorylated by 

Src at Y46, this site is also a substrate for the SFKs Lyn, in multiple myeloma cells [189], 

and Lck, in activated T-cells [187, 270].  

 Phosphorylation of MUC1-CD at Y46, by Src, Lck, or Lyn, results in increased 

interaction between MUC1-CD and !-catenin [186, 187, 189, 195]. In epithelial cells, 

this results in decreased cell-cell adhesion, as MUC1 competes with E-cadherin for 

binding to !-catenin [271]. Association between MUC1-CD and !-catenin has been 

reported to increase nuclear levels of !-catenin, inhibit !-catenin degradation, promote 

cellular invasion and has been correlated with a poor prognosis [196, 272-274]. Contrary 

to this work supporting a role for MUC1-CD/!-catenin interaction in tumor progression, 

it has also been reported that this interaction can inhibit cell proliferation, indicating that 

cellular context may be an important factor [275].  

 Another important interaction occurs between MUC1 and EGFR, which is 

frequently overexpressed in breast cancers and is associated with a poor prognosis [276, 

277]. EGF-binding induced activation of the ERK/MAPK pathway has been shown to be 
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increased in the presence of MUC1 in the mouse mammary gland [188]. MUC1-CD is 

phosphorylated at Y46 by EGFR in response to EGF treatment, resulting in Src SH2 

domain recruitment and increased association between MUC1 and !-catenin [278]. As 

Src recruitment to MUC1 has been demonstrated to result in cell motility [14], and 

MUC1 binding to !-catenin decreases cell adhesion, the potential role for MUC1/EGFR 

interaction in cancer metastasis is clear. The influence of MUC1 on EGFR activity has 

been further demonstrated by studies showing that inhibition of MUC1 activity with 

antibodies or intercellular peptides reduces EGFR expression and function [279-282]. 

 Of particular interest is the interaction between MUC1 and Src kinase, 

specifically the causes and implications of this relationship. Early investigations focused 

on the relationship between Src, MUC1 and EGFR, as discussed above. The MUC1-CD 

phosphorylation and binding site for Src SH2 domain has been identified, and although 

Src SH3 domain has been shown to bind to MUC1-CD, the specific binding site has not 

been identified [267]. Association of MUC1-CD and Src has been implicated in MUC1 

mitochondrial targeting [269], tumorigenesis [268], and cell migration [14], with MUC1-

CD/Src association induced by ErbB activation, MUC1 expression, and ICAM-1 binding 

to MUC1-ECD, respectively. The mechanism of Src activation and MUC1-CD 

phosphorylation at Y46 following cell stimulation has not yet been described. The 

question remains as to what is necessary and sufficient for MUC1/Src binding and 

activation, as several downstream effects of MUC1/Src association have been 

demonstrated without endogenous stimulation. For example, MUC1 expression is 

sufficient to potentiate Src-dependent tumorigenesis in mouse mammary tumor virus-

driven polyoma middle T-antigen (MMTV-PyV MT) transgenic mice [268]. Other 

reports have demonstrated a necessity for growth factor receptor stimulation by heregulin 

[269], fibroblast growth factor [283], and MUC1 stimulation by ICAM-1 [13, 14] in 
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MUC1/Src mediated signalling. Tyrosine phosphorylation of MUC1-CD at Y46, 

potentially by Src, has also been demonstrated in response to antibody-mediated 

dimerization of MUC1-CD [284]. Taken together, these data indicate that the MUC1/Src 

relationship is potentially regulated by numerous cellular and environmental factors with 

distinct downstream effects.  

 

1.2.3.1.3. MUC1 in transcriptional regulation 

 Nuclear entry of MUC1-CD has been the subject of intense study, as it appears to 

not only induce the expression of genes involved in cancer progression, but also 

facilitates the nuclear entry of other transcription factors [281, 285, 286]. Also, a 35-gene 

MUC1-induced gene signature has recently been identified and shown to predict 

decreased survival in breast cancer patients [287]. As overexpression of MUC1 is 

sufficient for induction of anchorage-independent growth and tumorigenicity [144], 

investigation of the genetic impact of MUC1 is of great interest. 

  Nuclear MUC1-CD has been found to interact with !-catenin, STATs, ER-#, 

NF-$B, and p53, affecting transcription of genes preferentially involved in invasion, 

angiogenesis, and survival [288, 289]. For example, MUC1 colocalization with !-catenin 

in the nucleus results in activation of Wnt-target genes such as cyclin-D1, an effect that 

can be abrogated by mutation of MUC1-CD Y46 , implicating phosphorylation by EGFR 

or Src in this process [285]. Overexpression of cyclin-D1 has been shown to be correlated 

with overexpression of EGFR, and MUC1 has been implicated in the expression of both 

[279, 285]. The loss of MUC1 has been shown to decrease interaction between EGFR 

and the cyclin-D1 promotor, suggesting that MUC1 may promote cyclin-D1 expression 

several ways. Interestingly, another paper has reported that expression of the MUC1-CD 

inhibits cellular proliferation and cyclin-D1 expression [290], indicating that cellular and 
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environmental context is critical in experimental design and interpretation. Illustrating 

this, a study using MUC1 siRNA reported cell-line specific differences in transcriptional 

regulation by MUC1 [291].  

 Nuclear entry of MUC1 has been attributed to the nucleoporin Nup62, and 

requires an intact C1QC motif in the MUC1-CD which is postulated to facilitate 

dimerization [19]. Several inhibitors have been developed targeting MUC1-CD 

dimerization, and therefore nuclear entry, have been identified, and an initial report has 

shown that inhibition of MUC1-CD dimerization results in decreased transcriptional 

activity, although additional research is needed to determine the mechanism of this effect 

[292]. 

 

1.2.3.2. MUC1 function at the cellular level 

 MUC1 has been implicated in a diverse array of cell signalling pathways 

involved in cell proliferation, survival, adhesion, and migration. The dysregulation of 

MUC1 expression and localization in cancer cells facilitates its involvement in these 

pathways and contributes to cancer progression. MUC1 has been identified as an 

oncogene, and overexpression has been shown to promote tumorigenesis in vivo [293], 

potentially though a combination of activation of Src-mediated pathways [268], alteration 

of !-catenin function [273], and transcriptional activation of growth promoting factors 

[291]. Additionally, MUC1 has been shown to protect cells against oxidative stress 

induced apoptosis by upregulation of anti-oxidant enzymes [294, 295]. As cancer cells 

are frequently subject to oxidative stress [94], the presence of high levels of anti-oxidant 

enzymes could promote cell survival. 

 As described in Section 1.1.3, the metastatic cascade requires cancer cells to both 

adhere to and invade through stromal and endothelial cells, and MUC1 has been 
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implicated in cell adhesion and motility both in vitro and in vivo. Both anti- and pro-

adhesive functions have been attributed to MUC1 in these processes, and although the 

specific role of MUC1 is unclear, it has been identified as a definitive participant. Recent 

work using microRNA (miRNA) targeting MUC1 expression has demonstrated that 

suppression of MUC1 results in decreased cell in vitro invasion and in vivo metastasis 

[296]. Work using MUC1-CD targeted peptides has yielded contradictory results. A 

peptide containing both the Src/EGFR phosphorylation site and !-catenin binding site on 

MUC1-CD blocked MUC1/!-catenin and MUC1/EGFR interactions and was found to 

reduce in vitro invasion of breast cancer cells, as well as tumor recurrence in 

immunocompromised mice [280]. An earlier report found that similar peptides, with or 

without tyrosine phosphorylation, increased in vitro invasion of breast cancer cells, 

although the mechanism of this is unclear [273]. More recent work has shown that 

targeting MUC1-CD dimerization with peptides containing the C1QC motif inhibits cell 

cancer cell growth and survival in vitro and in tumor models [20, 184]. Additional work 

is needed to determine the mechanism of action of these agents and their potential clinical 

applicability.  

1.2.4. ICAM-1 structure and function 

1.2.4.1. ICAM-1 structure and expression 

 Human ICAM-1 (also known as CD54) is encoded on chromosome 19p13 and is 

a single-pass transmembrane glycoprotein of the immunoglobulin (Ig) superfamily [297]. 

The extracellular domain contains five “Ig-like domains”, followed by a hydrophobic 

TMD and a short CD (Fig 1.13). Each Ig-like domain is folded into anti-parallel !-sheets 

and disulfide bridging within each domain creates characteristic “loops” [298], with 

several potential N-glycosylation sites present [297]. ICAM-1 reportedly exists as both a  
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monomer and a homodimer at the cell surface [299], but the mechanism of dimerization 

is unclear. Domain-1, 4, 5 and the TMD have all been implicated in dimerization [300-

302] and may not be mutually exclusive [298]. Upon ligand binding, clustering of ICAM-

1 has been reported, which can result in association of ICAM-1 with DRMs, potentially 

bringing it into contact with signalling partners [303-305]. 

 The role of ICAM-1 in leukocyte transendothelial migration in response to 

inflammation is well characterized. It is expressed normally in cells involved in immune 

responses, and expression is upregulated, in these and other cell types, by pro-

inflammatory cytokines such as TNF-#, IL-1 and INF-" [297, 306]. ICAM-1 expression 

has been reported to be upregulated in the tumor microenvironment [11], and increased 

levels of serum ICAM-1 have been correlated with progression of colorectal, gastric, 

lung, and breast carcinomas [307-310]. 

 

1.2.4.2. ICAM-1 function 

 The role of ICAM-1 in leukocyte extravasation into tissue at sites of 

inflammation is well understood and is discussed in Section 1.1.3.1. [297]. ICAM-1 

contains binding sites for the leukocyte integrins LFA-1 and Mac-1 on domains 1 and 3, 

respectively [311-313]. Following binding to leukocyte LFA-1, clustering of both LFA-1 

and ICAM-1 has been reported, and dimeric ICAM-1 has been demonstrated to have 

greater affinity for LFA-1  

than the monomeric form [301, 314]. Following binding of ICAM-1 to its ligand, an 

intracellular calcium flux has been reported, as well as activation of cell signalling 

mediators such as Src,  paxillin, protein kinase C (PKC), Rho, and MLCK, all of which 

are implicated in cell motility (See Section 1.1.3.2) [315, 316]. It is therefore not 

surprising that retraction of ICAM-1 expressing endothelial cells at sites of leukocyte 
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attachment have been reported, facilitating extravasation [317, 318]. Interestingly, 

interaction of breast cancer cells with endothelial cells initiates Ca2+ signalling and 

adhesion dynamics, suggesting that circulating tumor cells could extravasate in a manner 

similar to leukocytes [319, 320]. This is especially significant in light of the interaction 

between ICAM-1 and breast cancer associated MUC1, a relationship that will be 

discussed further in Section 1.2.6. 

 

1.2.5. Src structure and function 

1.2.5.1. Src structure and expression 

c-Src (Src) is the most well characterized member of the SRC family of non-

receptor tyrosine kinases (SFK), which contains eight other members. Src weighs 

approximately 60kDa and the mature form consists of a myristoylated  SH4 domain, an 

SH3 domain, an SH2 domain, an “SH2-kinase linker”, and a protein-tyrosine kinase 

domain (SH1 domain), and a C-terminal regulatory segment (Fig 1.14) [321]. The 14-

carbon   myristoyl   group   is   attached   to  an  N-terminal glycine residue and facilitates  

localization of Src to the cell membrane and is required for functionality [322]. The SH3 

domain consists of about 60aa and binds to ligands which adopt a polyproline type II 

helical conformation, which generally contains the sequence “PXXP”, with arginine 

residues lying either N- or C-terminal to the polyproline motif [323]. Analysis of various 

SH3 containing proteins has revealed considerable variation in the composition and 

structure of ligands, and in fact the intramolecular SH3 ligand which maintains Src in an 

autoinhibited state does not contain a PXXP motif  (Fig 1.14) [323, 324]. Src SH2 

domain binds to phosphorylated tyrosine residues, favouring the sequence “pYEEI” but 

other sequences have been reported to be ligands for Src SH2, and again the 

intramolecular SH2 ligand pY527 does not conform to this motif (common amino acid 
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numbering based on chicken Src) [323]. The “linker” region between Src SH2 and SH1 

(kinase) domains contains the Type II helix that binds to Src SH3 in an autoinhibited 

state (Fig 1.14). The SH1 domain is bilobal, a characteristic of all tyrosine kinases, with 

nucleotide binding and phosphotransfer occurring in the cleft between the two lobes. The 

“activation loop” is located in the C-terminal lobe and contains Y416, a residue critical in 

regulation of Src activity. The C-terminal of Src contains another important residue, Y527, 

important in maintainence of the autoinhibitory state of Src. Viral Src, encoded by the 

avian oncogene of Rous sarcoma virus, lacks this residue and is therefore exists in a 

perpetually active state [321]. Significantly, 12% of human colon cancers contain a 

mutant Src protein which also lacks this regulatory residue, and this activating mutation 

has been correlated with tumorigenesis and metastasis [325].  

 Src is expressed nearly ubiquitously in human cells, and is involved in cellular 

signalling processes controlling proliferation, survival, and motility. Src is activated in 

response to stimulation of cytokine receptors, GPCRs, RTKs, and integrins [326]. 

Overexpression of Src has been reported in a variety of human carcinomas, although 

amplifications and translocations are rare, indicating that overexpression of Src likely 

occurs at the transcriptional level [327]. 

1.2.5.2. Src activation 

 Src is maintained in an inactive state by intramolecular interactions between 

various domains and binding motifs (Fig 1.14). Binding occurs between Src SH3 domain 

and the Type II helix of the linker region, and between the SH2 domain and the 

phosphorylated pY527.  Phosphorylation of Y527 is controlled by C-terminal Src kinase 

(Csk) or Csk homology kinase (Chk), which are controlled by the activity of several 

cellular phosphastases, several of which have been found to be dysregulated  in cancer 

[328, 329]. Collectively, these interactions act to “clamp” Src shut, preventing substrate  
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binding by burying Y416 of the activation loop between the lobes of the kinase domain 

and preventing other key interactions [321].  

 Src can be activated by several, non-mutually exclusive events. Competition for 

Src SH2 and SH3 binding by higher affinity ligands can displace intramolecular 

interactions, effectively “unfolding” the enzyme. The intramolecular ligands for Src SH2 

and SH3 domains must be of low affinity to allow for competition by exogenous ligands, 

demonstrated by the observation that neither ligand fits the consensus sequence [330]. 

Many substrates of Src contain SH2 and/or SH3 binding domains, which is especially 

effective as activation and recruitment of Src can occur concomitantly. Cooperative 

activation by SH2 and SH3 domain ligands has also been observed, meaning that the 

presence of one ligand “primed” the SFK for interaction with the second ligand, 

suggesting that ideal Src substrates may contain ligands for both domains [331-333]. 

Activation of Src through binding to either an SH2 or SH3 ligand has also been 

demonstrated [334, 335]. Taken together, these data indicate that although recruitment of 

either the SH2 or SH3 domain away from intramolecular interaction may be sufficient for 

partial activation, full functionality of Src may require ligation of both domains, in 

addition to other requirements, as described below.  

 For full activation, Src must be phosphorylated within the activation loop at Y416, 

which is hypothesized to occurs by trans-autophosphorylation [321], (although in silico 

work has suggested otherwise [336]) indicating that clustering of Src may be an 

important component of full activation. For Y416 phosphorylation to occur, Src must be 

dephosporylated at Y527. This is performed by enzymes such as protein tyrosine 

phosphatase (PTP)-#, PTP1, Src homology region 2 domain containing kinase (SHP)-1, 

and SHP-2, several of which have been implicated in cancer progression [337-339].  
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1.2.5.3. Src in cancer 

 Src is involved in many processes that are known to be altered in cancerous cells, 

such as growth, proliferation, and migration. Increased activity and/or expression of Src 

has been implicated in cancer initiation and progression, and numerous mechanisms of 

Src activation/inactivation which are altered in cancer cells have been described [128, 

337, 340]. Increased Src activity has global consequences for cell function, and extensive 

work has been done on this topic. Src has been characterized as a positive regulator of 

EMT, likely through suppression of E-cadherin mediated cell adhesion [341-344]. The 

involvement of Src in pathways controlling cell motility and adhesion is well established 

[345].  For example, FAK is a known substrate and binding partner of Src, and binding of 

Src to FAK leads to Src activation through displacement of intramolecular interactions 

[333]. Coexpression of Src and FAK has been implicated in cancer progression [108, 

109]. The intimate relationship between these two kinases has been demonstrated by the 

observation that inhibition of one kinase has implications on the activity of the other, and 

combined inhibition has showed significant promise as a therapeutic strategy in cancer 

[109-111, 346-348]. Similar observations have been made between Src and other 

substrates such as EGFR [349, 350] and c-Met [351-353]. Collectively, these 

observations suggest that synergistic inhibition of Src and Src effectors/substrates has 

significant clinical potential and several promising findings have been recently reported 

[16, 17, 354-357].  

 

1.2.5.4. Src and cell motility in cancer 

 The known role of Src in normal cell migration is discussed in Section 1.1.3.2. 

Src is a critical component of pathways involved in assembly and disassembly of cell-cell 

and cell-matrix adhesions and increased activity of Src is implicated in metastasis of 
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numerous epithelial cancers [128, 345, 358].  Due to the diversity of proteins with which 

Src interacts, Src overactivation in breast cancer has far reaching implications, many of 

which can contribute to cell motility and metastasis. Abberant Src activation by growth 

factor receptors, many of which are overexpressed or dysfunctional in epithelial cancers, 

results in overactivation of pro-migratory pathways which are tightly regulated in normal 

cells. For example, Src interaction with !-catenin and E-cadherin result in adherens 

junctions disassembly, promoting cell invasion [114, 115, 359]. Association with FAK 

promotes downstream signalling involving p130Cas, paxillin, and the GTPase Rho, 

promoting actin cytoskeletal reorganization and cell migration [345]. Suppression of Src 

activity with PP2 or siRNA in breast cancer cells resulted in upregulation of E-cadherin, 

downregulation of Slug and Snail, consistent with reversal of EMT, a critical step in 

cancer metastasis [343].  Treatment of breast cancer cells with PP2 is also reported to 

restore the E-cadherin/ !-catenin interaction and reduce metastasis in murine models 

[360]. The literature clearly defines a role for Src in breast cancer cell motility and 

metastasis, and additional research will reveal specific interactions that are potential 

targets for anti-metastatic therapies. 

 

1.2.6. MUC1 and Src 

 As MUC1-CD does not harbour tyrosine kinase activity, interaction of MUC1-

CD with cytoplasmic tyrosine kinases has long been a subject of research attention. As 

MUC1-CD contains seven tyrosine residues as potential sites of tyrosine phosphorylation 

and signal initiation [185], it has been proposed that MUC1 functions akin to cytokine 

receptors, with phosphorylation events occurring following ligand binding by a non-

receptor tyrosine kinase associated with the cytoplasmic domain, initiating cell signalling 

cascades. As the MUC1-CD was known to contain potential phosphorylation and binding 
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sites for Src kinase, an early study investigated this relationship and found that MUC1 is 

phosphorylated by c-Src in vitro, primarily at the site Y46EKV, and that this 

phosphorylated motif binds to Src SH2 domain, resulting in increased association 

between MUC1 and !-catenin [267]. However, unphosphorylated MUC1-CD did not 

bind to Src SH2 in vitro, although it did bind to Src SH3 domain, demonstrating for the 

first time that MUC1 contains an SH3 binding site, although the MUC1-CD residues 

responsible were not identified. Also, MUC1 phosphorylation and !-catenin association 

with MUC1-CD was also observed in the absence of c-Src or in a Y46F mutant in vivo, 

indicating that other kinases and phosphorylation sites are involved in !-catenin 

association. A later study demonstrated that EGFR is also capable of phosphorylating 

MUC1 at Y46EKV, resulting in association between MUC1 and Src SH2 domain and !-

catenin [361]. Although these works identified interactions which are important in the 

study of MUC1, the initiating stimuli or effects of these interactions on cell behaviour in 

vivo were not investigated. Interestingly, two subsequent publications investigating the 

use of MUC1-CD peptides containing the Y46EKV motif reported conflicting effects of 

the peptides on cellular invasion [273, 280]. A major difference between these peptides 

was the inclusion of the potential CrkL binding site, Y60TNP (Fig 1.10), in the peptide 

which increased cellular invasion levels. As Src association with MUC1-CD at Y46 could 

facilitate Src activation and phosphorylation of this peptide at Y60, it is possible that this 

peptide initiated Src-CrkL mediated cell signalling cascades, resulting in cell migration. 

However, the effect of these peptides on MUC1-CD/Src association and activation of 

downstream signalling mediators such as CrkL was not investigated, although decreased 

association between MUC1-CD and !-catenin was reported following treatment with the 

peptide that inhibited cell invasion [280].  
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 The first report of MUC1/Src interaction following stimulation of MUC1 with a 

physiological ligand found that ICAM-1 binding induced CaOs in MUC1 expressing 

cells were inhibited by treatment with PP2, a SFK inhibitor [13]. A subsequent paper 

investigating ICAM-1 binding induced signalling in MUC1 expressing cells also reported 

that a MUC1/Src/CrkL binding complex forms following ICAM-1 binding, and a Src-

CrkL-Rac1/Cdc42 mediated signalling pathway results in cytoskeletal reorganization 

following ICAM-1 ligation [14]. However, the motifs involved in interaction between 

MUC1/Src and MUC1/CrkL were not investigated. 

 These works can be interpreted to demonstrate that MUC1-CD interacts with 

both Src SH2 and SH3 domains, possibly resulting in Src phosphorylation of MUC1 and 

recruitment of downstream signalling mediators such as !-catenin and CrkL. These 

interactions would promote cell migration by facilitating dissociation of cell adhesion and 

cytoskeletal rearrangements, respectively. However, to date, no inhibitors of the 

MUC1/Src interaction have been developed, which would be of potential clinical use in 

the treatment of breast cancer metastasis. To achieve this, the nature of the MUC1/Src 

interaction with regards to both SH2 and SH3 binding domains would need to be 

identified. 

 

1.2.7. The MUC1/ICAM-1 signalling axis 

1.2.7.1. MUC1/ICAM-1 binding 

Binding between breast cancer associated MUC1 and endothelial cell ICAM-1 

was first described in 1996 by Regimbald et al. [12]. This finding was significant in the 

context of cancer metastasis, as MUC1 was known to be upregulated in many epithelial 

cancers, and ICAM-1 was a characterized participant in leukocyte extravasation. In 

addition, circumferential expression of MUC1 in breast cancer cells, which would 
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facilitate interaction between MUC1 and ICAM-1 present on breast stromal cells, is 

correlated with increased lymph node metastasis [5]. Since this report, MUC1/ICAM-1 

binding has also been shown to be involved in macaque trophoblast transendothelial 

migration, demonstrating a non-pathologic role for this interaction [362]. Binding 

between pancreatic tumor cell associated MUC1 and ICAM-1 expressed on B 

lymphocytes has also been demonstrated, prompting the authors to suggest a role for 

MUC1 in immunosurveillance [363]. 

