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ABSTRACT 

 

 MUC1 is a large transmembrane glycoprotein that is overexpressed in about 90% of 

breast cancers. Importantly, MUC1 overexpression is not a mere consequence of breast 

tumorigenesis but can sufficiently induce breast cancer formation when overexpressed in 

the mammary gland. The oncogenic mechanism of MUC1 overexpression remains 

largely unknown.  However, recent studies point towards an important role for MUC1 in 

signaling downstream of the epidermal growth factor receptor (EGFR), a member of the 

ErbB family of receptor tyrosine kinases, and a key mediator of tumorigenesis. 

Trafficking represents a critical aspect of MUC1 and EGFR biology, and both are 

endocytosed via a clathrin dependent pathway but follow different trafficking routes.  

While MUC1 is constitutively internalized and recycled back to the plasma membrane, 

EGFR is internalized in response to ligand binding and is ultimately trafficked to the 

lysosome to be degraded. EGFR degradation terminates its downstream signaling which 

when overactive can lead to cancer progression. 

 In this work, we have demonstrated an important role for MUC1 in regulating EGFR 

trafficking. We showed that MUC1 expression can enhance the internalization of EGFR 

while inhibiting its ubiquitination. This results in a decrease in the degradation of the 

receptor and in an increased recycling in response to EGF.  We then investigated the 

mechanism behind MUC1-dependent EGFR trafficking. We showed that, when MUC1 is 

present, EGFR colocalizes with MUC1 at the Rab11 and RME-1 positive perinuclear 

endocytic recycling compartment (ERC). Interestingly, MUC1 expression did not 
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significantly alter the localization of EGFR at the Rab5-positive early endosome; 

However, MUC1 knockdown restored EGFR trafficking towards Rab7-positive late 

endosomes and away from the perinuclear ERC. These results describe a novel MUC1-

dependent EGFR trafficking pathway in breast cancer cells. We investigated the effect of 

MUC1-dependent EGFR trafficking on EGFR signaling in cancer by analyzing tumor 

lysates from a Wnt-1 mouse model of breast cancer (MMTV-Wnt-1) crossed into a 

MUC1 overexpressing (MMFW) or a MUC1 null (WK) background. We observed an 

enhanced activation of ErbB1 and 2 but not ErbB3 in these tumors. This was 

accompanied by an increase in AKT but not MAPK pathway activation and in an 

increase in β-catenin and cyclinD1 expression.  

 Taken together, our results identify MUC1 as a modulator of EGFR trafficking and 

describe a novel MUC1-dependent EGFR trafficking pathway. This altered EGFR 

trafficking results in enhanced EGFR activation and in the preferential activation of the 

PI3K/AKT pathway which could have significant implications for breast cancer biology 

and therapy.   
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I. INTRODUCTION 

 

Cancer 

 

According to recent estimates by the American cancer society, 182,460 women 

were diagnosed with breast cancer in 2008 in the United States and 40,480 women die 

every year from the disease. The search for better treatments that enhance the life 

expectancy of patients while minimizing the side effects is a very active area of 

research. The development of cancer occurs in multiple stages, is extremely complex 

and variable from one patient 

to the other. The molecular 

events leading to tumorigenesis 

have been defined by Hanahan 

and Weinberg in their 

landmark review in 2000 [6]. 

The authors have defined six 

characteristics (Figure 1.1) that 

must be attained by any given 

cell in order for this cell to 

become cancerous. Therefore, 

proteins whose biological 

activity leads to the 

 Figure 1.1 Hallmarks of cancer[6] 
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achievement of one or more of these hallmarks are of extreme importance in the fight 

against cancer. 

This study focuses on two very important molecules in breast cancer; the 

epidermal growth factor receptor (EGFR) which can, when activated or overexpressed, 

contribute to all of the six hallmarks of cancer and the mucin MUC1 which is 

overexpressed in over 90% of all breast cancers and is a proven breast oncogene. We 

will focus on the interaction between these two major players of breast tumorigenesis 

and more specifically on the effect of the transmembrane mucin MUC1 on the 

endocytic regulation of EGFR and its effects on EGFR signaling. 

 

Mucins 

  

Mucins are large heavily glycosylated proteins expressed by various epithelial 

cells that are exposed to harsh environments.  The heavily glycosylated tandem repeats 

which will be discussed in detail later are essential to the proteins function as physical 

barriers between the mucin-expressing epithelium and the environment it is subjected 

to. Perhaps the most illustrative example of the role these glycoproteins play in 

protecting epithelia comes from the stomach. In this epithelium, mucins protect the cells 

from corrosive HCl secreted from the gastric glands and from digestive enzymes. 

Mucins can also concentrate growth factors and act as a first line of defense against 

bacterial infection.   
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Mucins can be membrane bound or secreted; there are eight known membrane 

bound (MUC1, MUC3, MUC4, MUC12, MUC13 MUC16, MUC17 and MUC20) and 

five known secreted (MUC2, MUC5B, MUC5AC, MUC6 and MUC19) gel-forming 

mucins in humans. All of the transmembrane mucins are type one proteins (1 

transmembrane domain). Gel forming mucins are found in several metazoans and 

appear relatively early in the evolutionary scale whereas transmembrane mucins are 

only found in vertebrates and MUC1 is only found in mammals and in the chicken [15].  

The large, highly glycosylated extracellular domain of MUC1 and especially its 

short cytoplasmic domain play very important roles in the trafficking and cellular 

signaling mediated by this mucin 

 

MUC1 

 

 

Figure 1.2 MUC1 protein structure [4] 
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MUC1 structure 

 

MUC1 is the first mucin to be characterized and was cloned from mammary 

carcinomas and subsequently from other tissues. During initial protein folding in the 

ER, the protein undergoes autoproteolytic cleavage in its sperm protein, entrokinase and 

agrin domain (SEA) at the GSVVV site [16-18]. This cleavage generates a dimer made 

up of α and β subunits that remain strongly but non-covalently attached. The β, C-

terminal, subunit is made up of a short 58aa extracellular domain, a single 

transmembrane domain (TM) and a short 72aa intracellular domain (CT) [19, 20] and is 

highly conserved (Figure 1.2).  

The α, N-Terminal, subunit forms the very highly glycosylated extracellular 

domain made up of 25-125 tandem repeats of 20aa (makes up about 1000-2200 amino-

acids) (Figure 1.2), the number of tandem repeats in the α subunit and their sequence is 

highly variable in humans. Sugars make up most of the mass of the MUC1 extracellular 

domain and play an important role in the endocytosis of the protein 

 

MUC1 glycosylation 

 

MUC1 endocytosis is directly linked to the length of the glycosylation on its 

extracellular domain and it is believed that deglycosylation of the protein in response to 

environmental stress or poor glycosylation in cancer induces the internalization of the 

protein [21]. 
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There are two major types of glycosylation on mammalian proteins, O and N-

linked glycosylation. N-linked glycosylation takes place on asparagine residues in the 

ER and O-linked glycosylation is carried out in the Golgi and occurs on serine and 

threonine residues. In the case of MUC1, the tandem repeats, each containing five 

potential glycosylation sites, are highly O-glycosylated and there are also five sites of 

N-glycosylation, four of which are on the α subunit and the fifth is on the extracellular 

part of the β subunit (Figure 1.2) [22, 23]. The glycosyl chains on the tandem repeats of 

human MUC1 in breast cancer are often shorter than the ones observed in normal 

mammary epithelial cells which enticed many laboratories to attempt 

immunotherapeutic strategies targeting this difference. 

During O-linked glycosylation, UDP-GalNAc transferases add GalNAc sugar 

moieties to the serine and threonine residues in the tandem repeats throughout the Golgi 

apparatus. These enzymes do not distinguish between serine and threonine and are 

capable of glycosylating either of the amino-acids. The partial enzyme specificity 

exhibited by GalNAcTransferases is linked to the sequences that flank the serine or 

threonine to be glycosylated. The GalNAc moiety, termed core 1, can then serve as a 

substrate for elongation of the sugar chain by addition of N-acetylglucosamine 

(GlcNAc) and galactose moieties to the core 1 sugars, this produces variable branched 

chains of glycosylation. However, the same core 1 can also be the substrate for enzymes 

that add sialic acid instead of GlcNAc to the initial GalNAc; the addition of sialic acid 

terminates the glycosylation chain with a sialyl and produces the short glycosylation 
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observed in breast cancer cells. The short O-glycosylation chains on the extracellular 

domain of MUC1 in cancer cells could contribute to an enhanced internalization and 

recycling of the protein in an attempt to reglycosylate it which could explain the 

observed increase in intracellular MUC1 staining in breast cancer tissues [24]. 

N-linked glycosylation happens in the ER during protein synthesis and is also 

affected by the intracellular trafficking of the protein. A mannose rich oligosaccharide 

is added to the asparagine residue on the Asp-Xaa-Ser/Thr motif. The mannose residues 

are then trimmed and rearranged in the Golgi. These N-glycolysation processes are 

crucial in the proper folding, function and localization of proteins. Because MUC1 is 

constantly endocytosed and recycled back to the membrane after passing through the 

trans-Golgi network, it undergoes extensive trimming and processing of the N-

glycosylation added in the ER [23]. Importantly, correct N-glycosylation of MUC1 on 

Asn36 affects the ability of MUC1 to bind to EGFR [25].  

While the glycosylation of the MUC1 extracellular domain and its effect on 

MUC1 trafficking defines the activity of this domain; the activity of the 72 aa 

cytoplasmic tail of the protein is defined by its multitude of binding partners that play a 

crucial role in cellular signaling and cancer.  
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The cytoplasmic domain of MUC1and its binding partners 

 

 

The cytoplasmic domain of MUC1 is composed of a short 72aa region, does not 

contain any enzymatic active sites but plays an important role in cellular signaling. This 

domains function is defined by the large number of proteins that bind to it (Figure 1.3). 

we will approach the analysis of signaling by the MUC1 cytoplasmic tail (MUC1-CT) 

by first listing its known binding partners and the work where the association was first 

described (Table 1.2). Because of the proven importance of this domain in cancer, we 

will describe the signaling functions of this domain in a cancer context. 

 
 
Figure 1.3 The cytoplasmic domain of MUC1 [modified from [13]] 
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Table 1.1 MUC1 binding partners 

Protein Protein funtion MUC1-CT 

Modification 

Reference 

ErbB1-4 Receptor tyrosine 

kinase 

Tyrosine 

phosphorylation 

[26] 

Grb2 Adaptor None [27] 

SOS Ras exchange factor None [27] 

c-Src Non-receptor 

tyrosine kinase 

Tyrosine 

phosphorylation 

[28] 

Lck Non-receptor 

tyrosine kinase 

Tyrosine 

phosphorylation 

[29] 

Lyn Non-receptor 

tyrosine kinase 

Tyrosine 

phosphorylation 

[30] 

β-catenin Wnt signaling and 

Adherens junctions 

None [31] 

GSK3β Serine threonine 

kinase 

Serine 

phosphorylation 

[31] 

PKC∆ Serine threonine 

kinase 

Threonine 

phosphorylation 

[32] 

HSP70 and HSP90 Heat shock proteins Targeting to 

mitochondria 

[33] 
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p53 Tumor suppressor None [34] 

ERα Estrogen receptor None [35] 

APC Tumor suppressor None [36] 

ZAP-70 Tyrosine kinase Tyrosine 

phosphorylation 

[37] 

AP-2 Clathrin adaptor Endocytosis [38] 

γ-catenin Wnt 

effector/adherens 

junctions 

None [39] 

P120-Catenin Adherens junctions/ 

transcription factor 

None [40] 

IKK activator of NFκB 

pathway 

None [41] 

 

Table 1.2 continued 
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Its large number of binding partners and the roles they play in signal 

transduction hints at the significant role that the cytoplasmic domain of MUC1 plays in 

cellular signaling. Alterarion of these pathways such as the Wnt and the MAPK 

signaling pathways can lead to cancer.  

 

MUC1-dependent signaling in cancer 

 

The most direct evidence pointing towards the important role that the MUC1 

cytoplasmic domain plays in signaling and cancer comes from work done by Schroeder 

et al. In these studies, the full length human MUC1, but not a truncated form missing 

the cytoplasmic domain (∆CT) induced metastatic breast cancer when transgenically 

expressed in the mouse mammary gland and driven by an MMTV promoter [42]. Other 

studies conducted in rat fibroblast also showed that MUC1 can act as an oncogene in 

these cells [43].  

 

MUC1-CT in tyrosine kinase signaling 

 

ErbB1/EGFR is the most prevalent receptor tyrosine kinase (RTK) that is regulated by 

MUC1. MUC1 binds to EGFR and potentiates MAPK signaling downstream of EGFR 

in the mammary gland which is directly linked to breast cancer formation [26]. Work 

done on transgenic mouse models of EGFR-dependent breast cancer showed that WAP-
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TGFα transgenic mice, which express the EGFR-ligand TGFα in the mammary gland, 

will develop tumors much slower and much less efficiently when bred onto a MUC1 

null background. This decrease in tumor formation was accompanied by a decrease in 

EGFR tyrosine phosphorylation and cyclin D1 expression.  The authors also observed a 

decrease in pre-cancerous hyperplastic nodule formation in MUC1 -/- mice [3]. In 

addition to being activated by MUC1, ErbB1 phosphorylates MUC1-CT on the tyrosine 

residue of the YEKV motif (Figure 1.3 red square) and this phosphorylation enhances 

the binding of the non-receptor tyrosine kinase c-Src to MUC1-CT [31]. c-Src is a non-

receptor tyrosine kinase that is implicated in mammary tumorigenesis [44]. Studies 

showed that MUC1 interacts with c-Src and enhances its expression levels but c-Src 

activity remain unchanged. This suggests that in the case of c-Src signaling, MUC1 

seems to enhance tumorigenesis by promoting localization of c-Src closer to its 

substrates [45]. Additionally, c-Src binds and phosphorylates MUC1-CT at the YEKV 

motif (Figure 1.3 red square), phosphorylation of MUC1-CT at this motif affects Wnt 

pathway regulation.    

 

MUC1 in Wnt signaling 

 

Wnts are soluble ligands that bind to their receptor Frizzled and are involved in 

development and tumorigenesis. Wnt binding to Frizzled induces the activation of 

dishevelled which in turn, inhibits the glycogen synthase kinase 3 beta-adenomatosous 

polypopsis coli (GSK3β-APC-Axin) complex which is involved in serine/threonine 
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phosphorylation of β-catenin which acts as a signal for proteosomal degradation of β-

catenin (Figure 1.4) [10, 46]. By binding to β-catenin, GSK3β and APC, MUC1-CT is an 

important regulator of Wnt-dependent signaling. Studies performed in transgenic mice 

proved that MUC1 plays an important role in Wnt-1 dependent carcinogenesis. These 

studies showed a significant decrease in tumor 

onset in MMTV-Wnt-1 transgenic mice when 

crossed onto a MUC1 null backgound [47]. The 

role of MUC1 in Wnt-dependent tumorigenesis 

is further underlined by studies performed in 

pancreatic cancer cell lines that show a decrease 

in pancreatic cancer cell migration when MUC1 

is downregulated [48].  

At the molecular level, phosphorylation of 

MUC1-CT at the YEKV motif inhibits the 

binding of glycogen synthase kinase 3 β 

(GSK3β) and enhances β-catenin binding to the 

MUC1-CT. Enhanced β-catenin binding to MUC1-CT recruits it away from E-cadherin 

and contributes to the dissociation of adherens junctions and to β-catenin-dependent 

signaling [31, 48].  

Taken together, these studies suggest that MUC1-CT is acting as a molecular switch 

that controls the Wnt/β-catenin signaling pathway. In this context, c-Src, EGFR and 

FGFR3 are the positive regulators of the switch and act through tyrosine 

 
Figure 1.4 The Wnt signaling 
pathway [10] 



 25

phosphorylation at the YEKV motif and GSK3-β is the negative regulator of MUC1-

dependent Wnt signaling while β-catenin is its effector.  
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EGFR 

 

EGFR structure  

 

EGFR is comprised of a ligand binding extracellular domain, a hydrophobic 

transmembrane domain, an intracellular kinase domain and a cytoplasmic domain that is 

the site of various 

modifications and 

protein binding.  

EGFR is synthesized 

from a 1210-residue 

polypeptide precursor. After cleavage of the N-terminal sequence, a 1186-residue 

polypeptide is inserted into the membrane (Figure 1.5) [49]. The result is a 170KDa 

protein of which N-linked glycosylation accounts for about 20 % of the mass and is 

essential for the function of the receptor and its translocation to the cell surface [50, 51]. 

The extracellular region of EGFR comprises 4 domains termed, domains I, II, III and 

IV. Domains I and III are β-helices and the ligand binds between these domains [52]. 

Domains II and IV consist of a number of small molecules that are linked together with 

disulfide bonds. A large loop protrudes from domain II and makes contact with the 

same loop on another receptor and helps with the formation of the dimer [52].  Amino 

acids 622-644 of EGFR form an α-helix that consists of the transmembrane domain of 

the receptor which extends into the cytoplasm [53]. A dileucine motif in the 

 
Figure 1.5 EGFR protein domains  
modified from [8] 
JM=Juxtamembrane 
CT=Cytoplasmic tail 
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juxtamembrane domain is essential for the trafficking of the receptor to the late 

endosome and lysosome. Mutation of leucines 679 and 680 into alanines inhibits the 

degradation but not the internalization of the receptor. Most of the mutated receptors are 

therefore recycled to the plasma membrane [54]. The remaining part of the cytoplasmic 

portion is made up of the kinase domain of the receptor and the cytoplasmic tail which 

includes 7 tyrosines that can be phosphorylated and are the binding sites of many 

signaling partners. 

 

ErbB ligands 

 

ErbB receptors bind two families (the EGF family and the neuregulin family) of 

structurally related ligands that contain an EGF-like domain which consists of three 

disulfide bonded intramolecular loops. The EGF family of ligands comprises the 

epidermal growth factor (EGF), tumor growh factor alpha (TGFα), Betacellulin (BTC), 

epiregulin (EPR), Amphiregulin (AR), heparin binding EGF (HB-EGF) and epigen. All 

of these bind EGFR while HB-EGF, BTC and EPR bind to both EGFR and ErbB4. The 

neuregulins (NRG1-4) and tomoreglulin bind to ErbB3 (NRG1 and 2) and ErbB4 

(NRG1-4 and tomoregulin) (Figure 1.6). 

While ErbB receptors are expressed on the basolateral side of polarized epithelial 

cells, ligands are synthesized as active membrane bound precursors and can activate 

receptors directly in a juxtacrine manner or can be proteolytically cleaved and released. 

When secreted, ligands can activate receptors in a paracrine or autocrine manner. 
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Additionally, ligands can also be recruited in the extracellular matrix which suggests a 

role for ErbB receptors in cell-matrix communication [55-57]. 

 

 

 
Figure 1.6 ErbB receptor family ligands 
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EGFR dimerization 

 

Ligand binding induces EGFR dimerization which results in the activation of the 

receptor and its downstream signaling pathways. Crystal structures of unbound 

monomeric receptors and of receptors bound to the ligand suggest a mechanism for how 

the receptor dimerizes and therefore becomes active after ligand binding [52]. In the 

absence of a ligand; interactions between domains II and IV of the extracellular region 

of EGFR maintain the extracellular domain inhibited and prevents dimerization (Figure 

1.7). When the ligand binds to domains III and I, it changes the conformation of the 

extracellular domain of the receptor, which exposes domain II and allows the protruding 

arm of this domain to participate in dimerization (Figure 1.7). Receptor dimerization is 

favored by the fact that more than half of the unbound receptors in the cell are 

 
 
 
Figure 1.7 EGFR dimerization [11]
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concentrated in caveolae which account for only 5-10% of the total membrane surface. 

This increases the effective concentration of receptors and therefore increases the 

probability of dimerization upon ligand binding [58]. Moreover, it has been shown that 

the transmembrane and kinase domains of the receptor also contribute to the 

dimerization process by increasing the stability of the ligand-bound dimers [59].  

Dimerization of the receptors is essential but not sufficient for activation. In fact 

it has been shown that, addition of cysteine residues in the membrane proximal region 

of the EGFR receptor is essential for activation. The positioning of the cysteine residues 

in the membrane proximal region naturally, by ligand binding, or artificially leads to the 

twisting of the ligand bound receptor to form an active kinase conformation [60]. The 

receptor monomers then trans-phosphorylate each other on their respective C-terminal 

domains. Interestingly, studies performed on mutant EGFR receptors lacking the entire 

extracellular domain or the first and second domains within the extracellular domains 

show that extracellular domain plays a restrictive role more so than an activation role. 

In fact, the truncated receptor (EGFRvIII) common in glioblastomas is a mutant form 

that is missing the first 267aa of the extracellular domain is constitutively dimerized and 

exhibits a kinase activity that is similar to wildtype active receptors [61, 62]. Residues 

within the kinase domain are thought to induce dimerization independently of the ligand 

when the extracellular portion of the receptor is absent [63].  

ErbB2 is the preferred binding partner of other ErbB receptors, this can be 

explained by the structure of the extracellular domain of ErbB2 (Figure 1.7). The 

conformation of the extracellular domain of ErbB2 resembles the ligand-bound form of 
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EGFR which makes the ErbB2 a molecule that is naturally released from the restrictive 

extracellular domain even in the absence of ligand [64]. Once the receptor is dimerized 

and active, it induces transphosphorylation of its cytoplasmic tail which provides 

binding sites for a multitude of signaling partners.  

 

EGFR downstream signaling. 

 

The C-terminal domain of EGFR is phosphorylated on seven tyrosine residues. 

This induces the binding of several adaptor proteins and signaling molecules directly to 

the receptor via their Src Homology 2 (SH2) domain or phosphotyrosine binding 

domain (PTB). Binding of signaling proteins allows the formation of a signaling 

complex at the site of the activated EGFR receptor.  

All of the seven tyrosines in the EGFR C-terminal domain can be 

phosphorylated and can then serve as docking sites for adaptor proteins or downstream 

effectors of EGFR signaling. Table-1.2 adapted from [8] summarizes the binding 

partners of EFGR that are directly involved in downstream signaling of the receptor, the 

specific phosphorylated tyrosine(s) they interact with and the reference that first 

described this interaction. 
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Table 1.2  EGFR binding partners 

Protein Function Docking site  Ref 

GRB-2 Adaptor pY1068 , pY1086 [65] 

Shc Adaptor pY1148 , pY1173 [66] 

Nck Adaptor Juxtamem dom [67] 

PLC-γ Phospholipase pY1173 , pY992 [68] 

SHP-1 Phosphatase pY1173 [69] 

PTP-1B Phosphatase pY992 , pY1148 [70] 

Src Tyrosine 

kinase 

pY891 , pY920 [71] 

Abl Tyrosine 

kinase 

pY1086 [72] 

Dok-R Adaptor pY1086 , pY1148 [73] 

Crk Adaptor unknown [74] 

P12—RasGAP Ras inhibitor Unknown [75] 

Cbl Ubiquitin 

ligase 

pY1045 [76] 
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The Ras/MAP kinase signaling cascade 

 

Upon activation of EGFR and trans-phosphorylation, the adaptor protein Grb2 

binds to phosphorylated tyrosines 1068 and 1086 of EGFR and recruits the guanine 

nucleotide exchange factor, SOS, through its Src Homology 3 (SH3) domain. 

Alternatively Grb2/SOS can also bind EGFR indirectly by binding Shc, another adaptor 

protein that binds EGFR on pTyr1148. Grb2 binds the GTP exchange factor SOS and 

brings it close to its target Ras at the membrane. SOS stimulates the exchange of GDP 

to GTP on Ras and activates it [77]. Once in its GTP- bound active state, Ras interacts 

with several effector proteins like Raf and PI3K to stimulate numerous intracellular 

processes. Activated Raf phosphorylates a key serine residue on the activation loop of 

MAPKK and activates it. In turn, MAPKK phosphorylates and activates MAPK. 

MAPK phosphorylates several membrane and cytoplasmic proteins and is quickly 

translocated to the nucleus where it phosphorylates and activates transcription factors 

involved in the control of cell cycle, proliferation differentiation, migration and cell 

shape. It is important to note that this MAPK pathway is highly conserved and exists in 

plants, yeast and invertebrates as well as vertebrates. 

 

Phosphoinositol 3 kinase (PI3K) and AKT signaling 

 

PI3K signaling is one of the most important signaling pathways in cancer. Due 

to the activation of AKT through inositol signaling, EGFR can inhibit apoptosis and 
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promote cell migration.  However, due to the lack of P85 sites on the cytoplasmic tail of 

EGFR, PI3K cannot be directly recruited to active EGFR. It can however be indirectly 

recruited to the receptor via adaptors like Gab1, Src, Grb2 or Ras [78-80]. Activated 

PI3K phosphorylates membrane inositols to generate PIns(3,4)P2 and PIns(3,4,5)P3. The 

phosphorylated inositol PIns(3,4,5)P3 mediates the membrane translocation and 

activation of the serine/threonine kinase PDK1.  PDK1 phosphorylates Akt on threonine 

308 which induces its activation. Another phosphorylation site on Akt (Ser 473) results 

in fully activated Akt. Ser473 can be phosphorylated by PDK2; however, the identity of 

PDK2 is still controversial and studies point at several candidates such as the integrin-

linked kinase (ILK), mammalian target of rapamycin  (mTOR) or Akt itself [81-84]. 

PI3K/Akt signaling can be downregulated by the phosphatase and tensin homolog 

(PTEN), which can dephosphorylate PIP3. This reverses the action of PI3K and inhibits 

its signaling [85]. 
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Akt can modulate the activity of many important players in breast cancer. Akt can 

regulate the cell 

cycle by 

phosphorylating 

the cyclin-

dependent 

inhibitors p21 and 

p27 and inducing 

their cytoplasmic 

retention, Akt can also induce the increased translation and stabilization of cyclin D1 

[86-88]. This series of downstream events affects cellular proliferation by modifying 

cell-cycle progression. Akt can also exert its activity by modulating cell survival 

through the inhibition of the proapoptotic Bcl-2 family protein Bad and Forkhead 

transcription factor [89, 90]. Akt can also contribute to invasion and metastasis by 

promoting the secretion of matrix metalloproteinases and by inducing epithelial to 

mesenchymal transition [91, 92]. The role of Akt isoforms in migration and metastasis 

has been controversial and it appears that two isoforms of Akt (Akt1 and Akt2) perform 

distinct functions in this case. In fact, Akt2 expression induces the expression of β1 

integrin which results in increased invasion of breast cancer cells and the invasion effect 

of PI3K activation can only be inhibited by kinase-dead Akt2 but not Akt1 or Akt3 [93]. 