The interaction between MUC1 and ICAM-1 has been further characterized, and 

it is now known that ICAM-1 binds to the VNTR peptide backbone of MUC1, which is 

exposed in breast cancer due to the presence of shorter O-glycans [6, 87]. It has been 

demonstrated that antibodies targeting MUC1 VNTRs or ICAM-1 domain 1, peptides 

consisting of at least two MUC1 tandem repeats, or recombinant ICAM-1 protein can 

inhibit MUC1/ICAM-1 binding [12, 87, 364]. These findings are especially significant in 

light of more recent data implicating this interaction in cancer progression, as inhibition 

of MUC1/ICAM-1 binding represents a potential therapeutic strategy.  

 

1.2.7.2. MUC1/ICAM-1 signalling 

 Due to the potential implications of MUC1/ICAM-1 binding in cancer 

metastasis, research downstream of this interaction has focused on cell motility. Several 

years after the initial report, Rahn et al. found that ICAM-1 ligation triggered a cytosolic 

CaOs in MUC1 expressing breast cancer cells [13], which was significant due to the 

established role of Ca2+ in cell motility (see Section 1.1.3.2.). Interestingly, studies on the 

role of MUC1 in Jurkat cells found that activation of cells with anti-CD3 also resulted in 

a calcium influx, which was reduced and also became less oscillatory following MUC1 

siRNA knockdown [270]. Subsequent reports revealed that following ICAM-1 induced 
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CaOs, MUC1 expressing breast cancer cells exhibited cytoskeletal rearrangements and 

migrated through a simulated endothelial cell monolayer [14, 15]. Significantly, the 

observed transendothelial migration was not facilitated by addition of chemoattractants, 

indicating the MUC1/ICAM-1 binding leads to directional cell migration, which is what 

would occur in extravasation of cancer cells.  

 Investigation of the signalling axis involved in these events has revealed that 

transmission of the MUC1/ICAM-1 signal involves well characterized pathways. 

Through the use of inhibitors, the CaOs signal was found the involve Src kinase, PI3K, 

PLC and IP3 receptor (IP3R), and DRMs. MUC1 contains potential binding and 

phosphorylation sites for Src [186], which can result in PI3K recruitment and activation  

(Fig 1.10), suggesting potential mechanisms for the observed downstream CaOs (Section 

1.1.3.2). Active Src can also phosphorylate the regulatory p85 subunit of PI3K, activating 

PI3K activity, suggested an alternative or parallel mechanism of PI3K activation [123]. 

The actin cytoskeletal rearrangements observed following MUC1/ICAM-1 binding have 

been found to involve a Src-CrkL-Rac/Cdc42 pathway [14], again implicating Src kinase 

in signal transmission. Following ICAM-1 ligation, increased association between MUC1 

and Src has been reported, as well as redistribution of Src into lipid rafts [14, 365]. How 

ICAM-1 ligation to MUC1-ECD facilitates initiation of signalling is not fully understood, 

but the role of Src kinase as a key factor is an appealing possibility in light of the 

implication of Src in breast cancer progression and the interest in Src inhibitors as 

components of combinational therapy regimes [16, 128, 354, 366].  

 

1.3. Dimerization of cell membrane receptors 

1.3.1. Constitutive dimerization – a paradigm shift 
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 Classically, it was believed that non-kinase membrane receptors existed as 

monomers until ligand binding induced dimerization of the receptors, allowing trans-

activation of receptor associated kinases and the triggering of signal initiating 

phosphorylation cascades [367, 368]. In recent years, a new paradigm has emerged in 

which receptors exist as pre-formed ligand-independent dimers, and has been described 

for a number of receptors including growth hormone receptor (GHR), erythropoietin 

receptor (EpoR), and EGFR family members [369-371]. The mechanisms of constitutive 

dimerization is not completely understood, but has been reported to involve the 

transmembrane domains of all receptors investigated [369, 371, 372]. Upon ligand 

binding, structural changes such as extracellular cysteine linkage, association with DRM 

fractions or resistance to cleavage result in signal initiation [373-375]. Compounds 

preventing the homodimerization of EGFR, ErbB2, and prolactin receptor have been 

developed and have demonstrated promise as chemotherapeutic agents in the treatment of 

breast cancer [376-379].  

 

1.3.2. Dimerization of MUC1 

The first indication that MUC1 dimerization may play a role in the function of 

MUC1 as a cell membrane receptor stemmed from a study utilizing a chimera of CD8 

ECD and TM domains fused to MUC1-CD beginning at R4RK [380]. They reported that 

treatment of this chimera with anti-CD8 antibody resulted in tyrosine phosphorylation of 

MUC1-CD at Y20, Y29, Y46, and Y60, and activation of ERK1/2 [284, 381]. Antibody 

treatment can result in dimerization of target receptors, a strategy that has been used in 

investigations of other cell membrane receptors [382-384]. Therefore it is possible that 

anti-CD8 treatment mediated dimerization, or clustered existing dimers, of the 

CD8/MUC1 chimeras, facilitating phosphorylation events and downstream signalling. 
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The role of MUC1 dimerization in signalling was specifically investigated by another 

group which reported that a truncated version of MUC1, consisting of a 72aa construct of 

MUC1-CD only, formed covalently linked dimers in vitro and dimers in vivo which were 

dependent on the membrane proximal cysteine residues [19]. Subsequently, they 

developed an inhibitor to MUC1-CD dimerization which displayed activity against 

several types of human tumors in vivo [20-22]. However, the mechanism of action of this 

inhibitor has not been described, nor has the mechanism of MUC1-CD dimerization. 

Also, the role of MUC1-CD dimerization in recruitment of important downstream 

signalling mediators such as Src, or in other pathways involving MUC1-CD implicated in 

cancer progression, have not been investigated. This information is required for full 

appreciation of the applicability of this inhibitor or the development of novel MUC1-CD 

dimerization inhibitors.  

 

1.4. Hypothesis and objectives 

The aim of this thesis is to investigate the mechanism of MUC1/ICAM-1 binding 

induced signalling. MUC1 is known to be overexpressed in breast cancers, and has been 

correlated with increased metastasis [27, 143, 385], and ICAM-1 is known to be involved 

in leukocyte extravasation, a process that metastasizing breast cancer cells must also 

complete [73, 262]. Previous work has demonstrated that this interaction results in the 

generation of pro-migratory CaOs [13] and simulated transendothelial migration [15] in 

MUC1 expressing cells, suggesting a role for MUC1/ICAM-1 binding in cancer cell 

extravasation. Elucidation of critical events occurring before and after ICAM-1 ligation 

to MUC1 will represent potential therapeutic targets in MUC1 overexpressing 

carcinomas. Due to the body of evidence supporting a critical role for Src in 

MUC1/ICAM-1 signalling, the relationship between Src and MUC1 will be an area of 
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focus in this thesis. Additionally, as other reports [19, 184] have demonstrated that 

MUC1 exists as a cysteine linked dimer which is a druggable target in cancer, the 

relationship between MUC1 dimerization, ICAM-1 signalling and Src recruitment to 

MUC1 will also be investigated. Lastly, as MUC1 undergoes several cleavage events, 

which may be co-dependent [26], the roles of S1 and S2 cleavage in ICAM-1 binding 

induced signalling will be examined. Conclusions generated by these studies will provide 

information on the mechanism of MUC1/ICAM-1 induced signalling, providing targets 

for the future development of anti-metastatic therapies. 

As our working hypothesis, we propose that the MUC1 cytoplasmic domain exists 

as a covalently linked dimer which is required for Src recruitment and is cleaved 

following ICAM-1 binding, releasing the extracelluar domain and inducing pro-

metastatic signalling.  

We will test this hypothesis by the following specific objectives: 

1. Establish the role of Src kinase in the MUC1/ICAM-1 signalling axis. 

2. Investigate the role of cysteine-linked MUC1-CD dimerization in Src recruitment 

and ICAM-1 binding induced signalling. 

3. Investigate the role of MUC1 S1 and S2 cleavage in ICAM-1 binding induced 

signalling.  
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Chapter 2: Materials and Methods 
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2.1. Antibodies and Reagents 

 Armenian Hamster CT2 monoclonal antibody (mAb), directed against the last 17 

C-terminal amino acids of MUC1-CD (hereafter referred to as anti-MUC1-CD), was 

generously provided by Dr. Sandra Gendler (Mayo Clinic, Scottsdale, AZ) [386]. Mouse 

B27.29 mAb, directed against the PDTRPAP epitope of the MUC1-ECD (hereafter 

referred to as anti-MUC1-ECD), was generously provided by Fujirebio Diagnostics, Inc. 

(Malvern, PA). Rabbit anti-Src mAb, rabbit anti-SrcpY416 polyclonal Ab (pAb), and anti-

rabbit horseradish peroxidase (HRP)-conjugated secondary antibody were purchased 

from Cell Signalling (Danvers, MA). Goat anti-mouse and anti-Armenian hamster 

horseradish peroxidase-conjugated secondary antibodies were purchased from Jackson 

ImmunoResearch Laboratories, Inc (West Grove, PA). Rabbit anti-CD8# pAb was from 

Santa Cruz Biotechnologies, Inc. (Santa Cruz, CA). Small interfering RNA (siRNA) was 

from Dharmacon (Lafayette, CO). Enhanced chemiluminescence (ECL) Plus western 

blotting reagents were from GE Healthcare (Baie d’Urfe, QC). Fluo-3 AM was purchased 

from Molecular Probes (Bulington, ON). 35mm glass-bottomed microwell dishes were 

from MatTek Corporation (Asland, MA). Mouse anti-tubulin mAb and rabbit anti-

GAPDH pAb, Pluronic F-127, protease inhibitor cocktail, phosphatase inhibitor cocktail, 

Trizma hydrochloride (Tris-HCl), Tris-base, polyoxyethylene-sorbitan monolaurate 

(Tween-20), gelatin Type A, HEPES, D-glucose, MgCl2, CaCl2, sodium dodecyl sulphate 

(SDS), ethylenediaminetetraacetic acid (EDTA), and RIPA were from Sigma-Aldrich (St. 

Louis, MO). Dulbecco’s modified eagle medium (DMEM), Opti-MEM media, 

Geneticidin (G418), Blasticidin S, trypsin, fetal bovine serum (FBS), Cell Tracker Green 

5-chloromethylfluorescein diacetate (CMFDA), 0.4% trypan blue solution, and 

Lipofectamine 2000 were from Invitrogen, Inc. (Carlsbad, CA). Sodium hydroxide 

(NaOH), sodium chloride (NaCl), methanol (MeOH), Triton X-100, ammonium 
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persulfate (AP) and disuccinimidyl suberate (DSS) were from Fisher Scientific (Nepean, 

ON). Glycine, 40% (w/v) acrylamide solution, bromophenol blue, and Bradford protein 

assay reagent were from Bio-Rad Laboratories Ltd. (Hercules, CA). Potassium phosphate 

(KH2PO4), sodium phosphate (Na2HPO4), and sodium chloride (KCl) were from Caledon 

Labs Ltd. (Georgetown, ON). TEMED was from EMD Chemicals Inc. (Gibbstown, NJ). 

Glycerol was from MP Biomedicals (Solon, OH). Protein G-Agarose was from Roche 

Diagnostics (Laval, QC). AP20187D and AP21998M were generous gifts from ARIAD 

Pharmaceuticals, Inc (Cambridge, MA). 

 

2.2. Plasmids and constructs 

 The pC1-Neo-hMUC1-TR+ FLAG plasmid carrying the MUC1 gene was kindly 

provided by Dr. Sandra Gendler and was used to generate MUC1-CFP and its derivatives 

MUC1-CFP-FvHA, MUC1-CFP-FvHA (AQA), MUC1-CFP-FvHA %SH2 (Y46F), 

MUC1-CFP-FvHA %SH3(P37A, P38A), MUC1-CFP-FvHA %SH2/3 (Y46F/P37A, 

P38A), MUC1 (VP), and MUC1-CFP (G4) (work by J. Rahn, Q.Shen, J. Zhang, and A. 

Bernier) (Fig 2.1). pUC-CVM-MUCY plasmid was from Gene-Therapeutics 

Luckenwalde (Luckenwalde, Germany) and was used to construct MUCY-YFP-FvHA. 

MUC1-CFP and MUCY-YFP constructs were constructed by inserting the 

MUC1/MUCY genes into pECFP/pEYFP plasmids (ClonTech) respectively, at XhoI and 

SacII sites. The plasmid pC4-Fv1E encoding the FKBP F36V variant followed by a c-

terminal hemagglutinin (HA) epitope was generously provided by ARIAD 

Pharmaceuticals Inc and is described in [387]. To generate the MUC1-CFP-FvHA and 

MUCY-YFP-FvHA fusion proteins, the FvHA domain of pC4-Fv1E was amplified by 

polymerase chain reaction (PCR) with a 5’ primer (ATTTGTACAT  

 



63 

 

 



64 

 

GGCTTCTAGAGGAGTGC) and a 3’ primer (CTCTTGTACACTGAAGTTCTCAGG 

ATCC) which introduced 3’ and 5’ BsrG1 restriction sites (underlined). The PCR product  

and MUC1-CFP/MUCY-YFP plasmids were digested with BsrG1, ligated, and 

sequenced to confirm insertion and orientation. MUC1-CFP-FvHA (CQC to AQA) was 

constructed by PCR of MUC1-CFP-FvHA the primer TTGGCTGTCGCTC 

AGGCCCGCCGAAAG containing the mutation (underlined). MUC1-CFP-FvHA %SH2, 

MUC1-CFP-FvHA %SH3 and MUC1-CFP-FvHA %SH2/3 were constructed by PCR of 

MUC1-CFP-FvHA using the primers TACCGATCGTAGCCCCTTTGAGAAGGTTTC, 

CGCTATGTGGCCGCTAGCAGTACCGATC or both sequentially, respectively. 

MUC1-CFP (G4), described in [200], was constructed by PCR of MUC1-CFP using the 

primer TTCAGGCCAGGAGGTGGTGGA GGATCTGTGGTG containing an additional 

four glycine residues (underlined) immediately N-terminal to the S1 cleavage site, 

G4GSVVV. The pcDNA3.1MUC1 (VP) plasmid, described in [26], was kindly provided 

by Dr. K.C. Kim (Lovelace Respiratory Research Institute, AZ) and contains a mutation 

at the MUC1 S1 cleavage site encoding G/SVVV to VPVVV. MUC1 (VP) and MUC1-

CFP plasmids. The pcDNA3.1-CD8/MUC1 plasmid, described in [380] and also kindly 

provided by Dr. K.C. Kim, encodes a construct containing the extracellular and 

transmembrane portions of CD8 and MUC1-CD, beginning at R4RK. The c-Src and 

Y530F c-Src plasmids were kindly provided by Dr. T. Pawson (University of Toronto, 

Ontario).  

 

2.3. Cell culture and transfection 

 Human breast cancer cell lines T47D and MCF-7 were from the American Type 

Culture Collection (ATCC) and were maintained in DMEM with 10% FBS and 6ug/ml 

insulin. 293T human embryonic kidney epithelial cells (HEK 293T) were from ATCC 
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and maintained in DMEM with 10% FBS. MEF SYF-/- cells were kindly provided by Dr. 

Don Fujita (University of Calgary, Alberta) and maintained in DMEM + 10%FBS. Mock 

(empty plasmid) and ICAM-1 transfected NIH 3T3 mouse fibroblast cells were a 

generous gift of Dr. Ken Dimock (University of Ottawa, Ontario) and were maintained in 

DMEM with 10% FBS and 5ug/ml Blasticidin S. Generation of MUC1 HEK 293T 

transfectants was performed using Lipofectamine 2000 and Opti-MEM according to 

manufacturer’s instructions, and maintained in DMEM with 10% FBS and 200&g/ml 

G418. For certain experiments, transfectant populations were sorted by flow cytometry 

for stable clone selection, and others were used for experiments within three days of 

transfection. All cell lines were cultured at 37"C in a humidified incubator containing 5% 

CO2 (Water-Jacketed Incubator, Forma Scientific, Marietta, OH). 

 

2.4. Small interfering ribonucleic acid (siRNA) knockdown 

 Approximately 1 x 105 HEK 293T cells were plated in a 24-well plate (Corning 

Life Sciences, Lowell, MA) and allowed to adhere overnight to approximately 50% 

confluency. siRNA (Dharmacon) consisted of four pooled siRNA species targeting the 

following SRC sequences: GCAGUUGUAUGCUGUGGUU, GCAGAGAACCCGAG 

AGGGA, CCAAGGGCCUCAACGUGAA, and GGGAGAACCUCUAGGCACA. 

Transfection was performed using Lipofectamine 2000 (Invitrogen), according to the 

manufacturer’s instructions. Lipofectamine 2000 reagent only or Scramble siRNA 

(provided by the manufacturer) were used as negative controls. 

 

2.5. SDS-PAGE and Western blot analysis 

 Cells were lysed in ice-cold Triton X-100 buffer (20mM Tris-HCl pH7.4, 

150mM NaCl, 2mM EDTA, 1% glycerol, 1% Triton X-100, with fresh 0.5% (w/v) 
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protease inhibitor cocktail and phosphatase inhibitor cocktail), homogenized with a 26 

gauge needle and insoluble components pelleted by centrifugation at 14000 x g for 3 

minutes. Supernatants were removed and assayed for protein concentration using 

Bradford assay (Bio-Rad), followed by boiling for 10 minutes in 4x Laemmli sample 

buffer (LSB) (0.5M Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 5% !-mercaptoethanol, 

with 0.05% bromophenol blue for “reducing” conditions (standard) and omitted in “non-

reducing conditions” (where indicated)). Samples were either stored at -20"C or subjected 

to 4-20% Sodium dodecyl sulphate- polyacrylamide gel electrophoresis (SDS-PAGE). 

Electrophoresis was performed using the Bio-Rad Mini-PROTEAN II system at 60mA 

per gel, 80 V (constant voltage) for 15 minutes followed by 120 V for the remainder in 

running buffer (25mM Tris-Base pH 8.3, 192mM glycine, 0.1% SDS). The proteins were 

then transferred to nitrocellulose membrane (Bio-Rad) using the Bio-Rad Mini Trans-blot 

system on ice for 60 minutes at 100 V and 350 mA in transfer buffer (25mM Tris-Base 

pH 8.3, 192mM glycine, 20% MeOH). Nitrocellulose membranes were then blocked in 

5% (w/v) skim milk in Tris-buffered saline (TBS) (50mM Tris-Base pH 7.5, 150mM 

NaCl) with 0.05% (v/v) Tween-20 (TBS-T) for one hour at room temperature (RT) with 

gentle agitation. The membranes were then incubated with primary antibody overnight at 

4"C at the concentration recommended by the manufacturer, followed by two 10 minute 

washes in TBS and one 10 minute wash in TBS-T. The membranes were then incubated 

with HRP-conjugated seconday antibody for one hour at RT at the concentration 

recommended by the manufacturer, following by another washing step identical to the 

first. Membranes were incubated with ECL plus western blotting reagent according to 

manufacturer’s instructions, developed, scanned using a Canon Canoscan 8600F, 

imported into Image J (National Institutes of Health), analyzed for densitometry and/or 
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adjusted and cropped for presentation. Minimal adjustment for brightness and contrast 

was performed, but the edited image was representative of the original in all cases. 

 If membranes were to be probed by additional antibodies to proteins such as 

tubulin, used as a protein loading control, they were first stripped of all original antibody 

by incubation in stripping buffer (62.5mM Tris-HCl pH 6.7, 2% SDS, 100mM !-

mercaptoethanol) for 30 minutes at 50"C with gentle agitation. Following a wash step and 

re-blocking, membranes were probed as described above.  

 

2.6. Dimer detection  

 Human breast cancer cells or transfected HEK 293T cells were plated on 0.1% 

gelatin coated, UV-treated dishes and allowed to adhere overnight to approximately 70% 

confluency. Cells were then serum starved for 45 minutes in Imaging Buffer (152mM 

NaCl, 5.4mM KCl, 0.8mM MgCl2'6H2O, 1.8mM CaCl2'2H2O, 10mM HEPES, 5.6mM D-

glucose). Where indicated, cells were then treated with AP21998M, AP20187D or  NIH-

ICAM-1 cells in 37°C Imaging buffer, followed by aspiration of buffer and addition of 

1mM DSS in ice-cold PBS for 10 minutes at 4°C. DSS is a membrane-permeable, 

irreversible crosslinker containing amine-reactive N-hydroxysuccinimide ester at each 

end of an 8-carbon spacer arm (11.4 Å) (Fig 2.2). It reacts with primary amines (ie. 

lysine) to form stable amide bonds between proteins. DSS does not induce dimerization 

of lysine-containing proteins, but rather aids in identification of protein complexes which 

are already formed upon treatment. DSS was aspirated, and cells resuspended in 

quenching solution (1M Tris, pH 7.5) and centrifuged at 2500rpm for 3 minutes. The cell 

pellet was resuspended in ice-cold lysis buffer, and prepared for Western blot analysis as 

described.  
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2.7. Dimer manipulation 

Using the “ARGENTTM Regulated homodimerization kit” [388] and the “RPDTM 

Regulated secretion/aggregation kit” [389] (Ariad Pharmacauticals, Inc.), we developed a 

system   for    manipulation  of   MUC1-CD   dimerization.   The   kits  were  designed  to  

manipulate protein dimerization status by interacting an engineered “Fv dimerization 

domain” with monovalent and bivalent ligands. The “Fv domain” was created by a F36V 

mutation of naturally occurring FK506 binding protein (FKBP) to prevent binding of Fv 

ligands to endogenous FKBP [387] and a MUC1-CFP-Fv construct was creating using 

this plasmid, as described in Section 2.2. Importantly, the Fv domain itself does not 

induce dimerization, and addition of Fv domain ligands is required to manipulate 

dimerization status of Fv domain containing proteins. The bivalent Fv ligand AP20187D 

was designed to induce dimerization of Fv domain containing proteins, while the 

monovalent Fv ligand AP21998M was designed to disaggregate existing dimers (Fig 2.3). 

Through a Materials Transfer Agreement, we obtained a plasmid encoding the Fv 

domain, followed by a hemagglutinin (HA) tag (FvHA), (hereafter referred to as “Fv 

domain”) and both AP20187D and AP21998M. 

 

2.8. Cell viability assay 

 Cells were trypsinized, centrifuged, and the pellet resuspended in PBS. 20&l of 

cell solution was removed and combined with 20 &l of 0.4% trypan blue reagent. Two 

replicates of 10&l of mixture were applied to a hemacytometer and live cells for five 

fields (2 x 10-4 ml each) were counted and averaged. Cells were counted as “live” if they 

exhibited no cytoplasmic staining of trypan blue.  

 

2.9. Immunoprecipitation  
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Following treatment(s), cells were lysed in Co-immunoprecipitation lysis buffer (50mM 

Tris pH 7.6, 100mM NaCl, 0.5mM EDTA, 0.5% Nonidet P-40, 0.5% protease and 

phosphatase inhibitors). Following homogenization and centrifugation, supernatant was 

placed in a 1.5ml Eppendorf tube.  At   this  point,  30&l of cell extract could be removed,  

combined with 10&l of LSB, and boiled for 10 minutes, to be used as whole cell lysate 

(WCL). The remaining lysate was incubated with 10&g/ml of anti-MUC1-CD mAb for 2-

4 hours at 4°C with gentle agitation. The lysate was then combined with 50&l of protein 

G-agarose, which was previously washed with lysis buffer to remove any soluble 

components, overnight at 4°C with gentle agitation. The immunocomplexes were then 

pelleted by centrifugation at 14,000 x g for 2 minutes, rinsed 3 times with Co-

immunoprecipitation rinse buffer (50mM Tris pH 7.6, 100mM NaCl, 0.5mM EDTA, with 

fresh 0.5% (w/v) protease inhibitor cocktail and phosphatase inhibitor cocktail). The 

pelleted immunocomplex (~60&l) was then combined with 20&l of LSB and boiled for 10 

minutes, followed by centrifugation at 14,000 x g for 10 minutes. The supernatant was 

collected and either run on SDS-PAGE immediately or stored at -20°C. As negative 

controls, samples containing only precipitating antibody (anti-MUC1-CD) +/- protein G-

agarose was included in order to identify non-specific bands in Western blots. 