The studies mentioned above and numerous others not mentioned for the sake of space 

lead to an overview of the importance of the PI3K/Akt pathway in cancer. This pathway 

 
Figure 1.8 The AKT signaling pathway [9] 
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can activate all of the 6 hallmarks of cancer which underlines its importance in this 

disease (Figure 1.8) [6]. Our observations documented in chapter 4 show a MUC1-

dependent preferential activation of the Akt pathway.  

 

Signal transducers and activators of transcription (STAT) 

 

STATs are classically viewed as transcription factors that are associated with the 

activation of Janus Kinases (JAKs) in cytokine signaling. In response to 

phosphorylation, STATs dimerize and are translocated to the nucleus where they act as 

transcription factors. STATs appear to be constitutively bound to EGFR [94] and 

EGFR-dependent STAT activation is independent of JAK but dependent on EGFR 

tyrosine kinase activity. Interestingly, increased STAT activity has been shown to 

induce MUC1 expression in breast cancer cell lines [95].  

In addition to dimerization of EGFR and activation of downstream signaling, 

ligand binding triggers the endocytosis of the receptor.Trafficking of EGFR is a major 

downregulator of its signaling and is therefore of great importance when studying the 

role of this receptor in cancer. Additionally, trafficking can also play a role in the 

diversification of signals downstream of EGFR. 
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Clathrin-mediated endocytosis 

 

EGFR and MUC1 are internalized in special areas of the plasma membrane 

termed clathrin-coated pits. While ligand binding mediates EGFR internalization, 

MUC1 is constitutively 

internalized in response to 

deglycosylation of its extracellular 

domain. Proteins destined to be 

internalized in a clathrin-

dependent manner are recruited to 

the clathrin coated pits by adaptor 

proteins such as adaptor protein-2 

complexes (AP-2). AP-2 recruits 

clathrin and induce its 

polymerization into clathrin 

triskelia which provide enough 

force to bend the membrane which 

is then severed by the GTPase 

dynamin (Figure 1.9) [7]. The 

newly formed vesicle then sheds 

its clathrin coat and is trafficked along the cytoskeleton to early endosomes. The 

directionality of this transport depends on the function of the Rab (isolated from rat 

Figure 1.9 Clathin coated vesicle 
[7] 
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brain library) family of monomeric GTPases. These proteins act as molecular switches 

and mediate the transport of vesicles from one compartment to the other. Soluble GDP 

bound Rab proteins associate with Rab-GEF (GTP exchange factor) at the donor 

membrane. Exchange of GDP to GTP exposes a lipid tail that links the Rab to the 

membrane. Once linked to membranes, Rabs can recruit a various number of effectors 

such as molecular motors which link the vesicle to the cytoskeleton and power its 

transport. Once the vesicle reaches the acceptor membrane, the activity of a Rab-GAP 

(GTPase activator protein) activates the internal GTPase activity of Rab proteins and 

leads to dissociation from the acceptor membrane and recycling towards the donor 

membrane reviewed in [96]. 
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EGFR trafficking 

 

Upon EGF binding, EGFR is activated, 

rapidly internalized in clathrin coated pits, 

trafficked from early endosomes to late endosomes 

and ends up in the lysosome where it is degraded. 

Importantly, EGFR keeps signaling while being 

trafficked along its endosomal route. 

 

 

 

EGFR internalization 

 

 Upon EGF binding, the phosphorylated receptor recruits the E3 ubiquitin ligase, 

Cbl which can bind the receptor directly or through the adaptor protein Grb2 [97]. It is 

largely accepted that Cbl then ubiquitinates EGFR and provides docking sites for 

several proteins that contain ubiquitin-interacting motifs (UIM); perhaps one of the 

most important UIM-containing proteins for EGFR endocytosis is the EGFR pathway 

substrate 15 (Eps15) [98].  Another protein, Epsin, also interacts with ubiquitinated 

EGFR through its UIM. Both epsin and Eps15 are also phosphorylated by EGFR and 

ubiquitinated. This affects their interaction with the receptor and ultimately modifies 

 
Figure 1.10 
clathin-coalted pits [14] 
CCP=Clathrin Coated pit 
CCV=clathrin Coated Vesicle 
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EGFR internalization. Eps15 and epsin help bridge EGFR with the clathrin adaptor 

protein AP-2 through Eps15 [99, 100]and with the phospholipid bilayer through the 

interaction of the epsin-N-Terminal homology domain (ENTH) of epsin with membrane 

lipids [101]. 

Cbl can also participate in EGFR internalization via binding of the SH3 domain 

of the Cbl-interacting protein of 85KDa (CIN85/SETA) to the PxxxP motif on c-Cbl. 

This in turn recruits endophilin which acts in bending the membrane to promote 

internalization; it is not clear how endophilin links its EGFR cargo to the clathrin coated 

pits since its SH3 domain is itself engaged in linking it to CIN85 [102, 103]. Once the 

receptor is bound to AP2 via one or both of these pathways, clathrin is also recruited to 

the complex and forms a web of triskelia that invaginate the membrane and bend it into 

an endosome (Figure 1.9). Dynamin then forms a ring at the tip of the invagination and 

helps sever the link between the endosome and the plasma membrane. The clathrin coat 

then sheds and the newly formed vesicle fuses with the early endosome (reviewed in 

[14]). 

 

EGFR sorting  

 

Most internalized EGFR receptors are 

trafficked towards the lysosome and degraded in 

response to EGF. Sorting of receptors destined for 

lysosomal degradation from those destined for 

 
Figure 1.11 [5] 
Electron micrograph of ferritin-
tagged EGF in the MVB 
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recycling happens at the multivesicular body and uses ubiquitin as a signal for 

degradation. The multivesicular body was first described as a granular compartment of 

the cytoplasm in the 1950s when advances in electron microscopy allowed the 

investigation of intracellular structures [104].  

The MVB is lined by a limiting membrane onto which incoming vesicular traffic 

fuses. The limiting membrane 

invaginates into the lumen of the 

vesicle and the content of these 

vesicles fuse with the lysosome 

where they are degraded (Figure 

1.11).   Proteins that are not 

destined to be degraded in the 

lysosome remain associated with 

the limiting membrane of the 

MVB and are then shuttled to the 

recycling endosome or to other 

cellular locations but do not end 

up in the MVB lumen. Stanley 

Cohen and colleagues first 

described the fate of ferritin 

conjugated EGF and determined 

that EGF is trafficked to the 

 
 
 
Figure 1.12 EGFR internalization and 
sorting[12] 
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MVB and is then internalized into the MVB lumen which fuses with the lysosome and 

leads to the degradation of its contents [5, 105] a similar fate for EGFR was described 

in subsequent work [106]. This truly elegant mechanism of evolution conserved from 

yeast to humans [107] allows cells to separate receptors that need to be silenced into a 

compartment that is not in contact with the rest of the cytoplasm while keeping 

receptors that do not need to be silenced in the proximity of their signaling partners in 

the cytoplasm. 

Sorting of EGFR to the lumen of the MVB is a complex mechanism that is still 

not fully understood. However, a working model of interacting players exists and is the 

best understood model of any ligand dependent lysosomal sorting. According to current 

consensus, EGFR receptor ubiquitination by c-Cbl is a major player in the sorting 

process. Mutated forms of EGFR deficient in their Cbl binding sites are still internalized 

but not efficiently degraded. This suggests that the role of Cbl in the degradation of the 

receptor is probably more prevalent that its role in receptor internalization or that only a 

few ubiquitins are required for EGFR internalization while a high level of ubiquitination 

is essential for its sorting to the lumen of the MVB and subsequently to the late 

endosome and lysosome [108-110]. Moreover, overexpression of the wild type form of 

c-Cbl shows an increase in EGFR sorting to the MVB but does not increase 

internalization which would imply that natural levels of Cbl expression and 

ubiquitination are already saturating at the internalization step which supports the idea 

that only a few ubiquitins are required for internalization but a higher level of 
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ubiquitination is required for sorting to the MVB lumen and degradation in the 

lysosome [111]. 

As previously mentioned, ubiquitinated EGFR receptors are associated with 

Eps15. However, recent studies show that there are two different isoforms of Eps 15; 

Eps15b is mostly localized to the endosomal compartment and interacts with the 

Hepatocyte growth factor-Regulated tyrosine kinase Substrate (Hrs) and other 

endosomal sorting complexes whereas Eps15 is localized to the clathrin coated pits and 

interacts with AP-2 but not with endosomal sorting complexes [112, 113]. Eps15b 

(reported undiscriminately as Eps15 in earlier studies) is also ubiquitinated by the 

ubiquitin ligase Nedd4 [114]. This ubiquitination is thought to detach Eps15b from 

ubiquinated EGFR which clears the way for binding of a different UIM-containing 

protein.  Hrs also binds directly to the endosomal membrane at the early endosome via 

its FYVE domain, this allows for the formation of a complex containing Hrs, Eps15, 

Signal Transduction Adaptor Molecule (STAM) and EGFR (Figure 1.12). The binding 

of Hrs to EGFR induces the transfer of EGFR to ESCRT I (Endosomal Sorting 

Complex Required for Transport) protein complexes at the limiting membrane of the 

MVB [115]. ESCRT I transfers EGFR to ESCRT II and III respectively and this leads 

to the transfer of EGFR into the internal vesicles of the MVB which ultimately leads to 

the degradation of EGFR in the lysosome (Figure 1.12).  EGFR is by no means a 

passive player in endocytosis. This is most directy demonstrated by electron 

micrography and biochemical studies comparing wildtype EGFR to a kinase dead 

receptor. These studies show that kinase-dead mutant fails to localize to the internal 
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vesicles of the MVB and is recycled more readily to the surface. This study also shows 

some recycling of the ligand (EGF) along with the receptor back to the surface [116]. 

Although EGFR trafficking ultimately leads to the shutting down of receptor signaling 

in the MVB and degradation in the lysosome; EGFR signals in endosomes and 

endosomal EGFR signaling is sufficient to mediate biological effects such as cell 

proliferation [117]. The following section discusses the relationship between EGFR 

signaling and trafficking. 

 

Importance of EGFR trafficking in signaling 

 

 Theories about the physiological function of receptor endocytosis arose almost 

immediately after its description; internalization of a signaling receptor could lead to 

one or both of two possibilities. One alternative is that activated receptors could be sent 

towards a degradation fate in an effort to downregulate signals and to clear the way for 

another wave of receptor mediated signaling. Another alternative that is not mutually 

exclusive with the theory of signal reduction is signal diversification. In fact, one can 

imagine that signals from the same receptors can be different in response to the location 

of this receptor within the cell and its proximity to certain signaling molecules but not 

others. The majority of signaling EGFR receptors are located in endosomes therefore 

supporting the fact that endosomal receptors are not solely internalized to be silenced 

[118]. Moreover, EGFR associates with a number of adaptor proteins within endosomes 

such as Ras-GAP, Shc, Grb2 and SOS [119, 120].  
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Perhaps the most obvious evidence for the role of endocytosis in the 

physiological dampening or EGFR signaling comes from studies that investigated the 

role of Cbl, the primary ubiquitin ligase for EGFR. In normal cases, Cbl binds to the 

activated receptor and ubiquitinates it. This ubiquitination is important in the 

internalization of the receptor and even more so in tagging EGFR for degradation in the 

lysosome. Studies using oncogenic v-Cbl, a viral form of the protein that is incapable of 

ubiquitinating EGFR, showed that v-Cbl transfection induces recycling of receptors and 

inhibits receptor degradation. The result of this aberrant signaling is cancer. Another 

report from c-Cbl knockout mice shows mammary hyperplasia, a hyperproliferative 

state of the mammary epithelium that can be a precursor to cancer, which has also been 

shown in models of enhanced EGFR signaling [121-123]. These studies provide direct 

evidence supporting the idea that internalization of receptors plays a role in signal 

regulation and that atypical endocytosis and lysosomal degradation of EGFR can lead to 

aberrantly enhanced signaling and cancer. 

Experiments performed with dominant negative forms of dynamin showed the 

importance of trafficking for signaling diversification. Dynamin is a GTPase that is 

required for pinching off vesicles that are destined to be endocytosed from the plasma 

membrane. The authors of this study showed that downstream signaling pathways and 

biological responses to EGF stimulation were significantly different in cells that are 

transfected with a dominant negative form of dynamin and are therefore incapable of 

efficiently internalizing EGFR even after EGF stimulation. They showed that both 

MAPK and PI3K signaling are inhibited in the endocytosis mutants however; 
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phosphorylation PLC-γ and Shc are enhanced in these mutants. Notably, tyrosine 

phosphorylation of EGFR itself does not seem to be affected by the dynamin mutants 

[124].  

 Taken together these studies underline the importance of endocytosis in regulation 

and in the specificity of EGFR signaling. Alterations in EGFR trafficking can therefore 

have deleterious consequences.  

 

MUC1 trafficking 

 

MUC1 trafficking is not as well documented as the trafficking of EGFR. 