 

2.10. Densitometry 

 In order to quantitate changes in protein levels revealed by western blot, 

densitometric analysis of protein bands was performed. Using Image J software (NIH), 

each band in a series was assayed for pixel density. For assays in which changes in total 

protein levels are of interest, each band of interest was normalized to a standard control 

such as tubulin, or in the case of anti-MUC1-CD immunoprecipitation, MUC1-CD. For 

assays in which changes in band ratio is of interest (ie. MUC1-CD dimer: total assays),  
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the ratio for each experimental condition was calculated and comparisons between 

conditions were made. 

 

2.11. Calcium oscillation assay 

35mm glass-bottomed MatTek microwell dishes were coated with 100&l of FBS 

(for breast cancer cell lines) or 0.1% (w/v) gelatin (for HEK 293T transfectants) and 

allowed to dry under UV-light for 2 hours. 100&l of human breast cancer cells or 

transfectants at 5-10 x 104 cells/ml were plated onto the wells and allowed to adhere 

overnight, resulting in about 70% confluency. For cleavage inhibition experiments, 

TAPI-0 containing media was added at this point and cells left for 24 hours (MUC1-CFP 

transfectants) or 40 hours (T47D cells). The culture media was then removed and 

replaced with DMEM and 10% FBS freshly supplemented with a mixture of 5mM Fluo-3 

and 20% (w/v) Pluronic F-127 at a 1:1 ratio, diluted in the media 1/500, +/- 100&M 

TAPI-0. This results in a final concentration of 5&M Fluo-3 and 0.02% Pluronic F-127. 

The cells were incubated in this solution for 1 hour at 37°C, 5% CO2, followed by rinsing 

with imaging buffer and left in imaging buffer (+/- 100&M TAPI-0) at 37°C, 5% CO2 

until experimentation. NIH ICAM-1 and NIH Mock treatment cells were prepared by 

suspension in imaging buffer at 1 x 107 cells/ml and incubation at 37°C, 5% CO2 

experimentation. Immediatly before experimentation, the MatTek dish containing the 

plated cells was placed on a 37°C stage warmer under the 20X Neo-Fluar objective of a 

Zeiss Axioscope Digital Imaging Microscope. A representative area of cells was focused, 

and a differential interference contrast image (DIC) (20ms exposure) was taken as the 

“before” image.  Imaging buffer/TAPI-0 was then removed and cells were treated with 

1uM AP20187D or AP21998M for one minute, if applicable to the experiment. Buffer was 

removed, and 60 images were taken under a fluorescein isothiocyanate (FITC) filter 
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(200ms exposure) at 3 second intervals using IonWave software (Empix Imaging Inc.). 

Following the first image, 100&l of NIH ICAM-1 or mock cells were added directly to 

the plated cells. A final DIC image was taken at the end of the experiment to ensure that 

plated cells had been covered by treatment cells. (Fig 2.4). 

 Quantitative analysis of each CaOs experiment (Fig 2.5) was performed by 

circling 40 random cells from the “before” DIC image (circled areas = regions of interest 

(ROI)). For each series of images (60 images per experiment), the change in average  

fluorescent intensity was plotted for each ROI and exported to MS Excel. For each ROI, 

an “oscillation factor” was determined by multiplying the number of oscillation cycles by 

the “amplitude factor” for each graph. The number of cycles was counted manually and 

the “amplitude factor” was calculated by plotting an Excel LOGEST trend line (y = 

intercept ' slopex) from the start of the oscillations to the last recorded data point. The 

sum of the absolute values between the plotted trend line and the actual recorded data is 

the amplitude factor. Each experimental condition was repeated a minimum of 3 times, to 

make n=120 for statistical purposes. 

 

2.12. Transwell migration assay 

 The upper membranes of 6.5mm diameter, 8&m pore size Transwell inserts 

(Corning Inc., Corning, NY) were coated with 0.1% gelatin and allowed to dry under UV 

light for 2 hours. Inserts were placed in a 24-well plate and 200&l of NIH ICAM-1/Mock 

cell suspension at 1.5 x 105 cells/ml was added to the upper chamber. Cells were allowed 

to adhere overnight at 37ºC, 5% CO2, resulting in a single-cell monolayer of about 95% 

confluency the next day. For cleavage inhibition experiments, MUC1-CFP transfectants 

and T47D cells (“drop” cells) were pre-treated with TAPI-0 for 24 or 40 hours, 

respectively, prior to migration assay. Drop cells were suspended in serum-free DMEM  
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containing 5 &M Cell tracker green CMFDA, +/- 100&M TAPI-0, for 30 minutes at 37°C, 

followed by incubation in serum free DMEM at 37°C for 30 minutes. Cell tracker green 

CMFDA is a cell-permeable thiol reactive probe which reacts with intracellular 

components   to   produce   cells   which   are   fluorescent  under a FITC filter. Following  

incubation, cells were centrifuged at 2500rpm for 2 minutes and suspended in serum-free 

media at a concentration of 8 x 105 cells/ml. Chemical compounds such as AP20187D, 

AP21998M or TAPI-0 were added at this point if appropriate. Media was removed from 

upper and lower chambers of Transwells, 200&l of cell suspension was added to the 

upper membrane of Transwell inserts and 500&l of fresh, serum-free DMEM was added 

to lower chamber, also containing AP20187D, AP21998M or TAPI-0 if appropriate. 

Following incubation at 37°C overnight, media was removed and 2% paraformaldehyde 

in PBS was added to each chamber for 15 minutes. Cells were washed twice with PBS, 

and cells on the upper membrane of the insert were removed with a sterile cotton swab 

(Fig 2.6). The insert was then placed under a Zeiss Axioscope Digital Imaging 

Microscope using a FITC filter and 20x objective and images were obtained for five  

distinct fields of view. Cells were counted using the Northern Eclipse software (Empix) 

by applying psuedocolored maps to each image to aid in counting (Fig 2.7). To avoid 

bias, the first field of view was always at the “top” of the well, with each subsequent field 

of view directly below the last. When counting cells, a manual counting tool was used 

which numbered each cell as it was counted. As some of the Transwell membrane pores 

were visible in the fluorescent images, inclusion criteria for migrated cells was created. 

To be counted, a cell must either have: (a) have a significantly greater size than 

membrane pores; or (b) have significantly greater fluorescent intensity than membrane 

pores (Fig 2.7).  

2.13. Flow cytometry 
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For analysis of protein expression levels at the cell surface, flow cytometry was 

performed using FITC-conjugated anti-MUC1-ECD (FluoroTagTM FITC conjugation kit, 

Sigma). Cells were suspended in ice-cold flow   cytometry   buffer  (PBS, 0.5mM EDTA,  

1% FBS) and 10&g/ml of FITC-conjugated anti-MUC1-ECD was added. Tubes were 

kept in the dark at 4°C with gentle agitation for 1 hour. Cells were then washed twice in 

ice-cold flow cytometry buffer to remove unbound antibody. As a control, MUC1-

negative HEK 293T (parental) cells, both untreated and stained with FITC-conjugated 

anti-MUC1-ECD were submitted to account for autofluorescence and non-specific 

staining, respectively. For individual cell sorting, a FACSAria cell sorter was used and 

operated by Dorothy Kratochwil-Otto at the University of Alberta Flow Cytometry 

Facility. For analysis of protein expression, a FACSCalibur non-sorting dual laser 

instrument was used and operated by Ashlyn Bernier. The mean fluorescence for three 

independant experimental trials was obtained and used in analysis.  

 

2.14. Shedding assay 

 1 x 106 human breast cancer or MUC1-transfected HEK 293T cells were plated 

in a 6-well plate, and allowed to adhere overnight to approximately 70% confluency. 

Media was removed and replaced with DMEM with 10% FBS containing treatment 

compound if applicable. If treatment duration exceeded 24 hours, media (containing 

treatment if applicable) was replaced 24 hours prior to end of treatment duration to 

control for time-dependant changes in MUC1 shedding. Following collection of 

conditioned media, cells were lysed as described in Section 2.5. Media was syringe-

filtered through a 0.45nM filter to remove any cellular debris, assayed for protein 

concentration using Bradford Assay and prepared for SDS-PAGE as described in Section 

2.5.  
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2.15. Statistics 

 Experiments were performed at least three times to allow for statistical analysis. 

Statistical analysis was performed on raw data before negative controls were set to one. 

The Newman-Keuls multiple range comparison was used to determine statistical 

differences in data sets with more than two experimental conditions. For pairwise 

comparisons, the Student’s t test was used. P values are indicated for each analysis. For 

each experiment, Asterisk  indicates pairs in the data set which are statistically different, 

or populations which do not overlap with any other in the data set, (p<0.05).  
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Chapter 3: Role of Src kinase in MUC1/ICAM-1 

signalling 
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3.1. Introduction 

Overexpression of MUC1 and overactivity of the SFK Src have been implicated in 

breast cancer progression and metastasis [7, 128, 137, 327]. The relationship between 

MUC1 and Src has been the subject of numerous studies, and Src kinase activity has been 

implicated in transmission of the MUC1/ICAM-1 signal. Specifically, it has been shown 

that pre-treatment of human breast cancer or MUC1 expressing HEK 293T cells with the 

SFK inhibitor PP2 significantly abrogates both the observed ICAM-1 binding induced 

calcium oscillatory signal [13] and actin cytoskeletal rearrangements [14]. The pathway 

downstream of Src in the MUC1/ICAM-1 signalling axis leading to actin cytoskeletal 

rearrangements and motility has been identified as CrkL-Rac1/Cdc42 [14]. A direct 

association between MUC1 and Src has been demonstrated by multiple groups. 

Association of both Src SH2 and SH3 domains with MUC1-CD has been reported, and 

the SH2 domain binding site on MUC1-CD has been identified as pY46EKV[267]. 

Interestingly, Y46 is also a reported substrate for Src kinase. Following ICAM-1 binding, 

increased association of MUC1-CD and Src has been observed, as well as the appearance 

of tyrosine phosphorylated MUC1-CD. These data can be interpreted to suggest that 

MUC1 and Src are binding partners, and Src is likely the entity responsible for initiation 

of the MUC1/ICAM-1 signal through phosphorylation of MUC1-CD and recruitment of 

downstream signalling mediators such as CrkL, resulting in both CaOs and cell motility. 

However, due to the non-specificity of the SFK inhibitor PP2 and the circumstantial 

nature of the MUC1/Src binding data, a definitive role for Src in MUC1/ICAM-1 

signalling has not been demonstrated. In this chapter, we will use Src siRNA to 

specifically decrease the level of Src protein in MUC1-transfected HEK 293T cells and 

determine the effect on previously described ICAM-1 binding induced signalling events. 

We hypothesize that reduction of Src kinase levels in MUC1 expressing cells will result 
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in a significant reduction in ICAM-1 binding induced signalling. Definitive identification 

of Src as a mediator of the MUC1/ICAM-1 signal is a crucial step in understanding the 

significance of this binding in cancer metastasis. 

 

3.2. Results 

3.2.1. Src protein levels are significantly decreased by siRNA treatment 

 To determine the optimal dose and incubation period for Src siRNA in order to 

get the maximum decrease in Src protein levels, we performed a time/dose course on 

HEK 293T MUC1-CFP cells. In a 24-well format, we varied the concentration of 

Lipofectamine 2000TM transfection reagent from 0.5&l to 1.5&l per well (manufacturer 

recommendation 1.0&l per well). We also varied the concentration of siRNA from 

10pmol to 40pmol per well (manufacturer recommendation 20pmol per well). For each 

combination of Lipofectamine and siRNA, we assayed Src protein levels after 24, 48, and 

72 hours incubcation, for a total of 30 conditions, and included a control with 

Lipofectamine reagent only (Fig 3.1). For each condition, lysates were run on SDS-

PAGE and probed with anti-Src and anti-tubulin as a loading control. Densitometry on 

Src bands, normalized to tubulin bands (Image J) was performed, and the results graphed, 

with the Lipofectamine only control condition set to one (Fig 3.2). Conditions in which 

Src levels were reduced >50% compared to control are indicated by a hashmark (#).  

 Based on the time/dose course experiment, we decided that we would use 0.5&l 

Lipofectamine and 20pmol Src siRNA per well for 48 hours for the remaining 

experiments.  Scramble, non-targeting siRNA was used as a negative control in addition 

to Lipofectamine only to ensure that siRNA treatment alone does not reduce protein 

expression levels. Both HEK 293T (parental) and HEK 293T MUC1-CFP cells were 

assayed for Src and tubulin expression after treatment (Fig 3.3). The level of Src protein  
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was significantly decreased in both cell types after treatment with Src siRNA, while 

Lipofectamine only and Scramble siRNA had no significant effect. The level of tubulin 

remained constant for all experimental conditions, demonstrating equal protein loading. 

  

3.2.2. Src is required for MUC1/ICAM-1 binding induced events 

Following treatment with Lipofectamine only, Scramble siRNA, or Src siRNA, 

parental and MUC1-CFP transfectants were assayed for the previously described ICAM-

1 binding induced CaOs [13] (Fig 3.4). As parental cells do not express MUC1, the 293T 

Lipofectamine only condition was set to one as a negative control. All conditions using 

parental cells resulted in equivalent levels of CaOs, indicating that Src knockdown does 

not affect the magnitude of CaOs generated in response to ICAM-1 treatment in these 

cells. In MUC1-transfected cells which were treated with Lipofectamine only, a 

statistically significant increase in Oscillation Factor after ICAM-1 stimulation was 

observed compared to parental conditions, in agreement with prior publications 

describing the MUC1/ICAM-1 binding induced CaOs [13]. Treatment with Scramble 

siRNA did not result in a significant change in the oscillation factor for MUC1-CFP cells, 

but treatment with Src siRNA decreased the oscillation factor significantly compared to 

Lipofectamine only or Scramble siRNA treatments, was still significantly greater than 

negative control conditions.   

 Cells were also assayed for transmigration through an ICAM-1 positive 

monolayer, a previously described phenomenon following MUC1/ICAM-1 binding [15] 

(Fig 3.5). Again, parental Lipofectamine only treatment condition was set to one and the 

remaining conditions expressed as a ratio. Parental cell migration was not affected by 

siRNA treatment, indicating that MUC1 expression is required to elicit ICAM-1 binding 

mediated CaOs. In MUC1-transfected cells treated with Lipofectamine only, a  
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significantly greater number of cells migrated compared to this control, in agreement 

with prior data demonstrating that MUC1/ICAM-1 binding results in cell motility and 

migration [14, 15]. In MUC1-CFP cells, Scramble siRNA did not significantly affect 

migration levels compared to Lipofectamine only. Treatment of MUC1-CFP cells with 

Src siRNA significantly reduced the level of cell migration compared to MUC1-CFP 

Lipofectamine only or Scramble siRNA, but there was still a significantly greater number 

of cells migrated than parental negative control conditions.  

 

3.3. Conclusion 

These data indicate that decreasing the levels of Src protein with siRNA diminish 

the signalling potential of MUC1/ICAM-1 binding, demonstrating a requirement for Src 

kinase in effective generation of both CaOs and subsequent cell migration. As siRNA is 

an effective tool for specific inhibition of protein synthesis, these data demonstrate that 

Src is a critical component of the MUC1/ICAM-1 signalling axis. As a direct relationship 

between MUC1 and Src has been demonstrated, investigation of the nature of MUC1/Src 

binding would reveal information on the mechanism of MUC1/ICAM-1 signalling. 
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Chapter 4: Dimerization of MUC1-CD and the 

relationship to Src binding and 

ICAM-1 induced signalling 
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4.1. Introduction 

 Dimerization of a MUC1-CD construct, devoid of a transmembrane domain, has 

been demonstrated both in vitro and in vivo [19, 184]. This dimerization has been found 

to be dependent on the cysteine residues of the membrane-proximal C1QC motif of the 

MUC1-CD. This, with the observation that covalently-linked dimers formed in vitro 

suggest that disulfide linkages are responsible for MUC1-CD dimerization. A MUC1-CD 

peptide containing the C1QC motif has been demonstrated to disrupt the redox balance of 

human breast cancer cells, resulting in necrotic cell death in both cellular and animal 

models [184]. Recently, a small molecule, apigenin, has been identified as an inhibitor of 

MUC1-CD dimerization and also of cancer cell proliferation [390]. The majority of 

MUC1 dimerization research has focused on the role of dimerization in redox balance, 

DNA damage response, and terminal differentiation of cells [183, 184, 391].  

 Here, we investigated MUC1-CD dimerization in MUC1 constructs containing 

the TMD, as constitutive dimerization of other cell membrane receptors has been shown 

to be dependent on the TMD [369, 371, 372]. Using an engineered dimerization domain, 

we then manipulated MUC1-CD dimerization, and determined if dimerization is 

necessary for Src recruitment. In Chapter 3, we demonstrated the necessity for Src in 

ICAM-1 binding induced CaOs and migration. Therefore, we also determined the effect 

of inhibiting MUC1-CD dimerization (and possibly Src recruitment to MUC1-CD) on 

ICAM-1 binding induced events. Lastly, we determined if Src binding to MUC1-CD is 

facilitating MUC1-CD dimerization, as Src contains two potential MUC1-CD binding 

motifs [267], and it is possible that a single Src molecule can “bridge” a MUC1-CD 

dimer. We hypothesized that MUC1 exists as a constitutive, covalently linked dimer 

which is required for Src recruitment and ICAM-1 binding induced signalling; and that 

Src binding to MUC1-CD SH2/SH3 domains is not required for MUC1-CD dimerization. 
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Elucidation of the mechanism of MUC1/ICAM-1 binding induced signalling will provide 

potential targets for anti-metastatic therapies in the future. 

 

4.2. Results 

4.2.1. MUC1 forms constitutive cytoplasmic domain dimers in human breast cancer 

cell lines and transfected HEK 293T cells.  

MUC1 positive human breast cancer cell lines MCF-7 and T47D (Fig 4.1A) and 

HEK 293T cells transfected with MUC1-CFP (Fig 4.1B) or the MUC1 splice variant  

 lacking the tandem repeat domain MUCY-YFP-Fv (Fig 4.1C) were lysed with or without 

prior treatment with the membrane permeable crosslinker DSS. SDS-PAGE and probing 

with anti-MUC1-CD revealed the invariable appearance of a new MUC1-CD species at 

exactly double the molecular weight of the monomeric cytoplasmic domain after 

treatment with DSS, consistent with the presence of a MUC1-CD homodimer. The 

appearance of MUC1-CD dimers in MUCY-YFP-Fv transfectants indicates that the 

tandem repeat domain is not required for dimerization.  

We then investigated the contribution of the MUC1 cytoplasmic domain to dimer 

formation. HEK 293T cells were transfected with MUCY-YFP-Fv and/or CD8/MUC1, 

described in [380], a chimera of CD8 extracellular and transmembrane domains and 

MUC1-CD domain, beginning at R4RK (lacking C1QC motif). Single transfection of 

either CD8/MUC1 or MUCY-YFP-Fv and probing with anti-MUC1-CD revealed their 

molecular weights to be approximately 40 and 75 kDa, respectively (Fig 4.2, lanes 1 and 

2).  Immunoprecipitation of the CD8/MUC1 + MUCY-YFP-Fv double transfectant (Fig 

4.2, lane 3) with anti-CD8 and probing with anti-MUC1-CD (Fig 4.2, lane 4) resulted in 

the appearance of a 75kDa MUC1-CD species on a Western blot (Fig 4.2, red square), 

consistent with the molecular weight of MUCY-YFP-Fv. This indicates an association  



94 

 

 

 



95 

 

 

 



96 

 

between CD8/MUC1 and MUCY-YFP-Fv. This association is significant because the 

CD8/MUC1 construct only contains the cytoplasmic portion of MUC1, beginning at 

R4RK, and does not contain the C1QC motif, fluorescent tags, or the Fv domain. 

Therefore, association between these two entities must be due to the MUC1 cytoplasmic 

domain. Taken together, these data show that MUC1-CD forms constitutive cytoplasmic 

domain dimers which are not dependent on the VNTR domain, TMD, the C1QC motif, or 

engineered C-terminal tags.  

 

4.2.2. MUC1 cytoplasmic domain dimerization can be disrupted by addition of an 

engineered Fv domain and a monomeric Fv domain ligand. 

To investigate the importance of MUC1 dimerization in Src association and 

ICAM-1 induced signalling, we sought to manipulate dimerization using a construct of 

MUC1 containing a C-terminal Fv domain (ARIAD Pharmaceuticals), and bivalent 

(AP20187D) or monovalent (AP21998M) ligands. Dimerization of Fv domain containing 

proteins can be manipulated by addition of Fv domain ligands. Previously, this system 

has been used to successfully manipulate dimerization of growth factor receptors [392] 

and G protein-coupled receptors [393]. Mechanistically, the bivalent ligand, which 

contains two Fv-binding domains, effectively brings two Fv-domain containing proteins 

within close proximity – “dimerization”. The monovalent lingand, which contains one 

Fv-domain binding domain, is designed to bind to Fv-domain containing proteins and 

sterically inhibit their interaction with other Fv-domain containing proteins – 

“disaggregation or “monomerization” (Fig 4.3A). We found that treatment of 293T 

MUC1-CFP-FvHA cells for one minute with increasing concentrations of AP20187D did 

not increase the quantity of MUC1-CD dimers above baseline levels, while AP21998M 

treatment resulted in a dose dependant reduction in the level MUC1-CD dimers (Fig  
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4.3B). Densitometric analysis of the dimer bands normalized to total MUC1-CD 

illustrates the change in proportion of MUC1 in dimer form with AP21998M treatment 

(Fig 4.3C). As a control, 293T MUC1-CFP cells, which lack the Fv domain, do not show 

a significant change in dimer quantity following treatment with 1 uM AP20187D or 

AP21998M (Fig 4.3D). 

 

4.2.3. Disruption of MUC1-CD dimerization does not result in loss of cell viability. 

As previous reports [184] have demonstrated that disruption of MUC1-CD 

dimerization using peptides results in arrest of cell growth and necrotic cell death, we 

performed a trypan blue exclusion viability assay after treatment with 1uM AP20187D or 

AP21998M and saw no significant reduction in viability, compared to no treatment 

control, up to 72 hours exposure (Fig 4.4). 

 

4.2.4. Disruption of MUC1-CD dimerization results in decreased recruitment of 

total and active Src kinase to MUC1-CD. 

To determine the importance of MUC1-CD dimerization in constitutive Src 

recruitment, 293T MUC1-CFP-Fv (Fig 4.5A), and, as a control, 293T MUC1-CFP (Fig 

4.5 B) cells were treated with increasing concentrations of AP20187D or AP21998M for 

one minute, followed by immunoprecipitation with anti-MUC1-CD. Following separation 

on SDS-PAGE, blots were probed with anti-Src (total Src) and anti-Srcp-Y416 (active Src). 