However, studies have investigated the importance of the MUC1 extracellular domain 

and especially its cytoplasmic domain the trafficking of the protein. MUC1 appears at 

the cell membrane in an immature form that is not yet fully glycosylated and has to 

undergo numerous endocytosis and recycling rounds that lead to its full glycosylation. 

Even after maturation, MUC1 is still endocytosed and recycled [125]. In an attempt to 

monitor the effect of MUC1 glycosylation on its endocytosis, Altschuler et al showed 

that underglycosylated MUC1 is internalized two fold more efficiently than normally 

glycosylated MUC1. The internalization of MUC1 is clathrin dependent and depends on 

dynamin function [21]. In fact, Grb2, which binds to the cytoplasmic domain of MUC1 

(see the section on MUC1 signaling), could induce the endocytosis of MUC1 since 

Grb2 can bind the PRD (proline rich domain) of dynamin through its SH3 domain 

[126]. In another report from the same laboratory, the authors generated a chimeric 
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protein that contains the cytoplasmic domain of MUC1 fused to Tac. Endocytosis of the 

chimera is more efficient than that of the wildtype protein which indicates that the bulky 

extracellular domain of MUC1 is inhibiting endocytosis. Mutagenesis studies of the 

cytoplasmic domain showed that tyrosines 20 and 60 are essential for MUC1 

internalization. Y20 is the site of AP2 binding and Y60 is the site of Grb2 binding to the 

MUC1-CT [38]. Moreover, dual palmitoylation at both cysteines of a CQC motif 

located between the transmembrane domain and the intracellular domain of MUC1 is 

essential for recycling. The mutation of the CQC to AQA which cannot be 

palmitoylated inhibits the recycling of MUC1 but does not inhibit its endocytosis. 

Association of MUC1 with the adaptor protein AP-1 is also inhibited by this mutation 

and there is an accumulation of MUC1 in Rab11 positive recycling endosomes [127]. 

These studies combined define MUC1 as a protein that is constantly being trafficked 

through the cell by associating with specific adaptors. Constant endocytosis and 

recycling are essential for the correct glycosylation of the protein and are highly 

regulated. The many structural features of the cytoplasmic domain, the type and 

abundance of extracellular glycosylation play crucial roles in the trafficking of MUC1. 

EGFR binds to MUC1 directly and phosphorylates it and MUC1 affects TGF-α 

dependent tumorigenesis. All of these findings combined with the fact that EGFR is 

also constantly trafficked and is regulated mostly through its trafficking suggest a strong 

effect of MUC1 on EGFR trafficking. In the following section, I will describe the 

structure and signaling of the epidermal growth factor receptor, I will then move on to a 

detailed description of EGFR trafficking. 
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Endocytic recycling 

 

 After being internalized and trafficked to the early endosome, proteins are sorted 

to determine their fate and destination. As previously described some signaling 

receptors such as EGFR undergo a series of well described associations with specific 

protein complexes that eventually lead to lysosomal degradation. Other proteins are not 

transferred to the lumen of the MVB and are therefore recycled to the membrane. 

Perhaps the best described example of a protein that is normally recycled to the 

membrane and not degraded is the transferrin receptor [128, 129]. Hopkins pioneering 

studies in A431 epidermoid carcinoma cells described two different modes of recycling 

of transferrin (Tf); one fast recycling mode in which, Tf was seen to go through 

peripheral membrane bound compartments before recycling back to the plasma 

membrane shortly after being endocytosed whereas another, slower recycling was 

shown to go through a series of cisternae and tubules in the juxtanuclear region before 

returning back to the plasma membrane. The same studies were done in CHO cells by 

Yamashiro et al and demonstrated a very similar distribution of transferrin receptors 

that are destined for recycling [129]. These studies also characterized the pH of the 

endocytic recycling compartment (ERC) as mildly acidic (6-6.4) and different form the 

acidic pH found in lysosomes. In earlier studies, the ERC was thought to be another 

type of early endosome but immunofluorescence studies have shown that the 

membranes of ERC are enriched in Rab11 and Rme1 and not Rab4 as compared to the 
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early endosome which is enriched in Rab4 but not Rab11 and Rme1. The characteristic 

localization of the ERC in the pericentriolar region in non-polarized cells depends on 

microtubule function [130]. This same microtubule dependent recycling endosome is 

thought to function as an apical recycling endosome in MDCK polarized cells. Studies 

have shown that 50% of recycled TfR  pass through the apical recycling endosome 

before being returned to the basolateral side of the cells and IgA which transcytoses 

from the basolateral side to the apical side also passes through this compartment [131]. 

Transport from the recycling endosome requires Rab11 and Rme1/EHD1 function. 

Proteins exiting the ERC are trafficked either directly back to the plasma membrane or 

to the trans-Golgi network prior to their transport to the plasma membrane [1, 132, 

133]. Signaling in the ERC compartment has not been very well documented although 

the mild PH in the ERC and the fact that proteins trafficked to the ERC are still in 

contact with the cytoplasm makes it possible for trafficking receptors to signal while 

passing through the ERC. In the study provided in chapter 3, we will demonstrate a 

novel MUC1-dependent trafficking of EGFR into the ERC. In addition, we will show 

that ERC function is directly linked to EGFR signaling by disrupting RME1 function 

and assaying for EGFR phosphorylation. The structure and function of RME1 are 

described in the following section. 
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RME1 

 

 RME-1 (receptor mediated endocytosis-1) was originally discovered in a forward 

genetic screen for endocytosis mutants in C elegans [132]. RME-1 is 67% homologous 

to the mouse protein and plays a crucial role in the structure, distribution and transport 

from the ERC [1]. RME-1 is the only protein of the Eps15 Homology domain (EHD) 

protein family that is 

expressed in C elegans and 

other invertebrates. In 

mammals, the family 

comprises 4 members, 

EHD1-4 of about 60kDa that are ubiquitously expressed in several cell types and tissues 

[134]. EHD proteins contain a P-loop, coiled-coil domains and an Eps15 homology 

(EH) domain which suggests a role for RME-1 in endocytosis (Figure 1.13). The P-loop 

domain hydrolyzes ATP and this induces the membrane association of the protein as 

shown by P-loop mutants who are incapable of binding membranes [135]. The coiled 

coil domain mediates homo or hetero-oligomerization of EHD proteins on endosomal 

membranes and the EH domain binds to Asn-Pro-Phe in proteins that are involved in 

endocytosis. Mutant RME-1 molecules were generated and showed different 

phenotypes. A mutant in the ATP-hydrolysing P-loop (G65R) is incapable of binding to 

endosomal membranes and shows a dominant effect on recycling in the worm but not in 

 

Figure 1.13 RME-1 protein domains[1] 
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CHO cells. Another mutant in the EH domain of the protein (G429R) still associates 

with membranes but induces a redistribution of the ERC and inhibits the exit of 

transferrin from ERC in a dominant negative manner in CHO cells [1].The inability of 

the ATP hydrolysis mutant to inhibit the exit from the ERC in CHO cells has been 

attributed to a redundant role for other EHD proteins but could also be cargo dependent. 

Of the four members of the EHD family expressed in mammalian cells; EHD1 and 

EHD3 associate with the ERC and are responsible for the exit from the ERC. EHD3 and 

EHD4 associate with sorting endosomes and are implicated in transport into the ERC 

[134, 136]. EHD1 knockout mice have been generated and do not exhibit any apparent 

phenotypes or pathologies. However, embryonic fibroblasts from these mice show a 

delay in transferrin receptor recycling and an accumulation of TfR in Rab11 positive 

ERC in these cells [137]. A recent crystallography study performed on EHD2 as a 

model for the rest of the EHD proteins including RME-1/EHD1 shed light on the details 

of the molecular association and function of EHD oligomers. This study shows that the 

protein shares common properties with dynamin and that EHD2 proteins oligomerize 

into rings surrounding membrane tubules to which they are ionically bound. The 

binding of EHD2 induces membrane deformation and ATP hydrolysis induces 

membrane scission [138].  

 

The role of EHD1-4 in EGFR recycling has not been studied. The reason for this is that 

EGFR is normally trafficked into the lumen of MVB that matures into the late 

endosome and lysosome and not through the ERC (see above). However there are 
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several cases that result in the recycling of EGFR rather than its degradation. We 

believe that the role of EGFR recycling is very important in cancer. We will also show 

in a published manuscript attached to this work in chapter II that MUC1 expression can 

alter EGFR trafficking and reroute EGFR towards recycling.  
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EGFR recycling in cancer  

 

 Recycling of EGFR has been reported on several occasions; this recycling can be 

a result of differential ligand binding, differential heterodimer formation but can also be 

favored by other proteins. 

In the case of ligand binding; EGF binds EGFR with a similar affinity as another 

major ligand, TGF-α, in normal acidity conditions (pH=7.4). However, TGF-α has a 

very different isoelectric point than EGF (pH 4.3 for EGF and pH 6.2 for TGFα) and is 

very easily dissociated in acidic conditions [139, 140]. The dissociation of ligand from 

the receptor has a major implication in trafficking since occupied receptors are 

preferentially targeted to the lumen of the MVB to be degraded [141]. Receptors that 

remain associated with their ligands in the sorting endosome are degraded rather than 

recycled. Assessment of EGFR degradation in response to EGF versus TGF-α 

stimulation shows that TGF-α induces a more subtle activation of EGFR but at the same 

time does not lead to a fast downregulation of the receptor. The opposite effect was 

shown for EGF which leads to a stronger activation of EGFR but at the same time leads 

to a more pronounced downregulation of the receptor [142].  It is therefore very 

interesting to assess EGFR recycling when stimulated with EGF and not TGF-α since 

this would combine the strong EGFR activation induced by EGF with prolonged 

activation due to EGFR recycling and inhibition of degradation which can have 

significant implications for cancer progression. 
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A difference in the dimerization partners of EGFR can also alter its degradation. 

ErbB2 overexpression which is frequently associated with poor prognosis in breast 

cancer can lead to the inhibition of trafficking of EGFR to the lysosome and to 

increased EGFR recycling [143].   

Signaling molecules and posttranslational modifications of EGFR can also affect 

the degradation of the receptor by inhibiting its trafficking to the lysosome. In a report 

by Bao et al, the authors show that a phophorylation of EGFR by PKC at threonine 654 

in the juxta-membrane region of EGFR inhibits receptor degradation. This is 

accompanied by a decrease in Cbl-mediated ubiquitination of the receptor and by an 

increased localization of EGFR to the recycling endosome [144].  Another protein was 

recently reported to increase the recycling of EGFR. Sef (similar expression to FGF 

genes) was originally identified as a modulator or FGF signaling in zebrafish 

development. The expression of the human homolog, hSef, inhibits the degradation of 

EGFR and other receptor tyrosine kinases. hSEF interacts with EGFR at the plasma 

membrane and in early and recycling endosomes but not in the late 

endosome/lysosome. This leads to the inhibition of EGFR degradation and to the 

potentiation of MAPK signaling [145]. Cdc42 is another protein that can inhibit EGFR 

degradation; Cdc42 is a Ras-related protein that has been linked to regulation of cell 

growth and of the actin cytoskeleton and mutations in Cdc42 that lock it in the GTP-

bound state are oncogenic and inactivation of Cdc42 leads to reduction in breast cancer 

cell growth and motility [146, 147]. Activated Cdc42 binds to p85Cool-1 (Cloned out of 

library-1) this inhibits the binding of c-Cbl to EGFR and therefore inhibits EGF-induced 
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ubiquitination of the receptor and prevents EGF-induced degradation [148]. Other 

signaling alterations of EGFR such as the phosphorylation of tyrosine 1173 by the non-

receptor tyrosine kinase Abl inhibit EGFR internalization which naturally inhibits its 

degradation suggesting a potential crosstalk between Abl and EGFR signaling in cancer 

[149].  

Alterations in the MVB machinery that induces the transfer of EGFR to the 

internal vesicles of the MVB and therefore leads to lysosomal degradation can also lead 

to oncogenic signaling. Knockout of Tsg101 (a component of the ESCRT I complex) 

can lead to transformation in NIH3T3 fibroblasts when knocked out. Another 

component of the same complex, HCRP1, induces hepatocellular transformation when 

defective [150, 151].  

Environmental factors can also influence EGFR trafficking and lead to increased 

recycling which could have consequences for cancer. Khan et al showed that hydrogen 

peroxide in cigarette smoke can induce aberrant activation of EGFR, in this report the 

authors show an increase in EGFR phosphorylation in response to cigarette smoke or 

H2O2 in airway epithelial cells. The receptor is internalized but it is not ubiquitinated 

because of a lack of direct or indirect association of EGFR with c-Cbl. This leads to the 

internalization of EGFR and accumulation in a perinuclear region reminiscent of the 

ERC [152, 153]. 

Taken together these studies suggest that EGFR trafficking is subject to multiple 

levels of regulation that maintain a balance of receptor signaling. When this balance is 

disturbed, inhibition of receptor degradation and increase in recycling can lead to 
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aberrant signaling and cancer. However, to our knowledge, no other studies besides 

ours investigate the role of EGFR recycling in breast cancer. Moreover, we provide a 

mechanism for the very well established role of MUC1 in the modulation of EGFR-

dependent tumorigenesis in the mammary gland.  
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Statement of the problem 

 

High levels of expression of MUC1 in breast cancer cells and its proven role as an 

oncogene have made it a crucial target for the fight against this disease.The cytoplasmic 

domain of MUC1 functions as a scaffold for many signaling pathways. The direct 

interaction between EGFR and MUC1, the number of proteins that bind to both MUC1-

CT and EGFR, the increased EGFR signaling in MUC1 overexpressing mammary 

tumors in mice and most interestingly the direct evidence that knocking out MUC1 

affects EGFR induced tumorigenesis all point towards a crucial role for  MUC1 in 

EGFR-dependent breast cancer. Since EGFR trafficking is crucial for its signaling and 

regulation we proposed that the role of MUC1 in enhancing EGFR signaling and 

therefore one of its roles in mammary tumorigenesis could be the result of an alteration 

of EGFR trafficking when MUC1 is present. The following questions came to mind. 

 

I. Is MUC1 affecting the degradation and trafficking of EGFR and, if so, how? 

II. What is the trafficking route taken by EGFR in MUC1-overexpressing breast 

cancer? 

III.  How does the alteration of EGFR trafficking by MUC1 affect EGFR signaling?  

IV. How is the potentiation of EGFR activation affecting downstream signaling of the 

receptor? 
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We hypothesize that MUC1 is altering the trafficking of EGFR and rerouting it towards 

the recycling endosome instead of the lysosome. This results in the inhibition of the 

degradation of EGFR and in enhanced downstream signaling. 
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II. MUC1 IS A NOVEL REGULATOR OF ERBB1 RECEPTOR TRAFFICKING 

 

Note: The contents of this chapter were previously published in [154] and the 

experiments perfomed in figures 2.1 and 2.2 were performed by Mamata Pochampalli 

 

Introduction 

 

 The erbB receptor family of tyrosine kinases are frequently deregulated in cancer, 

and commonly amplified and/or overexpressed in invasive carcinoma [reviewed in [56]].  

The family is comprised of four homologous receptors and multiple related ligands.  The 

receptors are type 1 tyrosine kinase transmembrane glycoproteins and include erbB1 

(Epidermal Growth Factor Receptor/HER1), erbB2 (HER2/neu), erbB3 (HER3), and 

erbB 4 (HER4).  Ligands for the family include epidermal growth factor (EGF), 

transforming growth factor alpha (TGFα), amphiregulin (AR), heparin-binding EGF 

(HB-EGF), betacellulin (BTC), epiregulin (EPR), and epigen [reviewed in [56] and 

[155]].  Ligand-induced receptor homo- or hetero-dimerization results in tyrosine kinase 

activation and transphosphorylation of tyrosine residues in the cytoplasmic domain.  This 

leads to the recruitment of a variety of effector proteins including Src, PI 3-kinase, Shc, 

PLCγ, STATs, Grb2, and cbl, resulting in proliferation, inhibition of apoptosis, 

differentiation, or degradation of endocytosed receptors [156-159].    

 In addition to activation of signaling cascades at the cell surface, erbB1 also 

maintains signaling complexes during endocytosis [160].  Upon ligand binding, erbB1 
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becomes bound by the ubiquitin ligase, cbl, and is recruited into clathrin-coated vesicles 

and internalized [123, 160].  These early endosomes traffic through the cell, eventually 

maturing into late endosomes and finally delivering their cargo to the lysosome, where 

the activated receptor is degraded.   ErbB1 continues to activate signaling pathways 

during endosomal trafficking, including Ras and Akt [117, 161].  Receptors not targeted 

for lysosomal degradation are sent to the recycling endosome after releasing their ligand, 

where they return to the cell surface.  It is important to note that degradation of activated 

receptor is critical to normal regulation of erbB1, and the loss of erbB1 degradation 

machinery results in transformation [162, 163]. 

 The function of erbB receptors can be modulated by the coexpression of non-erbB 

transmembrane proteins.  One protein shown to modulate the function of erbB1 is the 

proto-oncogene MUC1 (DF3, CD227, episialin, PEM)[42].  MUC1 is a heavily O-

glycosylated heterodimeric protein of >300 kDa, normally expressed abundantly on the 

apical surface of glandular epithelia.  In greater than 90% of human breast carcinomas 

and metastases, apical localization is lost and MUC1 is overexpressed (by greater than 10 

fold) and underglycosylated [164, 165].  O-linked glycosylation of MUC1 occurs through 

repeated rounds of endocytic recycling via the trans Golgi network [125].  Fully 

glycosylated MUC1 is maintained through constant endocytosis and recycling [166]. 

 MUC1 expression has been shown to induce transformation in a number of systems, 

including MMTV-MUC1 transgenic mice and MUC1 transfected 3Y1 rat fibroblasts [42, 

43].    In MMTV-MUC1 transgenic mice, tumorigenesis is accompanied by a failure of 

the mammary gland to undergo complete postlactational regression via apoptosis [42].  
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Transfection of MUC1 constructs into colon cancer cells demonstrates that MUC1 

overexpression inhibits drug-induced apoptosis as well [167].   

 It has been established in both human breast cancer cell lines and transgenic mice 

overexpressing MUC1 (MMTV-MUC1) that MUC1 and the erbB family of receptor 

tyrosine kinases biochemically interact [26, 28].  Importantly, experiments in the 

MMTV-MUC1 transgenic model have shown that this interaction results in the 

potentiation of EGF-dependent signaling pathways.  Examination of the Ras/MAP 

Kinase pathway in these transgenic mice demonstrated that overexpression of MUC1 

vastly increases EGF-dependent p42/44 ERK activation during lactation [26].  In the 

present study, we have evaluated the ability of MUC1 expression to inhibit erbB1 

degradation as a mechanism of modulating erbB signaling.  These studies demonstrate 

that MUC1 expression inhibits the ligand-mediated ubiquitination and degradation of 

erbB1 while enhancing its internalization and recycling. 

 

Results 

 

MUC1 expression prolongs EGF-dependent erbB1 phosphorylation 

 

 Regulation of erbB1 receptor signaling and its role in transformation are dependent 

upon the expression levels and duration of activation.  Therefore we sought to determine if 

MUC1 plays a role in either or both of these events by altering the levels of MUC1 

expression in breast epithelial cell lines.   Three cell lines were chosen for our study, two 



 62

breast cancer cell lines, BT20 and MDA-MB-231, and one immortalized breast epithelial 

line, MCF10A.  Both BT20 and MCF10A cells express significant levels of MUC1 and 

erbB1 and were used to analyze the effects of MUC1 knockdown on erbB1 expression in 

transformed and immortalized conditions, respectively.   Parental MDA-MB-231 cells 

express low levels of MUC1, but similar levels of erbB1 to BT20 cells, and were used to 

determine the effects of MUC1 overexpression on erbB1 expression and function. 

 Using RNAi (siRNA), we transiently reduced the expression of MUC1 in BT20 cells 

(Figure 1A, panel 3).  We verified the specificity of our siRNA by demonstrating that the 

expression of an unrelated protein, β-actin, was unaffected (Figure 1A, panel 4).  

Furthermore, we verified that these effects were specific to the MUC1 siRNA by using an 

unrelated control siRNA that had no effect on MUC1 protein expression (Figure 1A, panel 

3).  The control siRNA sequence was chosen based on its known non-homology to any 

mammalian genes, and did not result in the alteration in the expression of MUC1, erbB1, or  
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β-actin (see figures 1-4).  Finally, we also used 4 additional MUC1 siRNA oligos that gave 

similar results to those described here to verify specificity (data not shown).   

 Ligand-bound erbB1 typically dimerizes, becomes internalized into early, then late 

endosomes, and is either degraded or recycled to the cell surface [122, 123, 160, 168].  To 

induce ligand-dependent degradation of erbB receptors, cells transfected with siRNA to 

MUC1 (BT20-M) or a non-silencing control (BT20-C) were treated with EGF, and 

endocytosis was allowed to proceed.  At times corresponding to receptor activation and 

internalization (5’) and receptor trafficking (15’) and degradation (30’ or greater), cells 

were lysed and levels of phosphorylated receptor were analyzed.  Cells that were grown in 

the presence or absence of serum (but not treated with EGF) were used as controls to 

distinguish the effects of the growth factors present in serum. 

 We found that while the total levels of tyrosine-phosphorylated receptor (Figure 1A, 

top panel) are unchanged in BT20-M at early timepoints (5’ and 15’), the same cells 

showed a significant decrease in phosphorylated erbB receptor at 30’.  We continued to 

monitor the effect of MUC1 expression on erbB stability for 60’ and 120’ and found that 

the presence of MUC1 prevented the degradation of phosphorylated erbB receptor for these 

extended time points.  Additionally, we observed decreased levels of total erbB receptor in 

the same treatment groups indicating total protein loss occurred, instead of loss of receptor 

phosphorylation (Figure 1A, panel 2).   

 To determine if this effect was dependent upon active erbB1 kinase, BT20 cells (not 

treated with RNAi) were treated with the erbB1 kinase inhibitor AG1478 (10µM) 2 hours 

prior to EGF treatment [169, 170].  In these cells, the detection of phosphorylated erbB 
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receptor was ablated by treatment with the kinase inhibitor (Figure 1B).  This demonstrated 

that the observed phosphorylation was dependent upon the kinase activity of erbB1 

receptor. 
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Figure 2.1. MUC1 inhibits the degradation of EGF-stimulated erbB1.  A. BT20 cells 
were transfected with either MUC1 siRNA or control (nonsilencing) siRNA, and either 
left in normal growth conditions (+ serum), serum starved overnight (- serum), or  serum 
starved overnight and treated with 20 ng/ml EGF for the indicated times prior to lysis. 
Protein lysates (25 µg) were separated and immunoblotted with antibodies to detect 
phosphotyrosine (PY99), erbB1 (1005), MUC1 (CT2) or β-actin.  B.  BT20 cells were 
serum-starved overnight, treated with 10 µM AG1478 for 2 hours prior to treatment with 
20 ng/ml EGF for 10’ on ice.   Cells were then washed with PBS and incubated at 37°C 
for the indicated times and lysed.  Proteins were then immunoblotted with either anti-
erbB1 (1005) or anti-phosphotyrosine (PY99) antibodies.   Note: Human MUC1 
separates into multiple, differentially glycosylated and phosphorylated sizes (and the 
cytosplasmic tail that reacts to CT2 is ~14-35 kDa).  Molecular weights are indicated on 
the right. 
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As cells transfected with MUC1 siRNA showed a loss of erbB1 over time, we next 

determined the long-term effect of changes in MUC1 expression through the transfection 

and stable selection of either a RNAi hairpin loop vector (pSuper or pSuper-MUC1) or a 

CMV-MUC1 overexpression construct.  To perform these experiments, we utilized either 

the MCF10A cell line (to knockdown MUC1 expression) or the MDA-MB-231 cell line (to 

overexpress MUC1).  The MDA-MB-231 cells endogenously express very low levels of 

MUC1 compared to MCF10A cells, but similar levels of erbB1 (Figure 2B).  

 We first examined if overexpression of MUC1 would stabilize erbB1 expression upon 

EGF treatment (have the opposite effect to MUC1 knockdown observed in Figure 1A).  We 

stably transfected the MDA-MB-231 cell line with either a CMV-MUC1 (CM) or CMV 

(C) expression construct [171], which resulted in increased expression of MUC1 (Figure 

2A, panel 3).  We found that overexpression of MUC1 in these cells stabilized phospho-

erbB1 expression in response to EGF treatment as early as 5’ after ligand treatment, when 

phospho-erbB1 begins to be lost in these cells (Figure 2A, panel 1).  This inhibition of 

degradation continued on and became more pronounced at 30’.    Furthermore, after EGF 

treatment we observed a decrease in the degradation of total erbB1 levels in the presence of 

MUC1, similar to our observations with the BT20 RNAi experiment (compare Figure 2A, 

panel 2 to Figure 1A, panel 2).  Note that in the absence of serum total levels of erbB1 were 

unaffected by MUC1 overexpression (Figure 2A).   

 Finally, we found that stable knockdown of MUC1 expression altered the EGF-

induced degradation of phosphorylated erbB1 in MCF10A breast epithelial cells.  We used 

the commercially-available pSuper vectors to express either MUC1 or control sequences 
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that form hairpin loops upon transcription [172].  These hairpins are then processed by the 

cells endogenous machinery to create dsRNA, inducing RNAi-mediated degradation of 

target sequences.  MCF10A cells were transfected with either the pSuper-MUC1 (pSM) or 

pSuper-Control (pS) vector and selected with neomycin.  Stable selection resulted in a 

significant loss of MUC1 expression in the pSM, while not affecting MUC1 expression in 

the pS cells (Figure 2C, panel 3).  This loss of MUC1 correlates with a significant loss of 

erbB phosphorylation in response to EGF treatment at the 5’ timepoint, although total 

erbB1 expression is minimally affected at this time.    After 45’ of treatment with EGF, 

total erbB1 expression is lost in the absence of MUC1 expression, while erbB1 is still 

detected in MUC1 expressing cells.    
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Figure 2.2.  Stable alteration of MUC1 expression affects erbB1 degradation.  A. 
MDA-MB-231 cells were transfected with either CMV-MUC1 (CM) or parental 
CMV (C) driven vectors, then stably selected with neomycin.  Cell lines were 
serum starved overnight, then treated with 20ng/ml EGF for 10’ at 4°C and 
washed with PBS to remove unbound ligand.  Cells were then incubated for the 
indicated times at 37°C and lysed. Protein lysates were separated by SDS-PAGE 
and immunoblotted with either anti-phosphotyrosine (PY99), anti-erbB1 (1005), 
or anti-MUC1 (CT2) antibodies. B. Protein lysates from parental MCF10A and 
MDA-MB-231 were made, and 40µg were separated by SDS-PAGE.   Relative 
levels of erbB1 and MUC1 expression in each cell line were determined by 
immunoblotting with anti-erbB1 (1005) and anti-MUC1 (CT2) antibodies, 
respectively. C. MCF10A cells were transfected with either pSuper-Control (pS) 
or pSuper-MUC1 (pSM) RNAi constructs, then stably selected with neomycin. 
Cells were then treated and immuoblotted as described above in (A).  Molecular 
weights are indicated on the right.   
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MUC1 expression affects levels of plasma membrane localized erbB1 

 

  To determine if the pool of erbB1 that is affected by MUC1 was surface or 

cytoplasmically derived, we biotinylated cell surface proteins (with cell-impermeable 

biotin) and performed endocytosis assays to determine the fate of surface-associated erbB1.  