In the MUC1-CFP-Fv transfectants, the amount of total and active Src associated with 

MUC1-CD decreased in a dose-dependent manner with AP21998M treatment (Fig 4.5A, 

arrows). Treatment with AP20187D did not result in a significant change, and Src 

recruitment to MUC1-CFP (Fig 4.5B) was not affected by Fv ligand treatment.  
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Densitometric analysis of Src and SrcP416 normalized to MUC1-CD illustrates these 

results (Fig 4.6).  

 

4.2.5. Disruption of MUC1-CD dimerization results in decreased ICAM-1 binding 

induced calcium oscillations and cell migration. 

To determine if MUC1-CD dimerization is important in the previously observed 

ICAM-1 binding induced events, we assayed for ICAM-1 binding induced CaOs and 

invasion through an ICAM-1 positive monolayer after addition of the Fv ligands 1uM 

AP20187D or 1uM AP21998M and compared this to a no treatment control. 293T MUC1-

CFP-Fv and, as controls, the Fv-domain negative 293T MUC1-CFP cells and the MUC1-

negative 293T (parental) cells, were assayed for ICAM-1 binding induced CaOs (Fig 4.7) 

and invasion through an ICAM-1 monolayer (Fig 4.8). For each experiment, the parental 

no treatment condition was set to one and the remaining experiments expressed as ratios. 

MUC1-CFP and MUC1-CFP-Fv transfected cells displayed significant and statistically 

equivalent increases in CaOs and migration compared to control, in no treatment 

conditions. This indicates that the presence of the CFP and Fv domains do not interfere 

with the generation of ICAM-1 binding induced signalling. We found that ICAM-1 

binding induced CaOs and invasion in 293T MUC1-CFP-Fv cells was significantly 

reduced after treatment with AP21998M, compared to no treatment control. However, 

CaOs levels were still significantly greater than those observed in Parental conditions. 

Treatment with AP20187D resulted in a significant increase in cell migration in 293T 

MUC1-CFP-Fv cells (Fig 4.8), but did not produce a significant response in the CaOs 

assay (Fig 4.7).  Addition of the Fv domain ligands had no significant effect on the 293T 

MUC1-CFP transfectants lacking the Fv domain or parental cells lacking MUC1 

expression. 
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4.2.6. MUC1-CD dimers are not covalently linked 

 As prior reports [19] have demonstrated that truncated MUC1-CD dimers are 

covalently linked in vitro, we investigated the formation of covalently-linked MUC1-CD 

dimers in vivo before and after ICAM-1 stimulation. By omitting the reducing agent !-

mercaptoethanol from the LSB used to prepare lysates for SDS-PAGE, we expected that 

covalently linked species would remain intact. Reducing (R, + !-mercaptoethanol) and 

non-reducing (NR, no !-mercaptoethanol) samples were run on separate SDS-PAGE gels 

as leaching of !-mercaptoethanol can occur. In both human breast cancer MCF-7 cells 

and 293T MUC1-CFP cells, no evidence of covalently linked MUC1-CD dimerization  

was observed constitutively (Fig 4.9A) and following stimulation with NIH ICAM-1 cells 

for 60 seconds (Fig 4.9B) when probed with anti-MUC1-CD. As a control for our 

technique, 293T CD8/MUC1 transfectants, which are expected to exist as covalently 

linked dimers via a CD8-ECD bridge [394, 395], were run under reducing and non-

reducing conditions, revealing the presence of a covalently linked species at the 

molecular weight expected for a CD8/MUC1 dimer (Fig 4.9C). 

 

4.2.7. MUC1-CD contains SH2 and SH3 binding domains which act to recruit Src 

kinase 

 To further reveal the mechanism of Src binding to MUC1-CD, we mutated the 

confirmed Src SH2 binding site (Y46F; %SH2) [267] and/or the putative Src SH3 binding 

site (P37A/P38A; %SH3). As discussed in Section 1.2.5., Src SH3 domain binding is 

ideally suited to the motif “PXXP”, with arginine residues lying either N- or C-terminal 

to the polyproline motif [323], although there are many examples of Src SH3 domain 

binding motifs lacking this sequence [324]. As Src SH3 domain has been shown to bind 

MUC1-CD as an undescribed motif [267], the MUC1-CD sequence “R34YVPPSSTDR43”  
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is the most likely SH3 binding site, containing both proline and arginine residues. We 

mutated the SH2 and/or putative SH3 binding domains on the MUC1-CFP-Fv plasmid, 

transfected HEK 293T cells, and following immunoprecipitation with anti-MUC1-CD, 

probed for Src and, as a loading control, MUC1-CD (Fig 4.10). We found that mutation 

of either the SH2 or the SH3 binding domain in MUC1-CD resulted in a decrease in the 

level of Src recruited to MUC1-CD, although MUC1-CD and Src were still associated. 

When both the SH2 and SH3 domain were mutated, Src recruitment to MUC1-CD was 

not detectable. These data indicate the MUC1-CD may recruit Src constitutively by both 

the SH2 and SH3 binding domains, and when one is mutated recruitment by the other is 

not affected. When both binding domains are mutated, Src is not recruited to MUC1, 

indicating that the SH2 and SH3 binding domains are the only Src recruitment motifs 

present on MUC1-CD.  

 

4.2.8. Src recruitment is not required for MUC1-CD dimerization 

 To determine if MUC1-CD dimerization is dependent on recruitment of Src 

kinase, we assayed dimerization in MUC1-CFP-Fv cells with SH2 and/or SH3 domains 

mutated (Fig 4.11). As described in Section 4.2.6., MUC1-CFP-Fv %SH2 and MUC1-

CFP-Fv %SH3 display reduced recruitment of Src compared to wildtype, while MUC1-

CFP-Fv %SH2/SH3 does not recruit Src. Following treatment with DSS, cells were run 

on SDS-PAGE and probed with anti-MUC1-CD. MUC1-CFP-Fv %SH2, MUC1-CFP-Fv 

%SH3 and MUC1-CFP-Fv %SH2/3 all formed MUC1-CD dimers (Fig 4.11), indicating 

that Src recruitment to MUC1-CD is not necessary for dimerization.  

 To further investigate the requirement for Src kinase in MUC1-CD dimerization, 

we utilized mouse embryonic fibroblasts (MEF) with Src/Yes/Fyn triple gene knockout 

(SYF-/-). Transfection of MUC1-CFP-Fv and treatment with DSS revealed that MUC1- 
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CD forms dimers in MEF SYF-/- cells lacking SFKs (Fig 4.12). This confirms the results 

shown in Fig 4.11, demonstrating that MUC1-CD dimerization is not dependent on Src 

kinase recruitment. Transfection of Src or Y530F Src, a constitutively active mutant, did 

not significantly affect MUC1-CD dimerization in MEF SYF-/- cells, indicating that the 

presence of Src does not potentiate MUC1-CD dimerization. Taken together, these data 

show that MUC1-CD dimerization occurs independently of Src, as Src is not required to 

be bound to MUC1-CD or present in the cell for dimerization to occur.  

 

4.3. Conclusion 

 The data presented in this chapter demonstrate the role of MUC1-CD 

dimerization in ICAM-1 binding induced signalling, a proposed step in breast cancer 

metastasis, as well as reveal information on the mechanism of MUC1-CD dimerization. 

MUC1-CD dimerization occurs in both human breast cancer cell lines and transfected 

HEK 293T cells, indicating that dimerization is not dependent on a malignant phenotype. 

Further, we demonstrate that MUC1-CD dimerization occurs independent of the tandem 

repeat domain, and the association of MUC1-Y and CD8/MUC1, which contains only 

69aa of the MUC1-CD, indicates that dimerization occurs due to cytoplasmic interactions 

independent of the C1QC motif. We also demonstrate that MUC1-CD dimerization in 

cells is not due to covalent bonding, contrary to other reports [19]. The role of the C1QC 

motif in MUC1-CD dimerization and signalling will be investigated further in Chapter 5. 

Our disruption of MUC1-CD dimerization using the engineered “Fv domain” and 

monovalent Fv ligands allowed for investigation of the role of dimerization in 

recruitment of Src kinase and our previously described ICAM-1 binding induced CaOs 

and cell migration. As we have shown in Chapter 3 that Src kinase is a critical component 

of the MUC1/ICAM-1 signalling axis, we investigated the effect of MUC1-CD  
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dimerization on recruitment of Src. We found that disruption of dimerization prevented 

both Src recruitment and ICAM-1 binding induced events. This finding is novel and 

significant, as inhibition of ICAM-1 binding induced cell migration represents a potential 

target in anti-metastatic therapies for breast cancer. Also, our findings showing that 

disruption of Src binding and ICAM-1 binding induced signalling are both inhibited by 

interference with MUC1-CD dimerization suggest that Src kinase is a direct modulator of 

the MUC1/ICAM-1 signal, not an indirect, downstream component.  Lastly, we 

demonstrate that MUC1-CD dimerization occurs independently of Src binding, as 

MUC1-CD existed as a constitutive dimer in the absence of Src binding, through 

mutation of Src SH2/SH3 binding domains or knockout of Src. The data presented in this 

chapter shed light on the mechanism of Src recruitment to MUC1 and ICAM-1 binding 

induced signalling, representing potential targets for anti-metastatic therapies in the 

future. 
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5.1. Introduction 

 It has been reported that MUC1-CD dimerization is dependant on the membrane-

proximal cysteine residues of the motif C1QC [19, 20], resulting in nuclear import. These 

reports utilized a MUC1-CD construct consisting of 72aa of the CD, without a TMD or 

ECD. They found that, in vitro, MUC1-CD formed covalently linked dimers when 

separated under non-reducing conditions. In 293T cells, they found that mutation of the 

cysteine residues of C1QC to alanine resulted in disruption of dimerization and nuclear 

localization. Collectively, these results suggested that disulfide linkage was the 

mechanism of MUC1-CD dimerization.  

  However, in Chapter 4, we found that, in 293T cells, full-length MUC1-CD 

dimers were not covalently-linked constitutively or following ICAM-1 treatment. Here, 

we further investigate this finding, looking specifically at the cysteine residues of the 

C1QC motif in MUC1-CD dimerization, Src recruitment, and ICAM-1 binding induced 

signalling. We hypothesize that mutation of these cysteine residues will not prevent 

MUC1-CD dimerization or ICAM-1 binding induced signalling, as MUC1-CD dimers 

are not covalently linked.  

 

5.2. Results 

5.2.1. Mutation of MUC1-CD cysteine residues does not prevent cell membrane 

expression 

 Prior studies investigating the role of MUC1-CD membrane proximal cysteine 

residues in membrane localization have yielded contradictory results [179, 180]. Here, we 

determined the membrane expression levels of a mutant MUC1 construct in which both 

cysteine residues have been mutated to alanine, MUC1-CFP (AQA) after transfection 

into HEK 293T cells (Fig 5.1). Parental, non-transfected cells, which express no  
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endogenous MUC1, were assayed by flow cytometry, with no staining to control for 

autofluroescence or after staining with a fluorescently-conjugated anti-MUC1-ECD 

antibody, anti-MUC1-ECD-FITC, which controls for non-specific binding. For each 

population of cells, a mean fluorescent intensity was determined, and the average mean 

from three experiments was plotted. The parental, no staining condition was set to one 

and the remaining conditions expressed as a ratio. As a positive control, wildtype MUC1-

CFP-Fv transfected 293T cells were assayed following staining with anti-MUC1-ECD-

FITC, displaying a significant increase in mean cell fluorescence over negative controls. 

MUC1-CFP-Fv (AQA) transfected 293T cells also displayed a significant increase in  

mean cell fluorescence compared to negative controls, and these means were not 

significantly different from wildtype MUC1-CFP-Fv (p<0.05) (Fig 5.1). These data 

indicate that the MUC1-CFP-Fv (AQA) construct is expressed at the cell surface of 

transfected 293T cells at equivalent levels to wildtype MUC1. 

 

5.2.2. MUC1-CD cysteine residues are not required for MUC1-CD dimerization or 

Src recruitment 

 To determine if MUC1-CD membrane proximal cysteine residues are required 

for our observed constitutive MUC1-CD dimerization, we assayed MUC1-CFP-Fv 

(AQA) dimerization after DSS treatment (Fig 5.2A). MUC1-CFP-Fv wildtype was used 

as a positive control. Following treatment with DSS, separation on SDS-PAGE, and 

probing with anti-MUC1-CD, dimer bands for both MUC1-CFP-Fv and MUC1-CFP-Fv 

(AQA) were observed, indicating that mutation of MUC1-CD cysteine residues to alanine 

did not prevent dimer formation. 

 To determine if the observed MUC1-CFP-Fv (AQA) dimers were functional in 

the recruitment of Src kinase, we probed for Src after immunoprecipitation with anti- 
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MUC1-CD (Fig 5.2B) in MUC1-CFP-Fv (as a positive control) and MUC1-CFP-Fv 

(AQA) transfected 293T cells. We found that Src was recruited to MUC1-CFP-Fv (AQA) 

cells at an equivalent level to MUC1-CFP-Fv wildtype cells, indicating that mutation of 

membrane proximal cysteine residues does not impair Src recruitment to MUC1-CD 

dimers.  

 

5.2.3. MUC1-CD cysteine residues are not required for ICAM-1 binding induced 

calcium oscillations and cell migration 

 We sought to determine if MUC1-CD membrane proximal cysteine residues are 

required for the previously observed ICAM-1 binding induced CaOs and cell migration. 

We assayed MUC1-CFP-Fv (AQA) cells for CaOs following treatment with ICAM-1 or 

mock transfected cells, as a negative control (Fig 5.3), and migration through an ICAM-1 

or mock monolayer (Fig 5.4). Parental 293T cells and MUC1-CFP-Fv wildtype cells 

were also assayed as negative and positive controls, respectively. Parental, mock 

treatment condition was set to one and the remaining conditions expressed as a ratio. 

Parental cells did not display a significant change in CaOs levels when treated with 

ICAM-1 cells compared to mock transfected cells, indicating that ICAM-1 treatment does 

not elicit a CaOs response when MUC1 is absent. MUC1-CFP-Fv cells generated a 

significant increase in CaOs levels when treated with ICAM-1 cells compared to mock 

treatment and parental conditions, in agreement with previous work investigating 

MUC1/ICAM-1 binding induced calcium signaling [13]. MUC1-CFP-Fv (AQA) cells 

also exhibited an increase in CaOs levels in response to ICAM-1 treatment versus mock 

which was statistically equivalent to that of MUC1-CFP-Fv wildtype. These data indicate 

that the membrane proximal cysteine residues are not required for generation of the 

ICAM-1 binding induced CaOs.  
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Migration of parental cells was not affected by the presence of ICAM-1 (Fig 5.4), 

indicating that migration is not stimulated by ICAM-1 in MUC1-negative cells. 

Migration of MUC1-CFP-Fv wildtype transfectants, however, was significantly increased 

in the presence of an ICAM-1 monolayer compared to a mock transfected monolayer and 

parental conditions, in agreement with previous work investigating the MUC1/ICAM-1 

binding induced cell migration [15]. MUC1-CFP-Fv (AQA) transfectants responded to 

the presence of ICAM-1 by increasing cell migration, compared to mock monolayer and 

parental conditions, to levels statistically equivalent to that of MUC1-CFP-Fv wildtype. 

These data indicate that the membrane proximal cysteine residues are not required for 

ICAM-1 binding induced cell motility and invasion.  

 

5.3. Conclusion 

 The data presented in this chapter identifies a discrepancy in the field of MUC1 

research. Contrary to previous reports, we found that the membrane proximal cysteine 

residues are not required for MUC1-CD dimerization. We also report that the cysteine 

residues are not required for Src recruitment or ICAM-1 binding induced signalling, in 

agreement with our results from Chapter 4 demonstrating that MUC1-CD dimers are not 

covalently linked. We have developed several hypotheses to explain these seemingly 

conflicting findings, which will be a focus of Section 8.1.2. Our finding that MUC1-CD 

dimers are not cysteine linked provides information and hypothesis generation on the 

mechanism of MUC1-CD dimerization, which may be of clinical importance if inhibitors 

to MUC1-CD dimerization are to be investigated as an anti-metastatic therapy in the 

future. 
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6.1. Introduction 

 MUC1 is a reported substrate for the proteases ADAM17 and MT1-MMP [24, 

25], both of which act to remove the majority of the large, heavily glycosylated ECD, 

leaving a fragment of MUC1 containing a short extracellular portion, the TMD, and CD. 

Cleavage by ADAM17 occurs constitutively while cleavage by MT1-MMP must be 

stimulated by treatment with pervanadate [25]. The exact physiological and/or 

pathological roles of MUC1 S2 cleavage have yet to be investigated, but several studies 

have implicated ADAM17 mediated MUC1-ECD cleavage in embryo implantation, with 

cleavage occurring locally at the site of blastocyst attachment [210, 396]. Also, the 

observation that increased levels of MUC1-ECD in human serum is correlated with a 

poor prognosis in breast cancer suggests that this cleavage event could be of clinical 

importance [27, 28]. 

 In this chapter, we investigate the role of MUC1-ECD removal in dimerization, 

Src recruitment and ICAM-1 binding induced CaOs and cell invasion. Due to the large, 

heavily glycosylated nature of the ECD, we originally hypothesized that it would 

sterically inhibit dimerization of the MUC1-CD and its removal must proceed it. 

However, as ICAM-1 binds to the VNTR domain of MUC1, the ECD must be intact in 

order for ICAM-1 binding to induce cytoplasmic signalling cascades. In light of our 

findings in Chapter 4 demonstrating that ICAM-1 induced signalling requires MUC1-CD 

dimerization, we conclude that dimerization must occur with the ECD intact in at least 

one dimer partner to allow for ICAM-1 ligation and signal transmission. Due to the 

dimeric nature of ICAM-1 [302], it is most likely that ICAM-1 binds to a MUC1 dimer 

with both dimer partners having the ECD intact.  

 However, in order for cell migration to occur following MUC1/ICAM-1 binding, 

this interaction must be disrupted to allow the cell to move forward, which could be 
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achieved by MUC1-ECD cleavage. Therefore, we hypothesize that cleavage of MUC1-

ECD is not required for MUC1-CD dimerization, but follows ICAM-1 binding and is 

required for ICAM-1 binding induced CaOs and cell migration.  To test our hypothesis, 

we used a broad spectrum inhibitor of ADAMs, TAPI-0, to inhibit ADAM17 activity, 

followed by assaying for dimerization, Src recruitment, and ICAM-1 binding induced 

events. We carried out all experiments in both MUC1-transfected HEK 293T cells and 

human breast cancer cell line T47D in order to account for cell-type differences and 

allow for conclusions to be drawn regarding the role of MUC1-ECD cleavage in breast 

cancer progression. 

 

6.2. Results 

6.2.1. TAPI-0 inhibits MUC1-ECD cleavage in both MUC1-transfected cells and 

human breast cancer cells 

 HEK 293T cells transfected with MUC1-CFP (Fig 6.1A) and the human breast 

cancer cell line T47D (Fig 6.1B) were treated withwith 100&M of TAPI-0 for 24, 30, 40 

or 48 hours. Both cell lysate and conditioned media was collected and run on SDS-PAGE 

followed by probing for MUC1-ECD and MUC1-CD. MUC1-CFP cell lysate and 

conditioned media were also assayed for E-cadherin, a substrate of ADAM10 [397], to 

determine if TAPI-0 inhibited this enzyme as well. In ‘No treatment’ control of both 

MUC1-CFP transfected and T47D human breast cancer cells, both MUC1-ECD and CD 

were present in WCL, while only MUC1-ECD was present in 24 hour conditioned media. 

This is consistent with constitutve cleavage of MUC1 which releases MUC1-ECD. E-

cadherin-ECD was present in both WCL and conditioned media of MUC1-CFP 

transfected cells, although the species present in WCL ran at approximately 120kDa 

while the species present in the conditioned media ran at approximately 80kDa. This  
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difference in molecular weights can be interpreted to indicate that the smaller species 

present in the conditioned media is a product of a cleavage event. In the case of 

constitutive cleavage of MUC1, the molecular weights of the MUC1-ECD species 

present in WCL and conditioned media do not appear to be of distinct molecular weight.  

 In MUC1-CFP transfected 293T cells (Fig 6.1A), treatment with TAPI-0 for 24 

hours resulted in an increase in the amount of MUC1-ECD in the WCL, consistent with a 

reduction in ECD cleavage. In agreement with this, the amount of MUC1-ECD in the 

conditioned media after 24 hour TAPI-0 treatment was reduced. As a control, the level of 

MUC1-CD in the whole cell lysate remained constant. Increasing treatment time did not 

result in a significant change from the 24 hour treatment condition in MUC1-CFP cells. 

These data indicate that TAPI-0 treatment inhibits MUC1-ECD cleavage in MUC1-CFP 

transfected cells, with maximum inhibition occurring at 24 hours treatment. 

 Levels of E-cadherin-ECD in whole cell lysate (Fig 6.1A) increased with TAPI-0 

treatment, with maximum levels appearing after 40 hours of treatment. Also, a reduction 

of the level of E-cadherin-ECD in the conditioned media at 40 hours of treatment was 

observed. These data indicate that TAPI-0 treatment also inhibits cleavage of E-cadherin, 

although cleavage of MUC1 and E-cadherin are maximally inhibited at different time 

points. 

 In human breast cancer T47D cells (Fig 6.1B), treatment with TAPI-0 for 40 

hours resulted in a maximal increase in the level of MUC1-ECD present in WCL, 

compared to no treatment control levels. As a control, the level of MUC1-CD in WCL 

remained constant for all time points. The level of MUC1-ECD in the conditioned media 

decreased after 24 hour treatment and this decrease was constant for all treatment time 

points, compared to no treatment control. These data indicate that TAPI-0 treatment 
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inhibits MUC1-ECD cleavage in T47D cells, with maximum inhibition occurring at 40 

hours treatment. 

 

6.2.2. Inhibition of MUC1-ECD cleavage does not inhibit MUC1-CD dimerization 

 To determine if MUC1-ECD cleavage is required for the observed constitutive 

MUC1-CD dimerization, we treated MUC1-CFP-Fv transfected 293T cells and human 

breast cancer T47D cells with 100&M TAPI-0 for 24 or 40 hours, respectively, then 

assayed for dimerization of MUC1-CD by DSS treatment (Fig 6.2). As a control, a “No 

treatment” condition was also assayed for MUC1-CD dimerization. Both 293T MUC1-

CFP-Fv (Fig 6.2A) and T47D cells (Fig 6.2B) displayed equivalent levels of MUC1-CD 

dimer compared to no treatment control when MUC1-ECD cleavage was inhibited, 

indicating that MUC1-ECD cleavage is not required for MUC1-CD dimerization.  