BT20 cells (either control or treated with MUC1 siRNA) were treated with biotin to label 

all surface proteins, the biotin reaction was quenched, cells were treated with EGF to 

induce endocytosis, and biotinylated protein was precipitated with streptavidin beads 

(Figure 3A, top panel).  We found that a reduction of MUC1 expression by RNAi resulted 

in reduced detection of surface biotinylated erbB1 at the 30’ and 60’ timepoints.  

Alternatively, surface biotinylated erbB1 continued to be detected at these timepoints in the 

presence of MUC1 expression.  Densitometry analysis of 3 separate experiments 

demonstrated an average of ~50% reduction in erbB1 receptor expression in cells treated 

with MUC1 RNAi compared to controls after 30’, which increased to ~80% after 60’ 

(Figure 3B). Importantly, these data demonstrate that the pool of erbB1 receptors that is 

affected by MUC1 expression resides at the membrane.  Additionally, as we detected total 

surface erbB1 and its degradation, these data clarify that we detected the degradation of 

erbB1 protein, and not merely a loss of erbB1 phosphorylation. 

 We next determined where MUC1 and erbB1 localized in the cell before and after 

treatment with EGF.  To do this, we examined localization of MUC1 and erbB1 in serum 

starved or EGF treated BT20 cells (without siRNA treatment).  As expected, MUC1 and 
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erbB1 colocalized at the cell surface prior to treatment with ligand (Figure 3B left panel, 

arrow).   

 MUC1 and erbB1 colocalized in internal compartments upon treatment with EGF for 

30’, accompanied by an accumulation at distinct intracellular vesicles (Figure 3C, right 

panel, arrow).  These results demonstrate that while MUC1 interacts with erbB1 at the cell 

surface, the two proteins can be observed in cytoplasmic compartments upon ligand 

treatment.   
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Figure 2.3.  MUC1 expression alters cell-surface erbB1.   A. BT20 cells were 
transfected with either MUC1 siRNA or control (nonsilencing) siRNA.  After 
knockdown, cells were biotinylated at 4°C to label cell surface receptors, and the 
reaction was quenched with a Tris buffer.  After washing, cells were treated with EGF 
for the indicated timepoints, lysed and protein was precipitated using streptavidin 
beads (SAP).  Proteins were then immunoblotted with anti-erbB1 (1005).  Total cell 
lysates were also separated to demonstrate total cellular levels of protein and 
immunoblotted with anti-erbB1 (1005) or anti-MUC1 (CT2), bottom 2 panels.  NB = 
Non-biotinylated control. Molecular weights are indicated on the right.  B. 
Quantification of the differences observed in A. Densitometry from 3 separate 
experiments was obtained using the ScionImage software, corrected against 
background and averaged. Striped bars represent control-RNAi treated cells and dotted 
bars represent MUC1-RNAi treated cells C. Left panel:  To analyze surface 
colocalization, BT20 cells were serum-starved overnight.  Cells were then labeled with 
anti-erbB1 (Ab-21) and anti-MUC1 (DF3) for the primary antibodies and anti-rabbit 
Alexa 594/red and anti-mouse Alexa 488 for the secondaries.  (MUC1= green, erbB1= 
red)  Right panel: To analyze internal colocalization during EGF treatment, BT20 cells 
were serum-starved overnight, then incubated with 20ng/ml EGF for 5 minutes, 
washed and incubated at 37°C for 30’.  Cells were labeled with anti-erbB1 (Ab-1) and 
anti-MUC1 (CT2) for the primary antibodies and anti-rabbit Alexa 594/red and anti-
armenian hamster FITC for the secondaries.  Magnification is 400X.  Arrows indicate 
areas of colocalization. 
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MUC1 promotes internalization of erbB1 in response to EGF 

 

 Since MUC1 expression inhibits the degradation of plasma membrane-localized 

erbB1, we next examined if MUC1 expression alters erbB1 retention at the membrane.  

Stably transfected MDA-MB-231 C and CM cells (described in Figure 2) were serum-

starved then treated with EGF to induce internalization (Figure 4A).  5, 30, 60 and 120' 

after internalization, cell surface proteins were biotinylated, and precipitated with 

streptavidin.  It is important to emphasize that in this experiment, we biotinylated surface 

proteins after EGF treatment and internalization, a method that would indicate levels of 

receptor remaining on the surface after ligand-induced internalization.  Therefore only 

those proteins that remained on the cell surface after ligand treatment and internalization 

(or had returned to the surface through recycling) would be detected.  We observed 

significantly less erbB1 on the cell surface in the presence of MUC1 (after ligand treatment 

and endocytosis proceeded; Figure 4A), indicating that MUC1 promotes the loss of erbB1 

from the cell surface.   Increased internalization of erbB1 was strongly enhanced by MUC1 

expression at 5’ and 30’, with total loss of surface erbB1 observed at 60’ regardless of 

MUC1 expression.  Densitometry analysis of 3 separate experiments showed a decrease of 

surface erbB1 in the presence of MUC1 of ~40% after 5', with total levels of surface erbB1 

returning to approximately equal after 2 hours [rel. intensity = 16 (C) vs 10 (CM) at 5’; and 

16 (C) vs 14 (CM) at 2 hours].  Note that we are comparing relative levels of C to CM at 

these timepoints. 
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 Analysis of erbB1 localization by immunofluorescence in stably transfected MDA-

MB-231 cells (both CM and C) visually recapitulated this observation.  In the absence of 

serum, erbB1 is found at the plasma membrane regardless of MUC1 expression (Figure 4B, 

top panels).  Alternatively, the MUC1 overexpressing cells (CM) display significant 

internalized erbB1, with very little surface erbB1 visible upon 30’ of EGF treatment 

(Figure 4B, right panel).  Alternatively, while the control (C) cells demonstrated 

internalized erbB1 in response to EGF treatment, there were still significant levels of erbB1 

observed on the surface (Figure 4B, left panel).    This data again indicates that in those 

cells expressing high levels of MUC1, erbB1 internalization was enhanced.  Together, 

these results demonstrate that, although MUC1 inhibits the degradation of ligand-activated 

erbB1, it also promotes the internalization of the receptor.   
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Figure 2.4  MUC1 expression promotes EGF-dependent internalization. A. To 
assess receptor internalization, MDA-MB-231 breast cancer cells stably 
transfected with MUC1 (CM) or with vector alone (C) were treated with 
100ng/ml EGF at 4°C (to saturate erbB1 receptors) and incubated for the 
indicated time point before being surface biotinylated and then extracted. 
Biotinylated proteins were then precipitated with streptavidin (SAP) and 
immunoblotted with anti-erbB1 (1005). A separate set of protein lysates were 
treated and prepared as described and analyzed for MUC1 expression using 
anti-MUC1 (CT2), bottom panel, under separation line.  B. 
Immunofluorescence of erbB1 in MDA-MB-231 cells expressing either the 
CMV vector (C) or CMV-MUC1 (CM), serum starved (top panels) or serum 
starved and treated with 10 ng/ml EGF on ice, washed, then incubated for 30’ 
at 37°C (bottom panels).  Cells were then fixed with methanol/acetone and 
stained with antibodies against erbB1 (Ab-1), magnification = 630X. 
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MUC1 expression inhibits the ubiquitination of erbB1 

 

 To determine the mechanism of MUC1-mediated inhibition of erbB1 degradation, we 

examined the ubiquitination of erbB1 in response to EGF treatment.  Ligand-bound erbB1 

is normally ubiquitinated (ub-erbB1) upon internalization and vesicular trafficking then 

proceeds [reviewed by [160]].  We treated either MDA-MB-231C or CM cells with serum 

alone or EGF for 2’ at 37°C to induce internalization and ubiquitination.  While ub-erbB1 

was observed with this treatment in control cells (C), ub-erbB1 was markedly reduced in 

CM cells (Figure 5A).  Also, while ub-erbB1 was not observed in the presence of serum at 

the exposure times required to detect EGF-induced ub-erbB1, we did observe ub-erbB1 in 

the presence of serum at longer exposure times (Figure 5B).  This ub-erbB1 was also 

reduced in the presence of MUC1 expression, indicating that the growth factors present in 

serum can also induce (albeit much less) ubiquitination of erbB1.  These data demonstrate 

that MUC1 expression alters the ubiquitination of erbB1, indicating a mechanism for the 

decrease in erbB1 degradation. 
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Figure 2.5.  MUC1 expression inhibits the ubiquitination of erbB1. A. MDA-MB-231 
cells overexpressing CMV-MUC1 (CM) or the CMV vector (C) were serum starved 
overnight and treated with 20ng/ml EGF at 37°C for 2’ or grown in serum and lysed 
(+ ser). Protein lysates (500ug) were immunoprecipitated with anti-erbB1 antibody 
(Ab-1) or control mouse IgG and immunoblotted with an anti-ubiquitin antibody 
(Santa Cruz).  Protein lysates (50ug) from these samples were also immunoblotted 
with anti-MUC1 (CT2) or anti-erbB1 (Santa Cruz, 1005) to show total levels of 
protein (bottom two panels).  B. MDA-MB-231 cells overexpressing CMV-MUC1 
(CM) or the CMV vector (C) were grown in serum and lysed. Protein lysates (300ug) 
were immunoprecipitated with anti-ubiquitin antibody (NCL-ubiq) or control rabbit 
IgG and immunoblotted with anti-erbB1 antibody (Santa Cruz 1005).  Protein lysates 
(50ug) from these samples were also immunoblotted with anti-MUC1 (CT2) or anti-
erbB1 (Santa Cruz, 1005) to show total levels of protein (bottom two panels).  Note 
that detection of ubiquitinated erbB1 in A was obtained with an exposure time of 30 
seconds (using DuraSignal, Pierce Chemical Co.), while the detection of ubiquitinated 
erbB1 in B was obtained with an overnight exposure (using DuraSignal, Pierce 
Chemical Co.). 
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MUC1 expression increases erbB1 recycling 

 

To determine if the decrease in erbB1 ubiquitination was due to altered erbB1 

trafficking, we examined erbB1 recycling to the plasma membrane. MDA-MB-231C and 

CM cells were pulsed with EGF for 10’ on ice and unbound EGF was then washed off.  

Treated cells were then chased by incubating at 37°C for 10, 60 and 90' before being 

harvested and incubated with an erbB1-PE antibody [173-175]. 

We detected an ~80% increase in the amount of recycled erbB1 in CM cells 

compared to C cells 60’ after EGF stimulation, and an approximate 40% increase in 

recycling 90’ after stimulation (Figure 6).  Recycling is shown as the % difference 

between the average corrected geometric mean at each experimental time point (TP) 

minus the starting (10’) timepoint [(TP-T10’)/T10’*100], and represents the amount of 

erbB1 that is recycled to the cell surface after each time analyzed. These results indicate 

that MUC1 overexpression promotes the recycling of erbB1 to the cell surface, providing 

a mechanism by which MUC1 inhibits erbB1 degradation and promotes erbB1 signaling.  



 78

 

 
 

Figure 2.6.  MUC1 over-expression promotes the recycling of erbB1.  
MDA-MB-231 cells expressing CMV-MUC1 (MUC1/dashed 
line/squares) or CMV (CMV/solid line/diamond) were pulsed with 
10ng/ml EGF for 10’ on ice and then incubated at 37°C to induce 
internalization, and cells were harvested at either 60’ or 90’.  The mean 
fluorescence intensity (MFI) was measured by flow cytometry, and the 
MFI at 10’ after EGF stimulation was considered a reference point at 
which the activated receptors are internalized but not yet recycled.  
Recycling is represented as the % difference between the MFI at the 
indicated time point and the MFI at the 10’ reference time point.   % 
recycling = [(TP-T10’)/T10’*100]. 
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Discussion 

 

 We report here that MUC1 expression inhibits the degradation of ligand-activated 

erbB1 receptor.  We show through RNAi-mediated loss of MUC1 expression that MUC1 

inhibits the degradation of phosphorylated erbB1 after ligand binding in both BT20 breast 

cancer cells and MCF10A breast epithelial cells.   Overexpression of MUC1 in MDA-MB-

231 cells recapitulates this effect by stabilizing ligand-activated erbB receptor.  