 

6.2.3. Inhibition of MUC1-ECD cleavage does not inhibit MUC1-CD Src 

recruitment 

 To determine if inhibition of MUC1-ECD cleavage affects recruitment of Src to 

MUC1-CD, we treated MUC1-CFP-Fv transfected HEK 293T cells (Fig 6.3A) and 

human breast cancer T47D cells (Fig 6.3B) with 100&M of TAPI-0 for 24 or 40 hours, 

respectively. We then immunoprecipitated with anti-MUC1-CD and assayed for Src by 

SDS-PAGE. In both MUC1-CFP-Fv and T47D cells, Src was recruited to MUC1-CD 

after treatment with TAPI-0 at levels equivalent to “No treatment” control. This indicates 

that MUC1-ECD cleavage is not required for Src recruitment to MUC1-CD in MUC1 

transfected or human breast cancer cells. 
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6.2.4. Inhibition of MUC1-ECD cleavage does not inhibit ICAM-1 binding induced 

calcium oscillations 

 To determine if MUC1-ECD cleavage is required to induce ICAM-1 binding 

induced CaOs, we pre-treated MUC1-CFP transfected 293T cells and human breast 

cancer T47D cells with 100&M TAPI-0 for 24 or 40 hours, respectively, then assayed for 

the level of ICAM-1 induced CaOs signalling (Fig 6.4). As controls, parental (HEK 

293T) cells, which do not express MUC1, were also assayed; and NIH Mock cells, which 

do not express ICAM-1, were used as a negative control treatment. In parental cells, the 

“No treatment” condition treated with Mock cells was set to one and the remaining 

conditions expressed as a ratio. Parental cells did not display any significant increase in 

CaOs level in any treatment condition, indicating that MUC1 expression is necessary for 

induction of ICAM-1 binding induced CaOs. MUC1-CFP transfected cells displayed 

significantly greater levels of CaOs when treated with mock cells compared to parental, 

and T47D cells treated with mock cells did not display significantly different levels 

compared to parental. The increased response of MUC1-CFP transfected cells to mock 

cells could be due to cell type differences or experimental variables such as Fluo-3 

loading. 

 We found that in both MUC1-CFP transfected cells and T47D cells, the level of 

CaOs induced by ICAM-1 binding was not significantly affected by TAPI-0 treatment, 

compared to no treatment controls. The levels of CaOs generated was significantly 

greater in MUC1-CFP transfected cells compared to T47D cells, and may be attributed to 

cell type specific differences in protein expression and phenotype. These data indicate 

that MUC1-ECD cleavage is not required for generation of ICAM-1 binding induced 

CaOs in MUC1 transfected cells and human breast cancer cells. 
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6.2.5. Inhibition of MUC1-ECD cleavage results in inhibition of cell migration 

through an ICAM-1 positive monolayer 

 To determine if MUC1-ECD cleavage is necessary for ICAM-1 binding induced 

cell migration, we pre-treated MUC1-CFP transfected HEK 293T cells and human breast 

cancer T47D cells with 100&M of TAPI-0 for 24 or 40 hours, respectively (Fig 6.5). This 

was followed by a 24 hour Transwell migration assay, in which 100&M TAPI-0 was also 

present, through a monolayer of ICAM-1 or Mock transfected NIH 3T3 cells. As a 

control, HEK 293T parental cells, which do not express MUC1, were assayed. The 

parental, no treatment condition assayed for migration through a Mock monolayer was 

set to one and the remaining conditions expressed as a ratio. Parental cells did not display 

a significant increase in cell migration in any treatment condition, indicating that MUC1 

expression is necessary for induction of ICAM-1 binding induced cell migration.  

 Both MUC1-CFP and T47D cells exhibited a significant increase in cell 

migration when exposed to an ICAM-1 monolayer as compared to a Mock monolayer 

and parental conditions, indicating that both MUC1 and ICAM-1 expression are 

necessary to induce cell migration. In all cell types treated with Mock treatment cells, the 

level of migration was not significantly different from the parental negative control 

treatment condition. T47D cell migration levels in response to ICAM-1 were significantly 

less than that of MUC1-CFP cells, which may be attributed to cell type specific 

differences in protein expression and phenotype.  

 When treated with 100&M TAPI-0 and assayed for migration through an ICAM-

1 monolayer, both MUC1-CFP and T47D cells exhibited significant decreases in the 

level of cell migration compared to No treatment control, although migration levels were 

still significantly greater than the parental negative control group. These data indicate that  
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inhibition of MUC1-ECD cleavage results in a decrease in ICAM-1 binding induced cell 

migration.  

 

6.2.6. Inhibition of MUC1-CD dimerization does not affect MUC1-ECD cleavage 

 To determine if MUC1-CD dimerization is required for MUC1-ECD cleavage, 

we inhibited MUC1-CD dimerization by addition of 1&M AP21998M to 293T MUC1-

CFP-Fv cells. As controls, a no treatment condition and a 1 &M  AP20187D treatment 

condition were included. After 24 hours treatment, we assayed the levels of MUC1-CD 

and MUC1-ECD in whole cell lysate (Fig 6.6A) and 24 hour conditioned media (Fig 

6.6B). We found that treatment with AP21998M did not significantly affect the levels of 

MUC1-ECD present in conditioned media or whole cell lysate.  

 

6.3. Conclusion 

 In this chapter we investigated the role of MUC1-ECD cleavage in MUC1-CD 

dimerization, Src recruitment, and ICAM-1 binding induced CaOs and migration. We 

first determined that MUC1-ECD cleavage in MUC1-CFP transfected 293T cells and 

human breast cancer cells could be maximally inhibited by treatment with the broad 

spectrum metalloprotease inhibitor TAPI-0 for 24 or 40 hours, respectively. TAPI-0 is a 

known inhibitor of the reported constitutive MUC1 protease ADAM17, and has also been 

shown to inhibit PMA-stimulated MUC1 shedding, indicating it inhibits activity of MT1-

MMP as well [25]. Our observation that E-cadherin-ECD cleavage was also inhibited by 

TAPI-0 treatment indicates that ADAM10, the reported E-cadherin protease, is another 

target of TAPI-0.  

 We found that inhibition of MUC1-ECD cleavage with TAPI-0 did not affect 

MUC1-CD dimerization or Src recruitment. With respect to ICAM-1 binding induced  
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events, we found that MUC1-ECD cleavage was not necessary for the generation of 

CaOs, but was required for cell migration. Lastly, as we reported in Chapter 4 that 

MUC1-CD dimerization is required for ICAM-1 induced motility, and we reported here 

that MUC1-ECD cleavage is also required for ICAM-1 induced motility, we determined 

if MUC1-CD dimerization is a requirement for MUC1-ECD cleavage. We found that 

MUC1-ECD cleavage is not dependent on MUC1-CD dimerization. The finding that 

inhibition of MUC1-ECD cleavage results in decreased cell migration is significant, as it 

identifies a novel target for potential anti-metastatic therapies. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



138 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 7. Investigating the role of MUC1 
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7.1. Introduction 

 Immediately following translation, the MUC1 protein undergoes an 

autoproteolytic S1 cleavage, resulting in two fragments which reassociate and are 

exported to the cell membrane [132]. This cleavage is termed “autoproteolytic” because it 

is not enzymatically catalyzed, rather, it occurs due to high conformational stress at the 

site of cleavage, G/SVVV. This motif is located within the conserved SEA domain, and 

several membrane-tethered mucins undergo this cleavage event (Fig 1.7) [133]. The 

resulting MUC1 protein, consisting of a large VNTR-containing N-terminal portion and a 

smaller, membrane-spanning C-terminal portion (Fig 1.8), exists as a stable heterodimer, 

but dissociates upon treatment with strong detergents. The physiological role, if any, of 

this cleavage event is not known, but mutational studies investigating this cleavage have 

raised some interesting possibilities. Mutation of the glycine and/or serine residue(s) at 

the site of S1 cleavage prevents autoproteolysis, resulting in a MUC1 protein that is made 

of a single continuous polypeptide. Functional studies on these mutants have found that 

MUC1-ECD shedding, possibly mediated by the MUC1 proteases ADAM17 or MT1-

MMP [24, 25] does not occur, although the mutant proteins are expressed at the cell 

surface [26]. An additional report found that relief of conformational stress by insertion 

of several glycines residues immediately preceding the cleavage site (GnGSVVV) also 

blocks S1 cleavage, but functional studies were not performed [200]. These data suggest 

two possibilities: that MUC1 dissociates at the S1 cleavage site, requiring prior 

autoproteolytic cleavage and releasing the ECD; or, that a second, enzymatically 

catalyzed S2 cleavage event, requires MUC1 to be in heterodimeric form.  

 As high levels of serum MUC1-ECD have been reported to correlate with a poor 

prognosis in breast cancer patients [27, 208], the mechanism, physiological stimuli, and 

potential downstream cell signalling of MUC1-ECD shedding are of clinical significance. 
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As we reported in Chapter 6, MUC1-ECD shedding by S2 cleavage is not required for 

dimerization, Src recruitment, or ICAM-1 binding induced CaOs. However, inhibiting 

MUC1-ECD shedding significantly decreased the level of migration through an ICAM-1 

monolayer in MUC1-transfected cells and MUC1-expressing human breast cancer cells. 

As cell migration is a crucial step in metastasis, the prevention of MUC1-ECD S2 

cleavage has potential as a novel therapeautic target.  

 Here, we investigated the importance of MUC1 S1 cleavage on MUC1-ECD S2 

cleavage and ICAM-1 induced signalling events. By utilizing previously described direct 

(G/SVVV to VPVVV) and indirect (G4GSVVV) mutations of the S1 cleavage site, we 

aimed to prevent S2 cleavage and assay for ICAM-1 binding induced CaOs and cell 

migration. We hypothesized that mutation of the S1 cleavage site would result in 

disruption of S2 cleavage and therefore MUC1-ECD shedding. Building from our results 

from Chapter 6, we further hypothesize that S1 cleavage mutants will be functional in 

generation of ICAM-1 binding induced CaOs but will be deficient in ICAM-1 binding 

induced cell motility. These investigations will add to the field of MUC1 research as the 

physiological and pathological functions of S1 cleavage are not yet understood.  

 

7.2. Results 

7.2.1. Direct and indirect mutation of the MUC1 S1 cleavage site does not prevent 

cell membrane expression 

 As prior studies on heterodimeric proteins have indicated that cell membrane 

export can be affected by mutation of the S1 cleavage site [203], we sought to determine 

if our mutant MUC1 proteins were expressed at the cell surface. We determined the 

membrane expression levels of  mutant MUC1 constructs transfected into HEK 293T 

cells in which the S1 cleavage site was mutated directly, to VPVVV (MUC1 (VP)); or 
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indirectly, in which glycine residues were inserted prior to the cleavage site to relieve 

conformational strain – G4GSVVV (MUC1-CFP (G4)) (Fig 2.1; Fig 7.1). Parental, non-

transfected cells were assayed by flow cytometry, with no staining to control for 

autofluorescence or after staining with a fluorescently-conjugated anti-MUC1-ECD 

antibody, anti-MUC1-ECD-FITC, which controls for non-specific binding. For each 

population of cells, a mean fluorescent intensity was determined, and the average mean 

from three experiments was plotted. The parental, no staining condition was set to one 

and the remaining conditions expressed as a ratio. As a positive control, wildtype MUC1-

CFP transfected 293T cells were assayed following staining with anti-MUC1-ECD-FITC, 

displaying a significant increase in mean cell fluorescence over negative controls (Fig 

7.1). MUC1 (VP) and MUC1-CFP (G4) transfected 293T cells also displayed a 

significant increase in mean cell fluorescence compared to negative controls, and these 

means were not significantly different from wildtype MUC1-CFP (p<0.05) (Fig 7.1). 

These data indicate that MUC1 (VP) and MUC1 (G4) constructs are expressed at the cell 

surface of transfected 293T cells at equivalent levels to wildtype MUC1. 

 

7.2.2. MUC1 (G4)-ECD is constitutively shed from the cell surface while MUC1 

(VP)-ECD is not  

 To determine if MUC1 S1 cleavage is required for constitutive MUC1-ECD 

shedding, we assayed levels of MUC1-ECD in both whole cell lysate (Fig 7.2A) amd 24-

hour conditioned media (Fig 7.2B) for MUC1 (VP) and MUC1-CFP (G4) transfected 

HEK 293T cells. As a positive control, wildtype MUC1-CFP transfected 293T cells were 

also assayed. In whole cell lysates, MUC1-ECD was present for MUC1-CFP, MUC1 

(VP), and MUC1-CFP (G4) transfected cells (Fig 7.2A). Expectedly, MUC1-CD staining 

also revealed high levels of MUC1-CD in all cell lines tested. In MUC1 (VP) and MUC1- 
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CFP (G4) transfected cells, the presence of MUC1-CD bands at high molecular weights 

(>200kDa) confirms that at least a portion of MUC1 in these cells exists as a full-length, 

high molecular weight species. As a loading control, WCLs were also assayed for 

tubulin, with constant levels confirming equal protein loading. Taken together, these data 

indicate that wildtype MUC1 is constitutively shed from the cell surface, confirming the 

studies of others [24, 25]. MUC1 (VP), which contains a mutation at the site of S1 

cleavage and does not exist as a heterodimer at the cell surface, does not undergo S2 

cleavage and MUC1-ECD release. MUC1-CFP (G4), which contains an insertion of four 

glysine residues prior to the wildtype S1 cleavage site, also does not exist as a 

heterodimer at the cell surface, but does undergo constitutive S2 cleavage, releasing 

MUC1-ECD into the environment. These data demonstrate that although S1 cleavage is 

not required for constitutive MUC1-ECD shedding, the nature of the mutation preventing 

S1 cleavage is a determining factor in S2 cleavage susceptibility.  

 In conditioned media of both wildtype MUC1-CFP and MUC1-CFP (G4) 

transfected cells, MUC1-ECD was detectable; while in MUC1 (VP) conditioned media, 

no MUC1-ECD was present (Fig 7.2B). To control for presence of full-length MUC1 

from cell debris, we also assayed media for MUC1-CD, and it was absent in MUC1-CFP, 

MUC1 (VP) and MUC1-CFP (G4) conditioned media.  

 

7.2.3. Autoproteolytic cleavage is not required for ICAM-1 binding induced calcium 

oscillations 

 We sought to determine if MUC1 S1 cleavage is necessary for the previously 

described ICAM-1 binding induced cytoplasmic CaOs. We assayed ICAM-1 binding 

induced CaOs in MUC1-CFP, MUC1 (VP) and MUC1-CFP (G4) transfected HEK 293T 
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(parental) cells (Fig 7.3). Although both MUC1 (VP) and MUC1-CFP (G4) do not 

undergo S1 cleavage, we reported in Section 7.2.2. that MUC1-CFP (G4) transfected  

cells undergo MUC1-ECD cleavage while MUC1 (VP) transfected cells do not. As 

negative controls, we assayed parental cells, which do not express MUC1, and we treated 

with Mock NIH 3T3 cells, which do not express ICAM-1. The parental, Mock treatment 

condition was set to one and the remaining conditions expressed as a ratio. As a positive 

control, we assayed ICAM-1 binding induced CaOs in wildtype MUC1-CFP transfected 

293T cells, a previously described event [13].  

 Parental cells did not display any significant increase in CaOs level in any 

treatment condition, indicating that MUC1 expression is necessary for induction of 

ICAM-1 binding induced CaOs. In all cells treated with Mock transfected cells, the level 

of CaOs was not significantly different from the parental negative control treatment 

condition. Wildtype MUC1 transfected cells displayed a significant increase in ICAM-1 

binding induced CaOs compared to negative controls, confirming the previously 

described event [13]. MUC1-CFP (G4) transfected cells also displayed a significant 

increase in ICAM-1 binding induced CaOs compared to negative controls, which was 

statistically equivalent to that of wildtype MUC1 transfected cells. MUC1 (VP) 

transfected cells generated ICAM-1 binding induced CaOs which was significantly 

decreased compared to MUC1-CFP cells. However, MUC1 (VP) cells did display a 

significant increased in CaOs when treated with ICAM-1 cells compared to Mock cells. 

These data demonstrate that S1 cleavage of MUC1 is not required for induction of 

ICAM-1 binding induced CaOs. However, the nature of the mutation conferring S1 

cleavage resistance is a determinant of the response elicited upon ICAM-1 stimulation. 

7.2.4. Autoproteolytic cleavage is not required for ICAM-1 binding induced cell 

invasion 



146 

 



147 

 

        To determine if MUC1 S1 cleavage is necessary for the previously described ICAM-

1 binding induced cell invasion, we assayed cell migration through an ICAM-1 positive 

monolayuer for MUC1 (VP) and MUC1-CFP (G4) transfected HEK 293T (parental) cells 

(Fig 7.4). Although both MUC1 (VP) and MUC1-CFP (G4) do not undergo S1 cleavage, 

we reported in Section 7.2.2. that MUC1-CFP (G4) transfected cells undergo MUC1-

ECD cleavage while MUC1 (VP) transfected cells do not. As negative controls, we 

assayed migration of parental cells, which do not express MUC1; and we assayed for 

migration through a monolayer of Mock transfected NIH 3T3 cells, which do not express 

ICAM-1. The parental, mock monolayer condition was set to one and the remaining 

conditions expressed as a ratio. As a positive control, we assayed ICAM-1 binding 

induced migration in wildtype MUC1 transfected 293T cells, a previously described 

event [15]. Parental cells did not display a significant increase in migration levels in any 

treatment condition, indicating that MUC1 expression is necessary for induction of 

ICAM-1 binding induced cell migration. In all cells assayed for invasion through a Mock 

transfected monolayer, the level of cell migration was not significantly different from the 

parental negative control treatment condition. Wildtype MUC1 transfected cells 

displayed a significant increase in migration through an ICAM-1 monolayer compared to 

negative controls, confirming the previously described event [15]. MUC1-CFP (G4) 

transfected cells also displayed a significant increase in migration through an ICAM-1 

monolayer compared to negative controls, which was statistically equivalent to that of 

wildtype MUC1 transfected cells. However, levels of migration through an ICAM-1 

monolayer in MUC1 (VP) transfected cells were significantly reduced compared to 

wildtype MUC1-CFP cells, although migration was significantly increased above that 

observed in Mock monolayer condition. These data demonstrate that S1 cleavage of 

MUC1   is not    required   ICAM-1    binding    induced   cell     migration.     However,  
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the nature of the mutation conferring S1 cleavage resistance is a determinant of the 

response elicited upon ICAM-1 stimulation. 

 

7.3. Conclusion 

 In this chapter, we investigated the role of MUC1 autoproteolytic (S1) cleavage  

in MUC1-ECD shedding and previously described ICAM-1 binding induced events. In 

Chapter 6, we reported that MUC1-ECD S2 cleavage is required for ICAM-1 binding 

induced cell migration, although it was not required for ICAM-1 binding induced CaOs. 

Here, we investigated the role of S1 cleavage on MUC1-ECD shedding from the cell 

surface and ICAM-1 binding induced events. We found that a mutation which directly 

targeted the MUC1 S1 cleavage site, G/SVVV to VPVVV, resulted in an S1 cleavage 

deficient mutant which did not release MUC1-ECD constitutively. This mutant was also 

deficient in ICAM-1 binding induced CaOs; and although it did display a significantly 

increase in cell migration when exposed to ICAM-1 expressing cells when compared to 

Mock treatment cells, the increase was still significantly below the level of wildtype 

MUC1.  

 Another mutation indirectly prevented MUC1 S1 cleavage by inserting four 

glycine residues directly before the S1 cleavage site, G/SVVV to G4GSVVV. This 

mutant, when transfected into HEK 293T cells, demonstrated constitutive MUC1-ECD 

shedding, showing that S1 cleavage is not a requirement for MUC1-ECD release. MUC1-

CFP (G4) transfectants responded to ICAM-1 stimulation by generating CaOs and cell 

migration levels statistically equivalent to wildtype MUC1 transfectants. Taken together, 

these data demonstrate that S1 cleavage is not required for generation of ICAM-1 binding 

induced CaOs and cell invasion. However, in light of the different levels of ECD 

shedding and responses to ICAM-1 stimulation in the S1 cleavage deficient mutants, we 
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conclude that the nature of the mutation conferring resistance to autoproteolysis is a 

determinant of MUC1 protein function.  
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Chapter 8: Discussion 
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8.1. Interpretation of results 

8.1.1. Src in MUC1/ICAM-1 signalling 

 Src has been implicated in MUC1/ICAM-1 binding induced signalling in several 

studies. For example, prior investigations on the MUC1/ICAM-1 binding induced signal 

have demonstrated that inhibition of Src with the broad-spectrum SFK inhibitor PP2 

prevented ICAM-1 binding induced CrkL recruitment to MUC1, CaOs, and cell 

migration [13, 14]. PP2 is not a specific inhibitor of c-Src, and also inhibits activity of 

other SFKs such as Lck, Fyn, and Hck; as well as non-SFKs such as EGFR [349, 398-

400]. As EGFR has been shown to phosphorylate MUC1-CD on Y46, the same site that 

serves as a substrate and binding site for Src, it is possible that PP2 inhibits EGFR-

mediated phosphorylation of MUC1-CD, and is at least partially responsible for the 

observed effect [361]. Also, as Src is involved in many processes critical for cell motility 

(described in Section 1.2.5.4), the lack of cell motility after Src inhibition is not 

surprising. To demonstrate a direct and critical role for Src in MUC1/ICAM-1 signalling, 

specific inhibition of Src, and of the MUC1/Src interaction, was required.  

 In addition, careful analysis of the available literature on MUC1 and Src activity 

in breast cancer demonstrates the likelihood of a cooperative relationship in cancer 

progression. Src inhibition, at the genetic level, in Luminal B and Tamoxifen-resistant 

Luminal B breast cancer cells has been shown to inhibit cell migration [128, 401]. Src 

inhibition has also been shown to be synergistic with concomitant Tamoxifen in Luminal 

B breast cancer cells in inhibiting invasion and preventing resistance to anti-hormone 

therapies, along with a decrease in FAK activity [402]. Src inhibition has also been 

shown to increase E-cadherin/!-catenin mediated cellular adhesion and decrease 

phosphorylation of !-catenin, which is necessary for localization to the nucleus [359]. We 

propose that these observations can be explained by an association between MUC1 and 
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Src in breast cancer cell adhesion and motility. Tamoxifen treatment decreases MUC1 

expression [403, 404], and down-regulation of MUC1 has been shown to increase 

association between E-cadherin and !-catenin and cell adhesion [256]. Also, MUC1 has 

been shown to bind to FAK [268], a Src substrate. A MUC1/Src/FAK complex could 

promote membrane localization and activity of FAK, increasing cell migration. Thus the 

additive effect of Tamoxifen, the stabilization of intercellular adhesions and decreased 

FAK activity are logical consequences of the dual inhibition of MUC1 and Src in the 

same pathway. Taken together, these data provide support for the hypothesis that MUC1 

and Src cooperate in promotion of cell migration and breast cancer metastasis, and dual 

inhibition of the activity of these proteins, along with inhibition of the MUC1/Src 

association, is an attractive possibility for anti-metastatic therapies.  

 In Chapter 3, we demonstrated that knockdown of Src with siRNA in MUC1 

expressing cells results in disruption of ICAM-1 binding induced events. The use of 

siRNA provides a more specific inhibition of c-Src than PP2, although we cannot exclude 

the possibility that other SFKs in HEK 293T cells were silenced as well due to non-

specificity of our anti-Src antibody. However, the siRNA used in Src knockdown was 

modified to reduce off-target inhibition and also run through a BLAST search to 

determine levels of non-specific binding prior to use [405]. The observed decreases in 

ICAM-1 binding induced CaOs and cell invasion demonstrate that Src is a critical 

component of the ICAM-1/MUC1 signalling axis. Direct interaction between MUC1 and 

Src have been previously observed, and increased MUC1/Src binding has been 

demonstrated following ICAM-1 binding, suggesting that Src plays an early and direct 

role in initiation of MUC1/ICAM-1 signalling. However, based on the evidence 

presented in Chapter 3, we cannot exclude the possibility that MUC1/Src binding is not 

directly involved in transmission of the ICAM-1 induced signal, but rather Src plays a 
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critical role downstream of MUC1. Therefore, further studies aiming to specifically 

inhibit the MUC1/Src interaction were performed to investigate this possibility and will 

be discussed below. 

 

8.1.2. MUC1 dimerization 

 Several studies have indicated a role for MUC1-CD dimerization in cellular 

signalling cascades implicated in progression of pathologies. Experiments using a 

CD8/MUC1 chimera containing 69-aa of MUC1-CD, identical to the construct used in 

these studies, demonstrated that treatment of CD8/MUC1 transfected cells with anti-CD8 

antibody resulted in phosphorylation of the MUC1 portion of the chimera [380]. Further 

studies by this group demonstrated that anti-CD8 treatment of the chimera also resulted 

in activation of the Ras-MEK-ERK2 pathway and phosphorylation of ERK1/2, which 

were dependent on tyrosine phosphorylation of MUC1-CD [381, 406]. Also, pERK1/2 

was localized to the nucleus following anti-CD8 treatment. Although these studies did 

not investigate the mechanism of anti-CD8 induced activation of MUC1, the bivalent 

nature of antibodies makes dimerization a likely possibility. Simultaneous binding of an 

antibody to two identical epitopes on distinct proteins would result in spatial and 

temporal co-localization of the proteins in live cells, akin to dimerization. This method 

has been utilized previously to induce dimerization of other cell membrane receptors 

[382, 384]. Therefore, these studies provided preliminary evidence that dimerization of a 

portion of MUC1-CD, as the chimera did not contain the ECD, TMD or C1QC motif of 

MUC1, could induce phosphorylation of MUC1 and activation of downstream signalling 

cascades.  

 Further evidence that MUC1-CD dimerization is important in cellular signalling 

came several years later from a different research group. In 2007, a study was published 
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which demonstrated that nuclear localization of MUC1-CD, a truncated construct lacking 

MUC1 ECD and TMD, was dependent on the C1QC motif of MUC1-CD [19]. Further, 

they showed that MUC1-CD formed covalently linked dimers in vitro, and C1QC-

dependent dimers in vivo. They concluded that MUC1-CD forms oligomers in vivo which 

are dependent on the cysteines of the C1QC motif. However, although the evidence 

presented may suggest that in vivo dimers are the result of disulfide linkage of cysteine 

residues, they did not investigate this possibility. Subsequent publications from this group 

characterized a peptide inhibitor, containing the MUC1-CD C1QC motif, as an inhibitor 

of MUC1-CD oligomerization. Administration of this peptide in cellular models resulted 

in attenuation of MUC1-CD nuclear targeting, disruption of redox balance, growth arrest 

and necrotic death of human breast cancer cells [21]. Administration of this compound to 

mice bearing xenografts of breast, prostate, multiple myeloma, and chronic mylogenous 

leukemia invariably resulted in cancer regression [20-22, 183]. Although this body of 

work demonstrates that oligomerization of MUC1-CD is important in tumor progression, 

the evidence presented on the mechanism of MUC1-CD oligomerization is inconclusive. 

The use of a truncated MUC1-CD construct in vivo lacking the MUC1 ECD and TM 

domain would result in a MUC1 species which is not present at the cell surface. The 

mechanism of dimerization of full-length, membrane-tethered MUC1 and truncated, 

cytoplasmic MUC1 may be different, and therefore conclusions drawn using this 

construct cannot necessarily be applied to full-length or naturally occurring MUC1 

existing at the cell membrane. Also, interaction between MUC1 and other cell membrane 

proteins is a critical step in most MUC1 functions, as MUC1 does not have tyrosine 

kinase activity and most MUC1 kinases are localized to the cell membrane (Sections 

1.2.2.3., 1.2.3.1.). Without proper assessment of the function of this cytoplasmic MUC1 
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construct, the observation that it forms covalent dimers in vitro and cysteine-dependent 

oligomers in vivo does not necessarily apply to wildtype, transmembrane MUC1.  

   The observation of covalently linked MUC1-CD dimers in vitro is not surprising 

due to the oxidizing nature of extracellular environments. However, in cells, the reducing 

environment of the cytosol is unfavourable for the formation and maintenance of 

disulfide unless the redox balance is disrupted [407]. However, the formation of 

cytoplasmic disulfide bonds under conditions of oxidative stress could act as a “sensor” 

of redox disruption and trigger the expression and/or activation of antioxidant proteins 

[408]. As MUC1 has been implicated in maintenance of cellular redox balance [294, 295, 

409], and disruption of MUC1-CD oligomerization has been shown to disrupt the redox 

balance in cancer cells [20, 21], we propose that the C1QC motif of MUC1-CD may 

facilitate MUC1-CD dimerization in situations of oxidative stress. This could result in 

MUC1-CD nuclear localization, initiating a transcription cascade resulting in 

upregulation of antioxidant enzymes as well as MUC1 itself [294, 295].  

 We interpret our results presented in Chapters 4 and 5 with reference to the 

studies described above. Our initial observation that MUC1-CD forms constitutive 

dimers in vivo is in agreement with the literature. However, we made a novel finding in 

that we observed dimer formation in cells transfected with full-length MUC1 and human 

breast cancer cells expressing MUC1 at the cell surface (Fig 4.1). The molecular weight 

of our dimeric species indicate that, at a minimum, the full, membrane tethered portion of 

the MUC1 protein is participating in dimerization. Additionally, our work using dual-

transfection of MUCY-YFP-Fv and CD8/MUC1 (Fig 4.2) demonstrates a direct 

interaction between the cytoplasmic domains of MUC1. The CD8/MUC1 construct used 

in these experiments contains 69-aa of the MUC1-CD (no C1QC motif), indicating that 

the “MUC1 dimerization motif” is present in this sequence. Taken together, these 
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observations demonstrate for the first time that MUC1-CD, containing the TMD and a 

portion of the ECD, forms constitutive dimers. This finding is significant as the 

mechanism of MUC1 function in human cancers, particularly breast cancers, has been the 

subject of intense research over the last decade. The discovery that a portion of MUC1-

CD exists as a dimer opens up many interesting lines of research, as parallels can be 

made between potential function of MUC1 and other receptors that exist as constitutive 

cell membrane dimers. For example, the GHR has been found to exist as a constitutive 

dimer which becomes extracellularly disulfide linked, relocates to DRMs, and becomes 

resistant to cleavage following ligand binding facilitating cellular signalling [373-375]. 

As MUC1 has been found to be covalently linked in vitro, reside in DRMs, and is subject 

to cleavage, investigation of these possibilities is appealing in light of evidence presented 

here [19, 24, 410, 411].   

 Next, we manipulated MUC1-CD dimerization using an engineered “Fv 

dimerization domain” which was designed to facilitate or inhibit dimerization of proteins 

fused to it [388, 389]. Treatment of MUC1-CFP-Fv with the bivalent compound 

AP20187D, designed to facilitate dimerization, did not result in a significant increase in 

MUC1-CD dimerization (Fig 4.3). We have considered several possibilities to explain 

this unexpected result. MUC1-CFP-Fv monomers may be spatially segregated in DRMs, 

endocytotic vesicles, mitochondria and/or the nucleus of cells, preventing AP20187D 

interactions. Another possibility is that MUC1 dimerization is a transient event, with the 

equilibrium of MUC1-CD dimer formation and dissociation favouring dissociation. It is 

also plausible that artificial dimers are created by AP20187D treatment, but the MUC1-

CD species are not brought within sufficient proximity by AP20187D to allow for DSS 

crosslinking and dimer detection and/or dimer functionality. 
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  However, our treatment of MUC1-CFP-Fv cells with the monovalent compound 

AP21998M resulted in a dose-dependent and significant reduction in MUC1-CD 

dimerization (Fig 4.3). This increased efficacy, compared to AP20187D, may be due to 

increased availability of MUC1-CD dimers to AP21998M binding, increased propensity 

for MUC1-CD dimers to dissociate, rather than form, artificially, and/or AP21998M being 

of sufficient size to disrupt MUC1-CD dimers to an extent that DSS crosslinking and 

dimer function is impaired. In any case, we observed a significant reduction in MUC1-

CD dimerization following treatment of MUC1-CFP-Fv transfected cells with 1&M 

AP21998M for one minute, providing a method for investigation of the role of MUC1-CD 

dimerization in Src recruitment and ICAM-1 binding induced signalling. Importantly, 

treatment with AP21087D and AP21998M did not result in a significant loss of cell 

viability up to 72 hours of treatment (Fig 4.4), as other studies inhibiting MUC1 

dimerization have demonstrated that cell death is a result [22, 184]. Our results may 

differ from these due to differences in cell types and mechanism of dimerization 

inhibition. 

 Next, we demonstrated that treatment of MUC1-CFP-Fv transfected cells with 

increasing concentrations of AP21998M resulted in a dose dependent decrease in the level 

of Src (total) and SrcpY416 (active) associated with MUC1 in co-immunoprecipitation 

experiments (Fig 4.5). These results demonstrate that the MUC1-CD dimer is the 

conformation which is competent to bind and possibly activate Src. This could be due to 

several, non-mutually exclusive possibilities. As Src contains both SH2 and SH3 domains 

capable of binding to SH2 and SH3 binding domains, respectively, it is possible that Src 

binds to each member of a MUC1-CD dimer at either a SH2 or SH3 binding domain. 

These dual interactions could be dependent, as binding of the Src SH3 or SH2 domain to 

a ligand increases the propensity for binding of the other to a ligand [331]. Also, the 
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proximity of SH2 and SH3 binding domains in a single MUC1 species (7aa) is not 

favourable for the simultaneous binding of the large, bulky SH2 and SH3 domains of Src 

[412]. However, this same report found that short linker sequences between SH2 and 

SH3 binding domains can facilitate dimerization of both SH2/3 domain containing 

proteins and SH2/3 binding domain containing proteins. They propose a model in which 

a single Src molecule can simultaneously bind two peptides via its SH2 and SH3 

domains; or in which two Src molecules can simultaneously bind one peptide containing 

SH2 and SH3 binding domains [412]. Therefore, it is possible that a MUC1 dimer binds a 

single Src molecule via both SH2 and SH3 interactions; and the MUC1 monomer does 

not bind Src with high affinity. As the affinity for Src SH3 binding sites is generally 

lower than for SH2 binding sites, we propose that transient binding may occur between 

MUC1 monomers and Src SH3 domain, resulting in partial activation of Src (Section 

1.2.5.2). However, in MUC1 dimers, the MUC1-CD Src substrate Y46 may be in 

favourable proximity for phosphorylation, generating an SH2 binding domain and 

resulting in both stable binding and activation of Src. Therefore, our observation that 

disruption of MUC1 dimers results in decreased recruitment of total and active Src would 

be explained by the absence of a stable recruitment and activation site for Src in MUC1 

monomers. 

 Our subsequent experiments investigated the effect of MUC1 dimer disruption, 

and therefore Src recruitment, on the previously observed ICAM-1 binding induced CaOs 

and cell migration events [13, 15]. We demonstrated in Chapter 3 that Src is a critical 

component of the MUC1/ICAM-1 binding induced signalling cascade, yet we could not 

exclude the possibility that Src was acting far downstream of MUC1, as Src is a well 

known component of cell migratory machinery (Section 1.2.5.4). Here, we show that 

inhibition of the MUC1/Src interaction results in significant decreases in ICAM-1 
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induced CaOs and cell migration (Fig 4.7, Fig 4.8), demonstrating a correlation between 

MUC1/Src binding and ICAM-1 binding induced signalling. We cannot exclude the 

possibility that disruption of MUC1 dimerization inhibits its interaction with another 

critical downstream signalling partner and disruption of Src binding is not the cause of 

loss of signalling capacity. However, the body of evidence presented in this thesis and in 

other published works supports the hypothesis that MUC1/ICAM-1 binding induced 

signalling is mediated by Src. 

 Our observation that MUC1-CFP-Fv transfected cells display increased 

migration through an ICAM-1 monolayer when treated with AP20187D compared to no 

treatment control is in conflict with our observation that treatment with this compound 

does not induce increased dimerization or increased Src recruitment. However, the 

dimerization experiments were performed after treatment with AP21087D for one minute, 

while the migration assay occurs over 24 hours. Therefore, it is possible that long-term 

treatment of MUC1-CFP-Fv transfected cells with AP20187D does increase MUC1-CD 

dimerization. This possibility was examined, but results were inconsistent and no 

conclusions could be drawn (data not shown). 

 In light of the previously published work claiming that MUC1-CD dimerization 

is dependent on the cysteines of the C1QC motif [19], we hypothesized that MUC1-CD 

dimers were covalently linked via disulfide bonds. If MUC1-CD dimers were bound by 

covalent bonds, we would expect that in the absence of a reducing agent they would 

remain intact and be detectable on SDS-PAGE. However, no constitutive MUC1-CD 

dimers were detected under non-reducing conditions (Fig 4.9). We also assayed for 

covalently linked MUC1-CD dimers following ICAM-1 stimulation for one minute, as in 

GHR, which also exists as a constitutive dimer, ligand binding induces extracellular 

disulfide bridge formation and stimulates signalling [373]. These data indicate that 
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MUC1-CD dimers are not disulfide-linked constitutively or following ICAM-1 binding. 

Due to the reducing environment of the cytoplasm, however, this is not surprising. 

Formation and maintenance of disulfide bonds is highly unfavourable in cells in a 

balanced redox state [407]. However, MUC1 does contain a cysteine residue in the TMD, 

which could also facilitate disulfide bridge formation, although the data presented here 

does not support this possibility. MUC1 does not contain any extracellular cysteine 

residues, which would be the most likely site of disulfide bridge formation. Therefore, we 

conclude that the mechanism of MUC1-CD dimerization does not involve disulfide 

bonds. 

 To further investigate this hypothesis, in Chapter 5, we mutated the cysteines of 

the C1QC motif to alanines, abolishing the potential for disulfide bond formation. Cells 

transfected with the MUC1-CFP-Fv (AQA) mutant were functional in terms of 

dimerization, Src recruitment, and ICAM-1 binding induced signalling (Fig 5.2, Fig 5.3, 

Fig 5.4). As we have previously determined that dimerization is necessary for Src 

recruitment and ICAM-1 induced signalling, we conclude that the cysteines of the C1QC 

motif are not required for dimerization or these dimerization dependent events. This 

confirms our conclusions from Chapter 4 that MUC1 dimers are not covalently linked via 

disulfide bridges. However, previous work has also demonstrated involvement of the 

C1QC motif in palmitoylation  [180]. As MUC1 has been localized to DRMs, and 

palmitoylation of proteins has been shown to increase the affinity of proteins for DRMs, 

it is possible that the C1QC motif is important in MUC1 DRM residence [410, 411, 413]. 

However, as DRM disruption has been shown to inhibit ICAM-1 binding induced CaOs, 

our observation that MUC1-CFP-Fv (AQA) transfected cells exhibited ICAM-1 binding 

induced CaOs at levels similar to wildtype conflicts with this hypothesis. It is possible 

that there are several mechanisms of MUC1 DRM residence, and that association of 
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MUC1 with different DRM subtypes, defined by lipid and protein composition, have 

different effects on MUC1 functionality [414]. However, investigation of this speculation 

would require greater understanding of both MUC1 and DRM function.  

 We also investigated the importance of Src binding in MUC1 dimerization. As 

Src is known to bind to MUC1 at SH2 and SH3 domains, it is possible that Src binding 

and MUC1 dimer formation are co-dependent events, with Src effectively “bridging” a 

MUC1 dimer. First, we further investigated the mechanism of Src recruitment to MUC1 

by mutating key residues of the MUC1 reported SH2 (Y46F) and proposed SH3 (P37A, 

P38A) binding domains, either individually or together. We found that Src recruitment to 

MUC1 was reduced compared to wildtype in the single %SH2 and %SH3 mutants, and 

was undetectable in the dual %SH2/3 mutant (Fig 4.10). We concluded that when one of 

the Src binding domains is mutated, Src is still able to bind to the intact domain. 

However, binding to the intact domain is impaired, possibly because stable binding of Src 

requires the presence of accesible SH2 and SH3 binding domains, such as that proposed 

for a MUC1 dimer. When both domains are absent, MUC1 is incapable of binding Src. 

Therefore we assayed MUC1 dimerization in these mutants to determine if impaired Src 

binding was correlated with impaired dimerization. We found that MUC1-CD formed 

dimers as effectively in %SH2, %SH3 and %SH2/3 binding domain mutants as in wildtype 

(Fig 4.11), demonstrating that impaired Src binding does not affect constitutive MUC1-

CD dimerization. To test this hypothesis in another way, we transfected MEF SYF-/- 

(Src, Yes, Fyn knockout) with MUC1-CFP-Fv and assayed for MUC1-CD dimerization. 

MUC1-CD formed constitutive dimers in these cells in the absence of Src, and no 

significant change in MUC1-CD dimerization was observed following transfection of Src 

or Src Y530F, a constitutively active mutant (Fig 4.12). We conclude that MUC1-CD 

dimerization is independent of Src and SH2 and SH3 binding domain interactions, and 
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Src binding to MUC1 does not potentiate dimerization. Therefore, inhibition of Src 

binding to MUC1 through peptides or small molecule inhibitors would not be expected to 

disrupt MUC1-CD dimerization. It is possible that ICAM-1 binding induces additional 

signalling cascades distinct from those mediated by Src, but these pathways have not 

been discovered nor do we know if MUC1 dimerization is required for all ICAM-1 

binding induced functions. 

  However, our observation that disruption of MUC1 dimerization inhibited 

ICAM-1 binding induced cell migration offers an appealing target for anti-metastatic 

therapies. The most effective way to attempt to disrupt ICAM-1 binding induced 

signalling may be to target MUC1 dimerization, which would disrupt Src-mediated 

signalling as well as other potential pathways involving MUC1 dimerization. A possible 

model for inhibition of MUC1 dimerization is found in ErbB2, which is overexpressed in 

many breast cancers and is the target for numerous therapeutic compounds [415]. A first-

line treatment for patients with ErbB2 positive breast cancer is treatment with an anti-

ErbB2 antibody, Trastuzumab. Several studies have indicated that one of the effects of 

Trastuzumab on ErbB2 may be to prevent dimerization [377, 416]. Using this as a model, 

an anti-MUC1 antibody which targets the extracellular portion of the membrane tethered 

subunit could be used to sterically inhibit MUC1-CD dimerization, and therefore Src 

recruitment. Also, elucidation of the mechanism of MUC1-CD dimerization would 

provide additional targets for anti-metastatic therapies. Other groups have used peptides 

composed of portions of MUC1-CD to disrupt MUC1 dimerization and/or binding to 

downstream effectors [20, 21, 273, 280]. However, the mechanism of action of these 

peptides and the effect on cellular growth and invasion is unclear. One study reported an 

increase in cellular invasion following treatment with a MUC1-CD peptide, M1, 

encompassing the Src SH2 binding site, the potential CrkL recruitment site, and the !-
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catenin binding site [273]. However, a separate study utilized a peptide consisting of a 

portion the M1 peptide, containing the Src and !-catenin binding sites, but not the 

potential CrkL site, found that this peptide inhibited invasion [280]. It is not known 

whether the binding of these peptides to MUC1 effectors activates or inhibits their 

signalling capacities, or if they form functional or non-functional MUC1-peptide 

psuedodimers. One possible explanation for the discrepancy in the studies described 

above could be the presence of both Src and CrkL recruitment sites in the invasion 

promoting peptide, possibly acting as a scaffold to induce pro-migratory signalling. Also, 

the effect of these peptides on MUC1-CD dimerization has not been tested, and could 

shed light on their mechanism of action. MUC1-CD peptides show therapeutic promise 

regardless of the lack of understanding of their mechanism, and should be pursued 

clinically. Recently, a small molecule has been reported to disrupt MUC1 dimerization 

[390], offering an alternative to the use of MUC1-CD peptides in inhibition of MUC1 

dimerization.  

 In summary, we have demonstrated that dimerization of MUC1-CD occurs 

constitutively, does not require cysteine residues of the C1QC motif, and is required for 

Src recruitment and ICAM-1 binding induced events. We propose that inhibition of 

MUC1-CD dimerization, by anti-MUC1 antibodies, peptides, or small molecule 

inhibitors, could disrupt migration of circulating breast cancer cells overexpressing 

MUC1 by blocking ICAM-1 binding induced signalling cascades. 

 

8.1.3. MUC1 cleavage 

 In chapter 6, we investigated the role of MUC1-ECD shedding in ICAM-1 

binding induced signaling. As prior reports had already identified MUC1 as a constitutive 

substrate of ADAM17, acting to release the heavily glycosylated ECD, we hypothesized 
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that use of a broad spectrum metalloprotease inhibitor, TAPI-0, known to target 

ADAM17 would result in disruption of ICAM-1 binding induced signalling. The 

concentration of TAPI-0 used in these experiments (100&M) was chosen because other 

reports [24, 25, 210] demonstrated that this concentration inhibited constitutive, PMA-

induced, and TNF-# induced MUC1 shedding. We carried out these experiments in both 

MUC1 transfected cells and human breast cancer T47D cells in order to apply our results 

to the study and treatment of MUC1 overexpressing Luminal B breast cancers. As 

ICAM-1 binding and signal transmission requires an intact MUC1-ECD, we 

hypothesized that cleavage is required following ICAM-1 binding to a MUC1 dimer, 

resulting in generation of CaOs and cell migration. Therefore, cleavage would not be 

necessary for dimerization and Src recruitment. We found that treatment with TAPI-0 

resulted in decreased MUC1-ECD cleavage, confirming our method of assaying the role 

of MUC1-ECD cleavage in MUC1 function (Fig 6.1).  Next, we determined the effect of 

TAPI-0 treatment on MUC1-CD dimerization. We found that in both MUC1 transfected 

and human breast cancer T47D cells, inhibition of MUC1-ECD cleavage did not affect 

MUC1-CD dimerization levels (Fig 6.2). We interpret this to indicate that MUC1-CD 

dimers form with the MUC1-ECD intact in both dimer partners. This is surprising, as the 

MUC1-ECD would be expected to repel other large, negatively charged entities. 