Biotinylation of surface proteins demonstrates that MUC1 promotes the internalization of 

cell-surface associated erbB1 while protecting it against ligand-activated degradation.  

Importantly, MUC1 expression inhibits the ubiquitination of erbB1 and enhances its 

recycling to the plasma membrane.   

 MUC1 has been previously shown to both interact with erbB receptors [26, 31] and 

affect EGF-dependent activation of MAP Kinase pathways in lactating mammary glands 

[26].  The mechanism by which MUC1 accomplishes this task, though, was undetermined.  

ErbB receptors can be regulated both by their activation [i.e. through ligand binding or as a 

substrate for src kinase [176]] and through downregulation of the receptor.  Work involving 

the ubiquitin ligase cbl has shown that downregulation of erbB1 is a critical component of 

its normal function, and degradation of erbB1 is a key component in preventing it to act in 

an oncogenic manner [162, 163].  Our current data now defines MUC1 as another 

important regulator of erbB1 receptor degradation.   By examining both overexpression 

constructs and RNAi knockdowns of MUC1, we have demonstrated a functional role for 

MUC1 as a regulator of erbB1 signaling.  We found that CM cells mimicked pS cells (both 
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expressing high MUC1 and displaying stable erbB1 expression) and C cells, in turn, 

mimicked pSM cells (both expressing very low MUC1 and displaying accelerated erbB1 

degradation in response to ligand).  These experiments show that both overexpression of 

MUC1 in low-MUC1-expressing cells or loss of expression in high-MUC1-expressing 

cells can modulate the stability of phosphorylated erbB1 expression.  While a previous 

study reported that MUC1 expression affects the transcription of erbB1 [177], we were 

unable to detect alterations of the steady state level of erbB1 levels in response to MUC1 

loss or overexpression.   It will be interesting in future work to evaluate the effect of MUC1 

expression on the ligand-induced degradation of all members of the erbB family.  Given 

that MUC1 and erbB receptors are commonly overexpressed in breast cancer [reviewed in 

[56, 178]], the interactions between these proteins may be potent inducers of carcinoma in 

the appropriate molecular setting. 

 Our data demonstrate that although MUC1 inhibits ligand-induced degradation of 

erbB1, it also promotes its internalization.  This apparent paradox may be explained by one 

of two non-exclusive hypotheses.  The first is that MUC1 promotes the entry of erbB1 into 

a recycling pathway instead of an ubiquitination pathway.  Our data demonstrate that 

MUC1 expression does, in fact, inhibit the ubiquitination of erbB1 concurrently with an 

increase in the recycling of erbB1 to the plasma membrane.   Additionally, MUC1 

expression could also be driving erbB1 into an alternate internal trafficking pathway, one 

that does not lead to protein degradation.  This could potentially involve trafficking to the 

ER or Trans Golgi Network, both of which have been shown to alter the degradation of 
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ligand-activated erbB1 [179, 180].  We are currently examining potential mechanisms of 

alternate trafficking.     

 Our data indicate that MUC1 alters ligand-induced internalization and degradation of 

erbB1.  While MUC1 promotes internalization of erbB1, MUC1 also inhibits the 

degradation of erbB1 that would normally follow.  Importantly, we have found that MUC1 

is altering the normal ubiquitination of internalized erbB1 and promoting the recycling of 

erbB1 to the cell surface.   This study implicates MUC1 as a potentially critical mediator of 

erbB1 stability and function, one that may have dramatic implications for erbB1-mediated 

breast cancer progression.  

 

Materials and Methods 

Cell lines 

 BT20 and MDA-MB-231 human breast cancer cells and MCF10A immortalized 

human mammary epithelial cells were purchased from ATCC and maintained in 

RPMI (Gibco) with 10% FBS (Biomeda) and 1.0 % Penicillin-streptomycin (Gibco) 

in 5.0% CO2 at 37°C.  Growth medium for MCF10A cells was supplemented with 

10ng/ml cholera toxin (Sigma), 0.5µg/ml hydrocortisone (Sigma) and 5ng/ml EGF 

(Invitrogen). Cells were grown to 80% confluency for use.  
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Antibodies, growth factors and cDNA constructs  

 

 CT2 (MUC1 cytoplasmic domain) and erbB1 Ab-1 and Ab-21 were purchased from 

Neomarkers Inc. erbB1 1005 and PY99 were purchased from Santa Cruz 

Biotechnologies.  The DF3 antibody (MUC1 extracellular domain) was purchased 

from DAKO Corporation.  Ubiquitin (p4d1) was from Santa Cruz Biochemicals and 

NCL-Ubiq was from Novocastra. Antibodies to detect β-actin is from Sigma 

Chemical Company.  Secondary antibodies conjugated to HRP were purchased from 

Pierce and the HRP-conjugated Hamster antibody was purchased from Jackson 

Laboratories. All Alexa-conjugated antibodies were purchased from Molecular 

Probes (Invitrogen).  ErbB1 kinase inhibitor (AG1478) was obtained from (Sigma).  

The MUC1 cDNA was a kind gift from M. A. Hollingsworth at the Eppley Cancer 

Institute, University of Nebraska Medical Center.  The MUC1 cDNA was subcloned 

into the pCMV-DNA3.1 vector (Invitrogen) using standard techniques and constructs 

were transfected into MDA-MB-231 cells using Lipofectamine 2000, and selected 

with 1mg/ml G418.   

 

RNAi 

 

 RNAi was performed by either transient siRNA treatment (Qiagen or Dharmacon) or 

stable selection of pSUPER hairpin loop vectors (OligoEngine).   
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siRNA:  MUC1 specific siRNA was generated to the following target sequence of the 

MUC1 extracellular domain: 3104AAGACTGATGCCAGTAGCACT [20], and a non-

silencing siRNA was designed to the following target sequence, which lacks homology to 

any known mammalian gene: AATTCTCCGAACGTGTCACGT (Qiagen).  

Transfections were performed with Lipofectamine 2000 (Invitrogen) following the 

manufacturer’s suggestions.  For MCF10A cells, the transfection was performed once 

and the cells were lysed on day 3 post-transfection. BT20 cells required a double 

transfection for complete knockdown. The cells were transfected on day 1 then 

transfected again on day 3. BT20 lysates were collected on day 5. Knockdown was 

verified by immunoblotting for protein expression.   

 Additional controls were utilized to verify the effects of the Qiagen manufactured 

siRNA by testing MUC1 siRNA oligos from a second company (Dharmacon, 

SMARTpool of 4 siRNA oligos) on these assays.  These target sequences were as follows 

[and lie in the extracellular (#1-3) and cytoplasmic domain (#4)]: 

(#1)3270ACCAAGAGCTGCAGAGAGA, (#2)3363GATCTGTGGTGGTACAATT, 

(#3)3465GATATAACCTGACGATCTC, (#4)3746GATCGTAGCCCCTATGAGA [20].  

Those studies were performed following the manufacturer’s instructions. 

pSuper: pSuper vectors were purchased from (OligoEngine), using the companies 

software to generate both MUC1 and control RNAi hairpin loops.  The following 

extracellular target sequence was used for the MUC1 hairpin loop: 

3073TACTCCTACCACCCTTGCC [20].  Cells were transfected using Lipofectamine 2000 
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(Invitrogen), selected using G418 (Invitrogen) and were continually grown under 250 

µg/ml during experiments. 

 

Endocytosis assays 

 

 Cells were serum starved overnight, then incubated with 20ng/ml receptor grade 

EGF (Invitrogen) for 10’ on ice. Unbound EGF was then removed by washing 2X with 

PBS at 4°C. Cells in serum-free media were incubated at 37°C for the indicated time 

points and lysed [20 mM HEPES pH 7.5, 150 mM NaCl, 2mM EDTA pH 8.0, 2mM 

EGTA pH 8.0 and 1.0% Triton X-100, 2.0 mM Sodium orthovanadate, 50.0 µM 

ammonium molybdate and 10.0 mM sodium fluoride and Complete protease inhibitors 

(Roche)].  Cell lysates were vortexed briefly, centrifuged and the supernatant stored at     

-80°C.  Protein concentrations were determined by BCA assay (Pierce). 

 

Biotinylation assays 

 

 BT20 or MDA-MB-231 (C or CM) cells were grown serum-free overnight, then 

incubated at 4°C with 4 ml of 0.3mg/ml Sulfo-NHS-SS-biotin (Pierce) for 30’ to analyze 

receptor internalization (Figure 3A).  The biotinylation reaction was stopped by washing 

3X with ice cold quenching buffer (10mM Tris pH 7.4, 154mM NaCl).  Cells were then 

washed with ice cold PBS and treated with EGF as described in the endocytosis assay.  
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For analysis of surface retention (Figure 4A), cells were first treated with EGF and 

incubated for 5’ at 37°C to promote internalization, then treated with biotin and lysed as 

described above. Lysates were precipitated with streptavidin coated agarose beads, 

washed and resuspended in SDS-PAGE buffer (0.4M Tris, 0.2mM EDTA, 25% glycerol, 

10% β-mercaptoethanol and 0.4% bromophenol blue) for immunoblotting. 

 

Immunofluorescence analysis 

 

 Cells were grown on glass coverslips and serum starved overnight. Cells were treated 

with EGF as described for the endocytosis experiment, washed with 0.02% NaN3 /PBS, 

then fixed with a 1:1 mixture of ice cold methanol-acetone.  Cells were blocked with 20% 

FBS/0.02% NaN3 /PBS, incubated with the indicated antibody overnight at 4°C, washed, 

and then incubated with Alexa fluor-conjugated secondary antibodies.  Cells were then 

mounted with Slowfade Antifade reagent with DAPI (Molecular Probes) and visualized 

using a Leica DMBL 100s system with MagnaFire software. 

 

Immunoprecipitation and immunoblotting 

 

 Protein lysates were incubated with their respective antibodies in TNEN buffer 

(50mM Tris pH 7.5, 150 mM NaCl, 1mM EDTA pH 8.0 and 0.5% Igepal CA 630, 2.0 

mM Sodium orthovanadate, 50.0 µM ammonium molybdate and 10.0 mM sodium 

fluoride and Complete protease inhibitors) and rProtein G agarose beads (Invitrogen). 
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Precipitates were washed with TNEN buffer 3X, and proteins were resuspended in 2X 

SDS PAGE buffer.  Proteins were then separated by SDS-PAGE and transferred onto 

PVDF membrane (Millipore). The membrane was blocked with either 5% nonfat milk in 

PBS (0.1% Tween20) or 3% BSA in TBS (0.1% Tween20) and immunoblotted.  The 

membrane was then treated with Super Signal West Pico Chemiluminescent Substrate 

(Pierce), visualized on Imagetech-B film (American X-ray supply Inc), and developed 

with a Konica SRX-101C. 

 For ubiquitination experiments, TNEN buffer also contained 10mM N-ethyl-

maleimide (Pierce) to inhibit deubiquitination.   

 

Recycling Assay 

 

 MDA-MB-231 cells transfected with MUC1 or with PcDNA3 alone were plated in 

triplicates and treated with 10ng/ml EGF at 4°C for 10’. Unbound EGF was removed by 

washing (2X) with cold PBS, cells were incubated at 37°C for 10’, 60’, or 90’, 

trypsinized and blocked with 5% BSA for 1h on ice. The cells were then incubated with 

R-phytoerythrin (R-PE) conjugated erbB1 antibody (BD Pharmingen San Diego CA) on 

ice. Fluorescence intensity was then immediately determined on a FACScan  flow 

cytometer (BD biosciences, San Jose CA) and the results were analyzed using a 

CellQuestPro 4.0 software (BD biosciences, San Jose CA) using standard methodology 

followed by the Arizona Cancer Center Flow Cytometry Shared Service (FCSS). The 
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geometric mean of stained cells was corrected against non stained cells to eliminate any 

autofluorescence and the results were plotted as a % difference where the 10’ time point 

was considered the time point of origin at which no recycling occurs. [(TP-

T10’)/T10’*100] 
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III.  MUC1 DEPENDENT EGFR TRAFFICKING IN BREAST CANCER CELLS 

 

Note: The blots in figure 5 B were performed by Matthew Hart. 

 

Introduction 

 

 The epidermal growth factor receptor (EGFR) is a member of the ErbB family of 

receptor tyrosine kinases that include ErbB1 (EGFR/HER1), ErbB2 (HER2/Neu), ErbB3 

(HER3) and ErbB4 (HER4). The ErbB receptors are directly activated by binding of 

ligands from the EGF (EGF, TGFα, epiregulin, amphiregulin, betacellulin and epigen) or 

Neuregulin families (NRG 1-4) [56, 57]. Ligand binding to the extracellular domain of 

the receptor induces homo or heterodimerization, resulting in transphosphorylation and 

initiation of signal transduction events including the P-inositol 3 Kinase (PI3K), mitogen 

activated protein kinase (MAPK) and signal transducer and activator of transcription 

(STAT) pathways. Activated receptors are recruited towards clathrin-coated pits where 

EGFR binds the ubiquitin ligase Cbl, and ubiquitination and internalization of the 

receptor occurs [reviewed in [12]]. Internalization is followed by sorting through early 

(Rab5) and late (Rab7) endosomes, resulting in lysosomal degradation [(reviewed in 

[160, 181]]. Degradation of activated EGFR is critical for its normal regulation and 

alteration of EGFR degradation processes leads to prolonged EGFR signaling and cancer 

[162, 163]. 