However, it is possible that although the MUC1-CD dimers exist within 11.4Å 

(demonstrated by DSS reactivity), the MUC1-ECDs of the dimer partners may exist at a 

greater distance from eachother. It is not clear whether ICAM-1 binds to MUC1 as a 

dimer, which could facilitate clustering of MUC1 dimers. This possibility is appealing, as 

clustering of MUC1 dimers could facilitate trans-autophosphorylation of associated Src 

molecules at Y416, resulting in full activation and initiation of tyrosine phosphorylation 

cascasdes. Although the dimeric form of ICAM-1 has demonstrated increased binding to 
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its ligand LFA-1 [417], more recent studies have indicated that ICAM-1 dimerization 

may not be required for LFA-1 binding, and the structure of native ICAM-1 at the cell 

surface is still under debate [299, 301]. If ICAM-1 binding to MUC1 requires MUC1-

ECD dimerization, it is possible that our observation that MUC1 dimer disruption inhibits 

ICAM-1 binding induced signalling (Chapter 4) may be due in part to impaired ICAM-1 

ligation to MUC1-ECD. Further studies investigating the role of both MUC1 and ICAM-

1 dimerization in the binding and signal initiation would provide information on the 

potential of targeting MUC1-ECD and/or ICAM-1 dimerization in a clinical setting. 

 Additional data presented in Chapter 6 demonstrates that inhibition of MUC1-

ECD cleavage by TAPI-0 does not inhibit Src recruitment (Fig 6.3) or ICAM-1 binding 

induced CaOs (Fig 6.4) in MUC1 transfected or human breast cancer T47D cells. 

However, TAPI-0 treatment did significantly inhibit ICAM-1 binding induced cell 

migration (Fig 6.5). As we previously observed that TAPI-0 treatment did not inhibit 

dimer formation, the observation TAPI-0 treatment does not inhibit Src recruitment, a 

dimer dependant event, was expected. However, the different response to TAPI-0 

treatment in generation of ICAM-1 binding induced CaOs and cell migration was 

surprising. As the time courses for initiation of CaOs (~30 seconds) [13] and cytoskeletal 

rearrangements leading to migration (4 minutes)  [14], are not drastically different, it is 

plausible that ICAM-1 binding could lead to initiation of parallel pathways, both 

beginning with activation of Src and tyrosine phosphorylation events. However, cell 

migration assays were performed 24 hours following MUC1/ICAM-1 ligation, indicating 

long-term implications of MUC1/ICAM-1 binding beyond the characterized, early 

signalling pathways. ICAM-1 binding induced CaOS signal involves Src, PI3K, and PLC 

as mediators [13]; ICAM-1 binding induced cell migration involves Src, CrkL, 

Rac/Cdc42 [14] as mediators. Therefore, we propose that ICAM-1 binding to MUC1 
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initiates distinct signalling pathways mediated by Src, with MUC1-ECD cleavage not 

being important in the pathways leading to CaOs while being a critical component of the 

pathway leading to cell migration.  

 However, a major limitation of our interpretation of the effect of TAPI-0 

treatment on MUC1/ICAM-1 binding induced migration is due to the non-specificity of 

our inhibition strategy. TAPI-0 is present during the duration of the migration assay (24 

hours) to ensure continued inhibition of MUC1 S2 cleavage, and it is absent during the 

CaOs assay (3 minutes). Therefore, in the migration assay, metalloproteases present in 

the cell monolayer (ICAM-1 cells) would be subjected to inhibition as well. TAPI-0 

treatment would be expected to inhibit the activity of several metalloproteases, such as 

ADAM10 and ADAM17, in both MUC1 and ICAM-1 expressing cells present in a 

migration assay. This would result in inhibition of cleavage of ADAM10/ADAM17 

substrates distinct from MUC1, some of which may be involved in MUC1/ICAM-1 

mediated cell migration. Therefore, we cannot exclude the possibility that TAPI-0 

treatment inhibits cell migration in several, non-mutually exclusive ways, with inhibition 

of MUC1-ECD cleavage being one possible target.  For example, it has been reported 

that ICAM-1 is a substrate of ADAM17 [418]. Therefore it is possible that the different 

effects of TAPI-0 treatment on ICAM-1 binding induced CaOs and cell migration is due 

to inhibition of ICAM-1 cleavage in the migration assay. To investigate this possibility, 

ADAM17 activity would have to be specifically inhibited in MUC1 and ICAM-1 cells, 

using knockouts or siRNA, to determine the role of ADAM17 cleavage of MUC1 and 

ICAM-1 in transmission of the MUC1/ICAM-1 signal. Also, investigation of the effect of 

TAPI-0 treatment on the described MUC1/ICAM-1 binding induced CrkL/Rac/Cdc42 

pathway in MUC1 expressing cells would shed light in the requirement of MUC1 

cleavage on induction of this signalling pathway. In addition to ICAM-1, TAPI-0 would 
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also be expected to inhibit cleavage of several other cell membrane proteins with known 

roles in migration. For example, L-1 cell adhesion molecule (L1-CAM) has been 

demonstrated as a substrate for ADAM10 in carcinoma cells [419]. Following cleavage, 

the membrane-bound portion is a substrate for "-secretase, resulting in nuclear 

translocation and gene transcription [419]. Also, the soluble portion released following 

cleavage has been shown to promote migration of breast cancer cells [420]. Therefore the 

inhibition of L1-CAM cleavage by TAPI-0 in our migration assays could be at least 

partially responsible for our observations. In addition to L1-CAM, other 

ADAM10/ADAM17 substrates with demonstrated roles in progression of carcinomas 

include ErbB2, activated leukocyte cell adhesion molecule (ALCAM), IL6-R, epigen, E-

cadherin, and C4.4A [227, 397, 421-427]. Therefore it is likely that inhibition of cleavage 

of proteins distinct from MUC1 are contributing to our observations. Although this 

complicates interpretation of our data, it also demonstrates that targeting 

ADAM10/ADAM17 activity would likely result in inhibition of several pathways 

involved in cancer progression, and is therefore appealing in a clinical context. It is clear 

that more research is needed to fully appreciate the role S2 cleavage of MUC1 in 

MUC1/ICAM-1 binding induced signalling, although in our interpretation of our results 

we will assume that TAPI-0 inhibition of MUC1-ECD cleavage is at least partially 

responsible for our observations.  

 In light of our observations that ICAM-1 binding induced motility requires both 

MUC1-CD dimerization (Chapter 4) and MUC1-ECD cleavage (Chapter 6), we sought to 

determine if MUC1-ECD cleavage is dependent on MUC1-CD dimerization. Using 

MUC1-CFP-Fv constructs, we inhibited MUC1-CD dimerization using AP21998M and 

assayed for MUC1-ECD cleavage. We found no significant change in MUC1-ECD 

shedding following inhibition of MUC1-CD dimerization, indicating that the MUC1 
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protease is not specific to MUC1 dimers. Therefore, we propose that cleavage of MUC1-

ECD occurs both constitutively and following ICAM-1 ligation for both MUC1 

monomers and dimers. However, the consequence of each of these cleavage events on 

cellular behaviour is not known. The fates these MUC1 cleavage products may be 

distinct, and the role of each of these cleavage events in cellular transcription, migration, 

and survival may be of clinical importance.  

 Cytosolic CaOs have been shown to be important in cell migration, although the 

mechanism of calcium-induced cell motility is not fully understood [121]. As MUC1 

cleavage is required for ICAM-1 binding induced migration, which occurs after CaOs, it 

is possible that the CaOs induced by ICAM-1 binding acts to stimulate cleavage of 

MUC1, triggering a signalling pathway leading to migration. This hypothesis would 

account for the observation that cleavage inhibition prevents migration and not CaOs in 

ICAM-1 stimulated cells. The constitutive MUC1 protease, ADAM17, has been shown to 

be activated by calcium influx [428]. However, several studies show that in response to 

calcium influx, the major metalloprotease activated is ADAM10 [429-431]. As we 

observed inhibition of cleavage of the ADAM10 substrate E-cadherin in response to 

TAPI-0, and TAPI-0 inhibits ICAM-1 binding induced cell migration, it is possible that 

the MUC1 protease involved in ICAM-1 induced cell migration is ADAM10. Migration 

of leukocytes has been shown to be dependent on cleavage of type 1 transmembrane 

proteins by calcium influx induced activation of ADAM10 [432]. However, it has also 

been shown that ADAM17 activity can be stimulated by activation of Src kinase [433]. 

This possibility is not only appealing in light of the observations that MUC1/ICAM-1 

binding triggers Src-mediated pathways (Chapter 3) [13, 14], but also in light of the 

observation that Src activity is increased in many human cancers [127, 128, 325]. It is 

possible that Src activation through pathways specific to, or upregulated in, cancer cells 
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results in increased ADAM17 activity. This could result in cleavage of MUC1 as well as 

other ADAM17 substrates such as TNF-# and TGF-#, with potential consequences for 

both the substrate cell and surrounding stromal tissue through paracrine interactions. We 

hypothesize that both ICAM-1 induced Src activation and CaOs may play a role in 

stimulation of ADAM10/ADAM17 activity, resulting in MUC1-ECD cleavage and cell 

migration, although other downstream effects are a likely possibility. Full investigation of 

these possibilities would require specific inhibition of ADAM10 and ADAM17 activity, 

which could be achieved through the use of siRNA. 

 As recruitment of CrkL and Rac/Cdc42 activation occur within 10 seconds and 4 

minutes, respectively, of ICAM-1 ligation, we expect that recruitment of CrkL occurs 

upon initial ICAM-1 binding and Src activation. Downstream activation of Rac/Cdc42 

would lead to initiation of membrane ruffling and lamellipodial/filopodial protrusions. 

However, if CrkL recruitment and Rac/Cdc42 activation occur following initial ICAM-1 

binding, the question remains as to the purpose of MUC1 cleavage in ICAM-1 induced 

cell migration. It is possible that MUC1-ECD S2 cleavage could result in additional 

cleavage events and/or nuclear localization of MUC1-CD in a manner similar to NOTCH 

(Section 1.2.2.4, Fig 1.12). As MUC1-CD is a reported substrate for "-secretase and has 

been localized to the nucleus, these possibilities are likely [19, 178, 212]. As the MUC1 

induced gene signature includes proteins involved in motility [434], S2 cleavage induced 

nuclear localization and transcriptional activity of MUC1 could contribute to cell 

migration. Also, cleavage of MUC1-ECD would release the MUC1 expressing cell from 

its “tether” to the ICAM-1 expressing cell, which would be required for effective cell 

migration. This can be seen as a parallel to cleavage of focal contact proteins by calpain, 

another Ca2+ activated protease, also a critical component of cell motility (Section 

1.1.3.2.). Cleavage of ICAM-1 bound MUC1-ECD by ADAM17 or ADAM10 would 
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contribute to detachment of migrating breast cancer cells from endothelial cells, 

facilitating extravasation. Without cleavage of MUC1-ECD, the interaction between 

ICAM-1 and MUC1-ECD could prevent MUC1 expressing cells from invading into 

stromal tissues. Also, as we demonstrated that dimerization is not required for S2 

cleavage (Fig 6.2), ICAM-1 bound to MUC1 monomers would be susceptible to cleavage 

as well, which would be required for motility. Finally, the observation that increased 

levels of MUC1-ECD in the serum of breast cancer patients is correlated with a poor 

prognosis adds further weight to the notion that MUC1 cleavage is involved in cancer 

metastasis in vivo [27, 28]. Collectively, the literature and data presented in this thesis 

suggest a functional role for MUC1-ECD cleavage in breast cancer progression and that 

targeting MUC1-ECD cleavage may represent a target for anti-metastatic therapy. 

 In summary, we conclude that MUC1-ECD cleavage is required for ICAM-1 

binding induced cell motility. However, MUC1-ECD cleavage is not required for 

dimerization, Src recruitment, or ICAM-1 binding induced CaOs. We hypothesize that 

ICAM-1 binding leads to Src phosphorylation of MUC1, recruitment of downstream 

signalling mediators leading to CaOs and cytoskeletal rearrangement. Cytosolic CaOs 

induced by ICAM-1 binding activate ADAM 17 and/or ADAM10, resulting in MUC1-

ECD cleavage. MUC1 cleavage then initiates MUC1 nuclear localization, MUC1 induced 

transcription, and detachment of MUC1 expressing cells from ICAM-1 expressing cells, 

collectively resulting in cell migration. 

 In our final Chapter, we investigated the role of MUC1 autoproteolytic cleavage 

on MUC1-ECD cleavage and ICAM-1 binding induced events. Two cleavage site 

mutants were employed to test our hypothesis. We found that S1 cleavage is not required 

for S2 cleavage or ICAM-1 induced events, as demonstrated by the MUC1-CFP (G4) 

mutant. However, the nature of the mutation conferring S1 cleavage resistance was an 
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important determinant in the functional status of the MUC1 protein, as we observed that 

the MUC1 (VP) mutant was not fully functional in ICAM-1 binding induced events.  

 One approach we took in inhibition of MUC1 autoproteolytic cleavage was to 

directly mutate the residues involved in S1 cleavage. This method was previously 

described [26], with the authors reporting that impaired S1 cleavage led to a reduction in 

MUC1-ECD S2 cleavage from the cell surface, which we confirmed in  our study (Fig 

6.2). The reported constitutive MUC1-ECD protease, ADAM17, cleaves at a number of 

reported seqeuences and is sensitive to conformational changes in its protein substrates 

[435-437]. The mutation implemented (G/SVVV to VPVVV) inhibits MUC1 

autoproteolytic cleavage by replacing the functional groups involved in the chemical 

reaction leading to cleavage, we can hypothesize that the conformational strain leading to 

cleavage in wildtype MUC1 is not relieved in this mutant. Therefore, cleavage by 

ADAM17 at a site C-terminal to this mutant may be impaired due to global change in 

protein structure. Furthermore, we observed a significant reduction in ICAM-1 binding 

induced CaOs and cell migration in this mutant compared to wildtype MUC1, indicating 

that ICAM-1 binding induced signalling is also impaired. It is possible that ICAM-1 

binding itself is disrupted in these cells, although the positive binding of anti-MUC1-

ECD antibodies to MUC1 (VP) (Fig 6.2) suggests that a native conformation is adopted 

in the VNTR domain. However, the disruption in S2 cleavage suggests a disruption in 

protein conformation at other regions of the protein. Abnormal conformation of the 

MUC1 (VP) mutant could result in impaired protein dimerization, membrane 

localization, binding to signalling mediators, or cleavage by "-secretase. Although 

investigation of these possibilities is interesting, the cytoplasmic domain banding pattern 

of MUC1 (VP) makes interpretation of these experiments problematic. Determination of 

MUC1 (VP) dimerization is difficult, as appearance of any new bands after DSS 
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treatment would be obscured by existing bands. Also, immunoprecipitation experiments, 

to determine interaction with signalling mediators such as Src, cannot be normalized 

between MUC1 (VP) and wildtype MUC1, again due to abnormal banding patterns. 

However, careful analysis of experiments investigating ICAM-1 binding induced 

signalling does reveal some information on the mechanism of MUC1 (VP) impairment. 

MUC1 (VP) elicits significantly greater ICAM-1 binding induced CaOs and cell 

migration when compared to Mock treatment condition (Fig 7.3, Fig 7.4), indicating a 

response to ICAM-1 binding. However, this response is significantly reduced compared 

to wildtype MUC1. Therefore we hypothesize that MUC1 (VP) does bind to ICAM-1, 

and the signal is transmitted into the cytoplasm resulting in cell signalling leading to  

CaOs and cell migration. However, the reduction in CaOs and migration compared to 

wildtype MUC1 suggests that critical component(s) of the signalling pathway(s) is/are 

dysfunctional. 

 The second approach we took to investigating the importance of MUC1 

autoproteolytic cleavage in MUC1-ECD shedding and ICAM-1 binding induced events 

was  relief of the conformational strain which results in autoproteolytic cleavage by 

insertion of four glycine residues immediately N-terminal to the cleavage site. This 

mutant was also previous described [200], with authors reporting that it did not undergo 

autoproteolytic cleavage. However, in vivo studies were not performed. Here, we report 

that this mutant, MUC1 (G4), does not undergo autoproteolytic cleavage in vivo, yet it is 

subject to MUC1-ECD shedding (Fig 6.2). Based on our rationale that ADAM17 is 

conformationally sensitive, we can hypothesize that the conformational stress resulting in 

autoproteolytic cleavage in wildtype MUC1 is relived in this mutant, and it adopts a 

native conformation at the cell surface. The observations that MUC1-CFP (G4) elicits 

ICAM-1 binding induced CaOs and cell migration at levels equivalent to wildtype 
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supports this hypothesis. These observations also demonstrate that S1 cleavage is not 

required for ICAM-1 binding induced signalling, a novel finding. However, again we 

cannot appropriately assay dimerization or association with signalling mediators in this 

mutant as the cytoplasmic banding pattern is problematic.  

 In summary, we effectively disrupted MUC1 autoproteolytic cleavage by two 

distinct methods and found that the MUC1 (VP) mutant was impaired in both MUC1-

ECD shedding and ICAM-1 binding induced signalling. The MUC1 (G4) mutant 

functioned normally both in MUC1-ECD shedding and ICAM-1 binding induced 

signalling. We propose that the different functionalities of these mutants can be explained 

by the effect of the mutation on the conformation of the protein. Unfortunately, the ability 

of these proteins to dimerize and recruit downstream signalling mediators such as Src 

could not be properly determined due to the abnormal presentation of the mutants on 

SDS-PAGE. However, this study does reveal information on the role of MUC1 

autoproteolytic cleavage in receptor function, which could possibly be applied to other 

proteins which undergo S1 cleavage. 

 

8.2. Comprehensive model of MUC1/ICAM-1 signalling 

 Based on the available body of literature and data presented in this thesis, we 

propose the following working model of MUC1/ICAM-1 binding induced signalling (Fig 

8.1). In resting cells, MUC1 exists as both full-length monomeric and dimeric species. 

Src is recruited, via MUC1-CD SH3 binding domain, to both MUC1-CD monomers and 

dimers, acting to partially unfold and activate Src. However, only in MUC1 dimers is Src 

able to access Y46 of MUC1-CD, phosphorylate it, and bind to this SH2 binding domain. 

This binding results in stable association between Src and MUC1 dimers, while the 

association between MUC1-CD monomers and Src is transient. 
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 Following binding of ICAM-1 to MUC1 monomers and dimers, the presence of 

activated Src bound to MUC1 dimers allows for initiation of signalling, while MUC1 

monomers are not competent to elicit signalling cascades. We propose that ICAM-1 

binding induced clustering of MUC1/Src complexes may faciliatate trans-

autophosphorylation of Src species at Y416, resulting in full activation. Src is then able to 

phosphorylate MUC1-CD tyrosine residues, such as Y20 and Y60, which recruit and 

activate downstream signalling mediators such as PI3K and CrkL, respectively. This 

point in MUC1/ICAM-1 signalling represents the divergence of signalling pathways 

leading to CaOs and cytoskeletal rearrangement, which culminate with cell migration. 

The CrkL mediated pathway continues with activation of Rac/Cdc42, leading to 

lamellipodial and filipodial protrusions, a key step in cell migration. Activation of PI3K 

leads to a PLC mediated pathway, leading to generation of IP3 and release of calcium 

from the endoplasmic reticulum, resulting in the observed CaOs signal. This calcium 

signal acts to activate proteins involved in focal contact digestion, cytoskeletal 

rearrangement, and actin polymerization, key steps in cell migration. This calcium signal, 

as well as activated Src, can also activate ADAM10 and/or ADAM17. As the MUC1-

expressing cell begins to move in response to the signalling cascades initiated by ICAM-

1 ligation, ADAM10 and/or ADAM17 act to cleave MUC1-ECD, releasing the 

MUC1/ICAM-1 interaction and allowing the cell to move forward. Also, activated 

ADAM10 and/or ADAM17 would likely cleave other cell membrane substrates, which 

would further contribute to the metastatic phenotype and facilitate cell movement.  

 In summary, we propose that ICAM-1 ligation to MUC1 dimers acts to initate 

signalling cascades which result in cell movement. Interaction between circulating breast 

cancer cells, which often overexpress MUC1, and endothelial cells, which express 

ICAM-1, would therefore result in movement of breast cancer cells through the 
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endothelial cell layer and into the stromal tissue, where a metastatic tumor could form. 

Inhibition of critical steps in this pathway, such as MUC1 dimerization, Src recruitment, 

or cleavage, could therefore be targeted clinically to reduce metastasis, and therefore 

mortality, in breast cancer patients.  

 

8.3. Clinical implications 

 It is well established that MUC1 is overexpressed in several different types of 

cancer (Section 1.2.2.6). In this study, we utilized both MUC1 transfectants and human 

breast cancer cell lines which overexpress MUC1, T47D and MCF-7. T47D and MCF-7 

are Luminal B subtype breast cancer, which are characterized by ER and/or PR positivity, 

a higher proliferation rate, and a slow, steady recurrence trend with a poor prognosis [53].  

Treatment of ER positive breast tumors involves administration of Tamoxifen, an ER 

antagonist, although resistance to Tamoxifen occurs frequently [438]. Interestingly, 

treatment of breast cancer cells with Tamoxifen is correlated with a decrease in MUC1 

expression, which may be explained by the presence of an estrogen response element in 

the promoter of MUC1 which would be susceptible to Tamoxifen treatment [403, 404]. 

However, MUC1 expression and the MUC1 induced gene signature are upregulated in 

ER positive, Tamoxifen resistant breast cancers [434]. Therefore we can hypothesize that 

the upregulation of MUC1 may be involved in the acquisition of Tamoxifen resistance in 

Luminal B breast cancers. As we propose here that MUC1 dimerization and cleavage 

may play a role in nuclear localization and gene transcription of MUC1, it is possible that 

ICAM-1 binding induced signalling results in MUC1 nuclear localization and 

upregulation of the MUC1 gene (as MUC1 can be auto-inductive [439]), contributing to 

Tamoxifen resistance. Therefore future investigations should examine the relationship 

between ICAM-1 binding to MUC1 and MUC1-induced gene expression potentially 
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leading to Tamoxifen resistance. It is possible that combinations of drugs targeting 

MUC1 cleavage and/or dimerization could be combined with Tamoxifen to increase its 

efficacy and decrease resistance, which would lead to decreased patient mortality. 

 Extensive studies have been performed investigating dimerization of members of 

the Erb family of proteins. Inhibition of Erb receptor homo/heterodimerization with 

antibodies, peptides, and small molecule inhibitors in the treatment of breast cancer have 

been described [440-442]. However, acquired resistance to these therapies, specifically to 

Trastuzumab in ErbB2 overexpressing cancers, has been observed [443]. It has been 

proposed that Trastuzumab acts by inhibition of both ErbB2 cleavage and dimerization 

[377, 444, 445]. Our work investigating MUC1 dimerization has revealed that non-

cysteine mediated MUC1-CD dimerization is required for Src recruitment and ICAM-1 

binding induced cell signalling, resulting in cell motility. We also report that MUC1 

ECD-shedding, by ADAM10 and/or ADAM17, is involved in ICAM-1 binding induced 

cell migration. Interestingly, antagonists of a cleaved fragment of MUC1, possibly the 

product of ECD-shedding, have been shown to work in combination with Trastuzumab to 

overcome Trastuzumab resistance in breast cancer cells. As ADAM10 has been identified 

as an ErbB2 activating protease [426], it is possible that in cells expressing both MUC1 

and ErbB2, ICAM-1 binding induced CaOs could result in activation of ADAM10 and 

cleavage of both substrates. Activation of both MUC1 and ErbB2 signalling cascades 

could contribute to tumor metastasis, growth and survival. The possibility that these 

receptors work synergistically in breast cancer progression provides an intriguing target 

for future studies and potential therapies. Specifically, dual inhibition of MUC1 and 

ErbB2 signalling could be achieved through inhibition of ADAM17 and/or ADAM10. 

Synergistic inhibition of cancer progression could also be achieved through combination 

of a metalloprotease inhibitor with specific inhibitors of MUC1 and/or ErbB2 signalling. 
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A study combining an ADAM17/ADAM10 inhibitor with an inhibitor or ErbB2 kinase 

activity resulted in synergistic inhibition of breast cancer cells in a mouse model [446]. 

Compounds inhibiting MUC1-CD dimerization, such as those described in [21] and 

[390], could be used in combination with these therapies to specifically inhibit both 

MUC1 and ErbB2 function in breast cancer, potentially leading to decreased patient 

mortality.  

 The data presented in this thesis also reveals information on the relationship 

between MUC1 and Src in breast cancer. Src overactivity is implicated in breast cancer 

progression [17], and we demonstrate here that ICAM-1/MUC1 signaling requires Src 

activity. Therefore, increased Src activity in MUC1 expressing breast cancers could result 

in potentiation of the ICAM-1 binding induced signal, facilitating metastasis. As we 

found that MUC1 dimerization is required for effective recruitment of Src and ICAM-1 

binding induced signalling, we would hypothesize that inhibition of MUC1 dimerization 

would prevent Src binding and downstream signalling leading to cell migration. The 

rational combination of drugs inhibiting several components of a single pathway or 

parallel pathways is of clinical interest [18], as it is believed this could lead to both 

greater efficacy and specificity. Therefore, a combination of drugs targeting MUC1 

dimerization, Src recruitment to MUC1, Src activity and/or MUC1 cleavage could 

potentially specifically inhibit ICAM-1 binding induced signalling in metastatic breast 

cancer cells and should be the focus of basic and clinical research in the future. 

 In conclusion, analysis of data presented here in the context of current clinical 

strategies employed in breast cancer treatment reveals potential for development of 

combinational therapy regimes involving MUC1 dimerization and/or cleavage. However, 

additional research on the mechanism of ICAM-1/MUC1 signalling and the relationship 

between MUC1 and other pathways involved in breast cancer progression is needed. 
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8.4. Limitations of study 

 We recognize several limitations of the experiments presented in this thesis and 

here we discuss the implications of these limitations on our interpretation of the data. In 

Chapter 3, we successfully utilized siRNA to knockdown Src to determine the necessity 

for Src in the ICAM-1/MUC1 signalling pathway. We proposed that this method was 

more specific than using a broad-spectrum kinase inhibitor such as PP2 which inhibits 

several SFKs as well as EGFR. However, we cannot exclude the possibility that other 

SFKs in HEK 293T cells were silenced as well due to non-specificity of our anti-Src 

antibody. The siRNA used in Src knockdown was modified to reduce off-target inhibition 

and also run through a BLAST search to determine levels of non-specific binding prior to 

use [405], and candidate siRNA sequences indicating homology to off-target genes were 

eliminated. Therefore, although we did not empirically demonstrate that the siRNA used 

in this study only targeted c-Src, we have confidence in the methods utilized by our 

supplier. Additional investigations would be needed to identify c-Src as the only SFK 

involved in ICAM-1/MUC1 signalling, although the data presented here indicate that c-

Src is likely the primary mediator.  

 Our investigations on MUC1 dimerization reveal that MUC1-CD dimerization is 

required for Src recruitment and ICAM-1 binding induced events. However, we fail to 

identify the mechanism of MUC1-CD dimerization. We do eliminate several possibilities 

through the use of splice variants, mutants, and chimeric proteins. Dimerization of 

MUC1-Y indicates that the VNTR domain is not required for dimerization; interaction 

between MUC1-Y and the CD8/MUC1 chimera indicate that the ECD, TM and C1QC 

motif are not required for dimerization; and dimerization and functionality of the MUC1-

CFP-Fv (AQA) mutant indicates that the cysteine residues of the C1QC motif are not 

required for dimerization and ICAM-1 binding induced signalling. Therefore we propose 
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that interactions in the last 69aa of the MUC1-CD (beginning R4RK) are responsible for 

dimerization. This hypothesis is problematic as there are no known dimerization motifs in 

this portion of MUC1, although this does not rule out the possibility of a novel 

dimerization domain. Our investigations on the requirement of Src kinase binding to 

MUC1-CD in MUC1-CD dimerization demonstrate that Src kinase is not responsible for 

facilitating MUC1-CD dimerization, however, it is possible that other MUC1-CD 

interacting protein fulfills this role. In addition, our work investigating the role of MUC1 

dimerization in vivo employs an engineered Fv domain and Fv ligands. This system is 

artificial, and use of these constructs may not necessarily be representative of MUC1 

signalling in a natural state. For example, addition of AP21998M, in addition to disrupting 

MUC1 dimerization, could interfere with MUC1 binding to signalling partners directly 

by changing the conformation of MUC1-CD. Also, the long term effects of Fv ligands on 

dimerization of MUC1-CFP-Fv were not investigated. As cell migration assays were 

performed over a 24-hour period, the state of MUC1 dimerization at this time point is 

relevant. However, we were not able to obtain consistent results when investigating this. 

If animal studies were to be performed in the future using Fv domain containing MUC1, 

investigations on the long term effects of Fv ligands on MUC1 dimerization would need 

to be established. These possibilities and proposed future experiments are of clinical 

interest as inhibition of MUC1-CD dimerization represents a potential target for anti-

metastatic therapy, although additional research is required before this possibility can be 

fully investigated. 

 Our investigations of the role of MUC1-ECD shedding in MUC1 function rely on 

the use of TAPI-0, a broad spectrum metalloprotease inhibitor. This inhibitor has activity 

against ADAM17, ADAM10, and several other metalloproteases [24, 447, 448]. 

Therefore we cannot exclude the possibility that our use of TAPI-0 resulted in inhibition 
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of another, unidentified MUC1 sheddase. We propose that the action of TAPI-0 against 

ADAM10 may be an alternative explanation for our observations, as ADAM10 is known 

to be activated by calcium influx [429]. Targeting of ADAM17 and/or ADAM10 with 

siRNA would be a potential method to investigate the role of each protease specifically in 

MUC1/ICAM-1 function. However, as both ADAM10 and ADAM17 have been 

demonstrated to have roles in breast cancer progression, an inhibitor targeting function of 

both metalloproteases may have the greatest clinical potential [421, 426, 446], and 

therefore it may not be necessary to identify the protease responsible for MUC1 shedding 

in ICAM-1 induced migration.  

 In our ICAM-1 binding induced migration assays, TAPI-0 was present 

throughout the duration of the 24-hour experiment to ensure continued inhibition of 

MUC1 S2 cleavage, and therefore our inhibition of MUC1-ECD cleavage was not 

specific. As we propose that MUC1 S2 cleavage must occur to “release” the 

MUC1/ICAM-1 tether, it is also possible that cleavage of ICAM-1 occurs with the same 

result. ICAM-1 is a reported substrate of ADAM17 [418], and is reported to occur 

constitutively in NIH 3T3 cells [449], although the effect of TAPI-0 on ICAM-1 S2 

cleavage has not been determined. In addition to ICAM-1, inhibition of cleavage of other 

ADAM10/ADAM17 substrates likely contributed to our observations. Further 

investigation of the effect of TAPI-0 on cleavage of ICAM-1 and other relevant 

ADAM10/ADAM17 substrates is required to determine the mechanism of TAPI-0 

inhibition of MUC1/ICAM-1 binding induced migration. To fully appreciate the clinical 

applicability of these metalloprotease inhibitors in treatment of MUC1-overexpressing 

breast cancer cells, additional work is needed. This would include, but is not limited to, 

specific inhibition of MUC1 and ICAM-1 shedding, and investigation of potential cross-

talk between the MUC1/ICAM-1 pathway and cleavage of other ADAM10/ADAM17 
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substrates. This work would shed light on the potential clinical benefits and side-effects 

of these inhibitors. 

 In this study we focused on transmission of the MUC1/ICAM-1 signal through 

activation of Src kinase. However, it is possible that distinct pathways are activated in 

response to MUC1/ICAM-1 binding which could confound our results. For example, 

MUC1 is known to bind EGFR, and EGFR can phosphorylate MUC1 on Y46. As this is 

the residue that we considered a substrate and binding site for Src kinase, we cannot rule 

out the possibility that EGFR is involved in transmission of the MUC1/ICAM-1 signal 

through phosphorylation of Y46, creating a binding and activation motif for Src. In 

addition, we have not investigated the role of !-catenin, a well-described MUC1 binding 

partner, in the MUC1/ICAM-1 signaling cascade. Phosphorylation of MUC1 at Y46 has 

been shown to result in increased binding between MUC1 and !-catenin, and therefore 

activation of Src upon ICAM-1 ligation would be expected to facilitate !-catenin/MUC1 

binding and !-catenin signalling. Full understanding of the mechanism of MUC1/ICAM-

1 signalling would require investigation of these potentially interacting components. 

 In summary, although several major limitations of this study have been 

identified, we feel that our work has contributed significantly to the study of MUC1 in 

breast cancer progression and has provided many exciting new hypotheses for future 

studies. 

 

 8.5. Overall conclusions and future directions 

 Although previous publications from our laboratory have identified signalling 

mediators involved in transmission of the ICAM-1/MUC1 signal, events occurring at the 

level of MUC1 have not been identified prior to this work [13, 14]. Elucidation of the 

mechanism of ICAM-1 induced signalling provides targets for MUC1-specific therapies 



184 

 

which have clinical potential in the treatment of breast cancer progression. We show here 

that MUC1 dimerization is required for constitutive Src recruitment and ICAM-1 binding 

induced CaOs and cell invasion, a critical step in breast cancer metastasis. Investigation 

of the mechanism of MUC1 dimerization reveals that, contrary to other reports 

investigating MUC1dimerization [19], MUC1 does not exist as a covalently linked dimer, 

and is independent of cytoplasmic cysteine residues. Additional research is needed to 

positively identifify the entity or domain responsible for MUC1 dimerization. This 

information will contribute to the potential development of MUC1 dimerization inhibitors 

which have significant clinical potential, alone and in combination with drugs targeting 

other aspects of MUC1/ICAM-1 signalling or other proteins contributing to breast cancer 

progression.  

 We also investigated the role of MUC1-ECD shedding, a previously described 

event, in ICAM-1 binding induced signalling. Our results demonstrate that although 

MUC1-ECD shedding is not required for dimerization, Src recruitment, or ICAM-1 

binding induced CaOs, it is necessary for ICAM-1 binding induced cell migration. This 

data provides an additional MUC1 target in breast cancer therapies, as inhibition of 

MUC1-ECD cleavage, by direct inhibition of the cleavage site or by inhibition of 

enzymes responsible for MUC1-ECD shedding, would be expected to result in decreased 

migration. We have also demonstrated that S1 cleavage of MUC1 is not required for S2 

cleavage or ICAM-1 binding induced events, suggesting that S1 cleavage may not have a 

physiological purpose. In summary, we propose that rational combination of inhibitors of 

MUC1 dimerization, Src recruitment to MUC1, and MUC1 cleavage could 

synergistically inhibit metastasis of MUC1 overexpressing breast cancers. However, 

further investigations, particularly on the mechanism of MUC1 dimerization and Src 
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recruitment, as well as the fate of MUC1 cleavage products, are required before this 

hypothesis can be properly tested clinically. 
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Appendix 1: Determining the effect of inhibition of 
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A.1.1. Introduction and objectives 

 In recent years, the fluid mosaic model of cell membrane composition has been 

challenged by the discovery that biological membranes contain multiple distinct domains. 

These domains are defined by their protein, lipid, and cholesterol composition, and allow 

for spatial compartmentalization of cellular signalling. One such domain, loosely termed 

detergent-resistant membrane (DRM), is enriched in cholesterol, sphingolipids, and GPI-

anchored or acylated membrane proteins and is resistant to extraction in Triton X-100 

detergent at 4"C [182]. MUC1 has been reported to reside in DRMs, with evidence 

suggesting that recycling and glycosylation of MUC1 [407, 436] and partnership with 

other transmembrane proteins [406] are controlled by DRM localized processes. In 

addition, disruption of DRMs in vivo by cholesterol sequesterization with methyl-

betacyclodextrin (M!CD) has been shown to disrupt ICAM-1 binding induced CaOs, 

indicating that DRMs are important in transmission of the MUC1/ICAM-1 signal [13]. 

The reported MUC1 protease, ADAM17, has been shown to exert both DRM-dependent 

and independent activity [437, 438], and the relationship between MUC1 cleavage and 

DRM residency has not been investigated. As we demonstrated in Chapter 6 that MUC1 

cleavage is required for cell migration, elucidation of the relationship between MUC1-

ECD cleavage and DRMs would provide information on the potential of synergistic 

combinations of metalloprotease inhibitors and DRM-disrupting compounds, such as 

statins, in a clinical setting. Also, as we demonstrated in Chapter 4 that MUC1 

dimerization is required for Src recruitment and ICAM-1 binding induced signalling, we 

investigated the relationship between MUC1 dimerization and DRMs. Although these 

experiments are preliminary, they provide insight on the relationship between MUC1 

function and DRM residency and direct future research. 
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A.1.2. Materials and Methods 

A.1.2.1. Cell lines and reagents 

 Armenian Hamster CT2 monoclonal antibody (mAb), directed against the last 17 

C-terminal amino acids of MUC1-CD (hereafter referred to as anti-MUC1-CD), was 

generously provided by Dr. Sandra Gendler (Mayo Clinic, Scottsdale, AZ) [381]. Anti-

Armenian hamster horseradish peroxidase-conjugated secondary antibodies were 

purchased from Jackson ImmunoResearch Laboratories, Inc (West Grove, PA). Mouse 

anti-tubulin mAb were from Sigma-Aldrich (St. Louis, MO). Dulbecco’s modified eagle 

medium (DMEM), Opti-MEM media, Geneticidin (G418), trypsin, fetal bovine serum 

(FBS), and Lipofectamine 2000 were from Invitrogen, Inc. (Carlsbad, CA). Triton X-100, 

ammonium persulfate (AP) was from Fisher Scientific (Nepean, ON). Glycine, 40% 

(w/v) acrylamide solution, bromophenol blue, and Bradford protein assay reagent were 

from Bio-Rad Laboratories Ltd. (Hercules, CA). TEMED was from EMD Chemicals Inc. 

(Gibbstown, NJ). 

Human breast cancer cell line T47D was from the American Type Culture 

Collection (ATCC) and were maintained in DMEM with 10% FBS and 6ug/ml insulin. 

293T human embryonic kidney epithelial cells (HEK 293T) were from ATCC and 

maintained in DMEM with 10% FBS. Generation of MUC1-CFP-Fv HEK 293T 

transfectants was performed using Lipofectamine 2000 and Opti-MEM according to 

manufacturer’s instructions, and maintained in DMEM with 10% FBS and 200ug/ml 

G418. All cell lines were cultured at 37"C in a humidified incubator containing 5% CO2 

(Water-Jacketed Incubator, Forma Scientific, Marietta, OH). 

The pC1-Neo-hMUC1-TR+ FLAG plasmid carrying the MUC1 gene was kindly 

provided by Dr. Sandra Gendler and was used to generate MUC1-CFP-Fv (work by J. 

Rahn, Q.Shen, J. Zhang, and A. Bernier). The plasmid pC4-Fv1E encoding the FKBP 
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F36V variant followed by a c-terminal hemagglutinin (HA) epitope was generously 

provided by ARIAD Pharmaceuticals Inc and is described in [382]. To generate the 

MUC1-CFP-Fv, the FvHA domain of pC4-Fv1E was amplified by polymerase chain 

reaction (PCR) with a 5’ primer (ATTTGTACAT GGCTTCTAGAGGAGTGC) and a 3’ 

primer (CTCTTGTACACTGAAGTTCTCAGG ATCC) which introduced 3’ and 5’ 

BsrG1 restriction sites (underlined). The PCR product and the MUC1-CFP plasmid were 

digested with BsrG1, ligated, and sequenced to confirm insertion and orientation. 

A.1.2.2. SDS-PAGE and Western blot analysis 

For “DRM exclusion” experiments, cells were lysed in ice-cold Triton X-100 

buffer (20mM Tris-HCl pH7.4, 150mM NaCl, 2mM EDTA, 1% glycerol, 1% Triton X-

100, with fresh 0.5% (w/v) protease inhibitor cocktail and phosphatase inhibitor cocktail), 

homogenized with a 26 gauge needle and insoluble components pelleted by 

centrifugation at 14000 x g for 3 minutes. For “DRM inclusion” experiments, cells were 

lysed in RIPA buffer (50mM Tris pH 8.0, 150mM NaCl, 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% SDS, with fresh 0.5% (w/v) protease inhibitor cocktail and 

phosphatase inhibitor cocktail), sonicated for 30 seconds, and centrifuged at 14000 x g 

for 3 minutes. Supernatants were removed and assayed for protein concentration using 

Bradford assay (Bio-Rad), followed by boiling for 10 minutes in 4x Laemmli sample 

buffer (LSB) (0.5M Tris-HCl pH 6.8, 10% glycerol, 2% SDS, and 5% !-

mercaptoethanol. Samples were either stored at -20"C or subjected to 4-20% SDS-PAGE. 

Electrophoresis was performed using the Bio-Rad Mini-PROTEAN II system at 60mA 

per gel, 80 V (constant voltage) for 15 minutes followed by 120 V for the remainder in 

running buffer (25mM Tris-Base pH 8.3, 192mM glycine, 0.1% SDS). The proteins were 

then transferred to nitrocellulose membrane (Bio-Rad) using the Bio-Rad Mini Trans-blot 

system on ice for 60 minutes at 100 V and 350 mA in transfer buffer (25mM Tris-Base 
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pH 8.3, 192mM glycine, 20% MeOH). Nitrocellulose membranes were then blocked in 

5% (w/v) skim milk in Tris-buffered saline (TBS) (50mM Tris-Base pH 7.5, 150mM 

NaCl) with 0.05% (v/v) Tween-20 (TBS-T) for one hour at room temperature with gentle 

agitation. The membranes were then incubated with primary antibody overnight at 4"C at 

the concentration recommended by the manufacturer, followed by two 10 minute washes 

in TBS and one 10 minute wash in TBS-T. The membranes were then incubated with 

HRP-conjugated seconday antibody for one hour at RT at the concentration 

recommended by the manufacturer, following by another washing step identical to the 

first. Membranes were incubated with ECL plus western blotting reagent according to 

manufacturer’s instructions, developed, scanned using a Canon Canoscan 8600F, 

imported into Image J (National Institutes of Health), analyzed for densitometry and/or 

adjusted and cropped for presentation. 

 If membranes were to be probed by additional antibodies to proteins such as 

tubulin, used as a protein loading control, they were first stripped of all original antibody 

by incubation in stripping buffer (62.5mM Tris-HCl pH 6.7, 2% SDS, 100mM !-

mercaptoethanol) for 30 minutes at 50"C with gentle agitation. Following a wash step and 

re-blocking, membranes were probed as described above.  

 

A.1.2.3. Densitometry 

 In order to quantitate changes in protein levels revealed by western blot, 

densitometric analysis of protein bands was performed. Using Image J software (NIH), 

each band in a series was assayed for pixel density. For assays in which changes in band 

ratio is of interest (ie. MUC1-CD dimer:total assays), only the ratio for each band set was 

calculated and comparisons between sets were made. 
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A.1.2.4. Statistics 

 As the experiments presented in this chapter were only performed once, no 

statistical analysis was performed. 

 

A.1.3. Results 

A.1.3.1. Inhibition of MUC1-ECD cleavage results in increased residency of MUC1- 

on detergent resistant membranes 

 To determine the effect of cleavage inhibition on both MUC1 expression and 

residence on DRMs, we assayed MUC1-CD levels after treatment with TAPI-0 for 1, 6, 

16, or 24 hours. Cells were lysed in either “DRM exclusion buffer” which would not 

recover proteins from DRMs, or “DRM inclusion buffer” which would solubilise DRMs 

and proteins from them would be recovered. Following densitometry of MUC1-CD bands 

and normalization to tubulin, the curves were compared to roughly determine MUC1-CD 

DRM residency (DRM inclusion – DRM exclusion = DRM). In other words, the 

difference between the two curves would represent the amount of MUC1-CD on the 

DRM. 

 In both MUC1-CFP-Fv transfected 293T cells (Fig A1.1A) and human breast 

cancer T47D cells (Fig A1.2A) treated with TAPI-0 for increasing periods, the levels of 

MUC1-CD in DRM exclusion experiments exhibited a downward trend, as illustrated by 

densitometry (Fig A1.1B; Fig A1.2B). When cells were lysed in DRM inclusion buffer, 

however, an upward trend was observed in both cell lines. The difference between these 

curves indicates increased residency of MUC1-CD on DRMs following TAPI-0 treatment 

for both MUC1-CFP-Fv and T47D cells. Interestingly, in both MUC1-CFP and T47D 

cells, treatment with TAPI-0 for 24 hours resulted in a return to near “No treatment”  
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control values. As these experiments were only performed once, no statistical analysis 

was performed. 

 

A.1.4. Discussion 

 For these sets of experiments, we assayed MUC1 levels in both DRM inclusive 

and exclusive lysis buffers following inhibition of MUC1-ECD cleavage to gain insight 

on the relationship between MUC1 cleavage and DRM residency. As these experiments 

were only performed once, we must limit our interpretation of these data to reflect the 

lack of statistical analysis. 

 We observed increased levels of MUC1-CD in DRM fractions in both transfected 

and T47D cells following treatment with TAPI-0. We conclude that inhibition of MUC1-

ECD cleavage results in increased residence on MUC1 on DRMs. There are several 

possible mechanisms for this observation that could be investigated following completion 

of these studies. Inhibition of MUC1-ECD cleavage resulted in increased DRM 

residency, therefore it is possible that cleavage by ADAM17 on DRMs results in 

movement of MUC1 off DRMs. Non-DRM MUC1 could then be subject to interactions 

and further processing that could result in degradation. ADAM17 activity has been 

shown to occur on DRMs, supporting this hypothesis [437]. Contradictory to this, 

cleavage of the Notch ligand Jagged1 by ADAM17 was reported to be independent of 

DRMs, indicating that cell membrane localization of ADAM17 may be influenced by cell 

type and environment [437, 438]. Another possibility is that cleavage of MUC1 on 

DRMs results in DRM-dependent endocytosis and degradation, explaining the increased 

DRM residency following inhibition of cleavage. As MUC1 is a known substrate of "-

secretase, sequential cleavage by ADAM17 and "-secretase could be followed by nuclear 

localization of MUC1 in a manner similar to that observed in NOTCH and amyloid 
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precursor protein [178, 219, 441]. As MUC1-induced transcription has been shown to 

upregulate genes involved in cell growth, motility, and angiogenesis, it is possible that 

nuclear translocation of MUC1 following DRM localized cleavage results in expression 

of this MUC1 associated “signature” [419]. Although this signature has been positively 

correlated with a poor prognosis, it is also possible that this signature functions in 

response to inflammation and insult in normal breast tissue, as cell growth, motility and 

angiogenesis are also components of the process of wound healing.  

 However, additional investigation of the relationship between MUC1 cleavage, 

DRM residency, and dimerization is needed to fully understand these phenomena, and 

their potential role in breast cancer, as the results presented here are preliminary. 

 