 89

 In previous studies, several molecules such as protein kinase C (PKC) and ErbB2 

have been shown to modulate EGFR trafficking and therefore alter its signaling and 

turnover [143, 144]. We have previously reported that MUC1 inhibits EGF-dependent 

EGFR degradation in human breast cancer cell lines and in immortalized mammary 

epithelial cells [3]. This was accompanied by MUC1-dependent inhibition of EGFR 

ubiquitination in response to EGF, increased internalization and enhanced receptor 

recycling. While MUC1 had previously been demonstrated to be constitutively recycled, 

the mechanism by which it affected EGFR recycling was unclear [125]. 

 MUC1 is a type 1 transmembrane protein that is normally expressed on the apical 

surface of most glandular epithelia and is thought to function normally in pH sensing and 

protection from infection [178, 182]. Due to significant N-and O-linked glycosylation, 

MUC1 is constitutively recycled via clathrin mediated endocytosis; although association 

with recycling endosomes has not been previously reported [21, 38]. MUC1 is also 

overexpressed in 90% of all breast cancers where its apical localization is lost [164, 165]. 

In addition, ectopic overexpression of MUC1 results in metastatic tumor formation in the 

mammary gland of mice and in rat fibroblasts [42, 43]. MUC1 has been previously 

shown to biochemically interact with members of the ErbB family of receptors and 

potentiate EGFR signaling in the mouse mammary gland [25, 26, 28, 47]. Importantly, 

loss of MUC1 in an EGFR-driven transgenic mouse model of breast tumorigenesis 

(WAP-TGFα) strongly inhibits tumor formation and EGF-dependent expression of cyclin 

D1 [3]. These studies indicate a role for MUC1 in regulating EGFR during development 

and cancer progression which may be mechanistically tied to the ability of MUC1 to 
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inhibit EGFR degradation [154]. Inhibition of EGFR degradation by other mechanisms 

has been previously shown to enhance downstream signaling and tumor formation [183]. 

 Inhibition of transmembrane protein degradation can occur through altered 

trafficking into endocytic recycling compartments (ERC). ERCs are functionally distinct 

perinuclear compartments where proteins that are destined to recycle back to the plasma 

membrane, such as the transferrin receptor, accumulate. Both the GTPase Rab11 and the 

ATPase RME-1 localize to the ERC and are essential for its structure and function [1, 

184, 185]. RME-1 is a member of the family of Eps15 homology (EH) domain containing 

proteins which includes EHD1-4 in humans and consist of an ATP binding domain (P-

loop), a coiled-coil domain involved in oligomerization and an N-terminal EH domain 

that binds other proteins involved in endocytic trafficking [1, 132, 135, 138]. Mutations 

in RME-1 in the P-loop and the EH domain result in a block of recycling in C elegans 

[132]. Specifically, an RME-1 mutant in the nucleotide binding domain (G65R) does not 

associate with the membrane and inhibits recycling in C. elegans but has no effect on 

transferrin receptor trafficking in CHO cells [135]. The role of RME-1 in EGFR 

trafficking has not been previously investigated. 

 In this report, we demonstrate a MUC1-dependent trafficking of EGFR through the 

perinuclear ERC after EGF stimulation. This results in a redirection of EGFR from the 

late endosome to the ERC, which is accompanied by prolonged EGF-dependent signal 

transduction. Importantly, this relocalization is dependent upon the ATP domain of 

RME-1 resulting in a novel function for RME-1 in MUC1-dependent EGFR trafficking.  
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Results 

 

MUC1 induces EGFR trafficking to the perinuclear recycling endosome 

 

 We have previously shown that MUC1 inhibits the ubiquitination of EGFR and 

enhances its recycling after EGF stimulation [154].  In addition, we found that EGFR and 

MUC1 are colocalized in an intracellular compartment after EGF treatment.  

 To analyze the intracellular localization of MUC1 and EGFR, we first induced 

EGFR internalization with EGF treatment in BT20 breast cancer cells. Deconvolution 

analysis demonstrated that while MUC1 is continually localized to a perinuclear 

compartment, EGFR only colocalizes in this compartment with MUC1 upon EGF 

treatment (Figure 3.1 a vs b, arrows). To determine the identity of this compartment, cells 

were transfected with a Rab11-DsRed construct to label the recycling endosome (Figure 

3.1 c-h). The perinuclear compartment where MUC1 resides colocalizes with the Rab 11 

recycling endosome in the presence or absence of EGF (Figure 1 c and d, arrows). 

Alternatively, EGFR colocalized with Rab11 only after EGF treatment (Figure 1 e and f, 

arrows). 

 We have previously demonstrated that EGFR recycling is strongly promoted by 

MUC1 expression. We next wanted to determine if EGFR localization to the Rab11 

recycling endosome is MUC1 dependent. Cells were transfected with MUC1 or control 

ds RNA to knockdown MUC1 expression and localization of EGFR to the Rab11 

endosome was analyzed. While EGFR could easily be found localized to the Rab11 
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endosome in the presence of MUC1, this localization is strongly reduced in the absence 

of MUC1 (Figure 3.1 f vs h, arrows). These results show ligand-dependent EGFR 

trafficking to the Rab11-positive recycling endosome is partly MUC1 dependent.  
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Figure 3.1 : MUC1 induces the trafficking of EGFR to Rab11-positive recycling 
endosomes in breast cancer cells (a-b’) Cells were left untreated (-S) or treated with EGF 
and fixed (5’, 30’ and 60’). MUC1 (green) and EGFR (red) were localized. Images show 
colocalization (yellow) in the perinuclear region (white arrow) of MUC1 and EGFR in 
cells fixed 30’ after EGF treatment but not 5’. (c-d’) cells were transfected with Rab11-
Dsred to label recycling endosomes. Cells were then treated with EGF (60’) or left 
untreated (-S), fixed and localization of MUC1 (green) was determined. Images show 
colocalization (white arrows) of MUC1 and Rab11 at the ERC regardless of EGF 
stimulation. (e-f’) cells were grown on glass coverslips and simultaneously transfected 
with Rab11-Dsred and with either control siRNA or MUC1 siRNA. The cells were then 
serum starved overnight prior to fixation (-S) or pulsed with EGF and chased for 60’ at 
37°C (EGF). EGFR (green) was localized by immunofluorescence. Images show a strong 
colocalization (white arrows) of EGFR and Rab11 in cells treated with EGF and 
transfected with control siRNA (f and f’). (h and h’) MUC1 siRNA strongly inhibits the 
localization of EGFR to the ERC as shown with the decreased amount of white labeling in 
cells treated with EGF and transfected with MUC1 siRNA. Note that EGFR does not 
colocalize with Rab11-DsRed in the absence of EGF regardless of MUC1 expression (e, 
e’, g, g’). Images labeled with ‘ letters are magnifications of the indicated section in the 
previous image. 
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MUC1 knockdown does not affect early endosome localization 

 

 We have demonstrated that MUC1 induces the localization of EGFR to the Rab11 

recycling endosome in response to EGF. To determine where EGFR is alternately 

trafficked, we first analyzed EGFR localization to the early endosome in the presence or 

absence of MUC1. BT20 breast cancer cells were transfected with control or MUC1 ds 

RNA to knockdown MUC1 expression, in addition to transfection with a GFP tagged 

Rab5 construct (early endosome).   

 While we observed no colocalization between EGFR and Rab5 in serum starved 

cells (Figure 3.2 a-b’  –S), analysis of cells that were treated with EGF for 2’ 

demonstrated similar colocalization between Rab5 and EGFR in the presence or absence 

of MUC1 (Figure 2 c-d’). Localization of EGFR at Rab5-positive endosomes was lost 60’ 

after EGF treatment, regardless of MUC1 expression (Figure 2 e-f’). These data 

demonstrate that MUC1 does not significantly affect EGFR trafficking to the Rab5 early 

endosome. 
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Figure 3.2: MUC1 expression does not affect early endosomal localization of EGFR. 
Cells were transfected with the early endosome marker Rab5-GFP. The cells were 
simultaneously transfected with MUC1 siRNA or conrol. Cells were then serum 
starved o/n and fixed (-S) or pulsed with EGF and chased for 2’ or 60’ prior to 
fixation. (a-b’) images show EGFR (red) mostly at the plasma membrane in serum 
starved cells regardless of MUC1 expression (white arrows). (c-d’) 2’ after EGF 
treatment, EGFR is seen colocalized with Rab5-GFP at early endosomes regardless of 
MUC1 expression (white pixels) in MUC1 expressing cells. (e-f’) colocalization of 
EGFR and Rab5 is lost 60’ after EGF stimulation regardless of MUC1 expression. 
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MUC1 knockdown restores EGFR trafficking to Rab7-positive late endosomes 

 

Upon EGF stimulation EGFR is canonically trafficked to the Rab7 positive late 

endosome prior to lysosomal degradation [186, 187]. We set out to determine whether 

MUC1 knockdown would restore EGF-driven EGFR localization to the late endosome. 

BT20 cells were transfected with control or MUC1 ds RNA to knockdown MUC1 

expression, in addition to transfection with a Rab7-CFP construct to label late 

endosomes. Cells were either serum starved or treated with EGF on ice and incubated for 

60’ to allow for trafficking (Figure 3.3 –S vs 60’). 

 We did not observe significant colocalization between EGFR and Rab7-CFP in 

serum starved cells regardless of MUC1 expression (Figure 3.3 a-b’). Alternatively, while 

EGFR did not colocalize with Rab7-positive late endosomes in cells treated with EGF in 

the presence of MUC1 (Figure 3.3 c, c’), MUC1 knockdown induced the colocalization 

of EGFR and Rab7-CFP at late endosomes (Figure 3.3 c, c’). These results demonstrate 

that that although MUC1 does not affect EGFR localization to the Rab5-positive early 

endosome, its expression reroutes EGFR away from Rab7-positive late endosomes. 
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Figure 3.3: MUC1 knockdown restores EGFR localization to Rab7-positive late 
endosomes. Cells were simultaneously transfected with Rab7-CFP and with control or 
MUC1 siRNA. Cells were serum starved o/n, fixed (-S) or treated with EGF and 
chased as previously described (60’). Cells were then stained with anti-EGFR 
antibodies. (a-b’) images show that EGFR (red) does not localize to Rab7-positive late 
endosomes (green) in untreated cells (-S) regardless of MUC1 expression. (d, d’) 
MUC1 knockdown induces colocalization of EGFR and Rab7-CFP in cells treated 
with EGF. (c, c’) note that in the presence of MUC1 (control siRNA) EGFR does not 
significantly colocalize with Rab7-CFP at the late endosome. Images labeled with ‘ 
letters are magnifications of the indicated section in the previous image.  
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MUC1-induces EGFR trafficking to RME-1 –positive ERC. 

 

 We have shown that MUC1 diverts EGFR trafficking to the Rab11 recycling 

endosome rather than the late endosome. Long term recycling can be further modulated 

by an endosome formed by the ATPase RME-1, which designates the endocytic recycling 

compartment (ERC) [1, 132]. We next set out to investigate if MUC1-dependent 

trafficking of EGFR drives it to RME-1-positive vesicles. BT20 cells and MDA-MB-468 

breast cancer cells were transiently transfected with either control or MUC1 ds RNA to 

knockdown MUC1 expression in conjunction with a RME-1-GFP expression vector. 

 In the presence of MUC1 (Control siRNA), EGFR localizes to RME-1 vesicles when 

cells were treated with EGF (for 30’ or 60’) but not in untreated cells (Figure 3.4 A a vs 

c, and data not shown). Importantly, EGFR does not localize to RME-1 positive vesicles 

in the absence of MUC1 regardless of EGF treatment (Figure 3.4 A b vs d). Alternatively, 

we transfected BT20 cells with a RME-1-GFP or with a dominant negative form of 

RME-1 (RME-1-G65R-GFP) that cannot hydrolyze ATP and assessed EGFR 

localization. While EGFR colocalized with RME-1 GFP, we did not observe any 

colocalization between EGFR and RME-1-G65R. These results demonstrate MUC1 

induces EGFR trafficking to the RME-1-positive ERC and that this localization depends 

on RME-1 function.  
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Figure 3.4: MUC1-induces EGFR trafficking to RME-1 –positive ERC. 
A. MDA –MB-468 breast cancer cells were simultaneously transfected with RME-1 
GFP and control or MUC1 siRNA. Cells were then serum starved o/n and fixed (-S) 
for immunofluorescence or treated with EGF prior to fixation (30’). EGFR was 
localized with anti-EGFR antibodies (red). (a-b’) images show no colocalization of 
EGFR (red) and RME-1GFP (green) in untreated cells. (c, c’) EGF treatment 
induces trafficking of EGFR to the RME-1 positive ERC in cells that express MUC1 
(white pixels). (d, d’) MUC1 knockdown inhibits EGFR trafficking to the RME-1-
positive ERC. B. BT20 cells were transfected with RME-1GFP or with dominant 
negative G65R-GFP EGFR was localized with anti EGFR antibodies after EGF 
treatment. (a, a’) EGFR is seen colocalized with RME-1-GFP at perinuclear 
compartments after EGF treatment. (b, b’) dominant negative G65-RME-1-GFP 
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Dominant negative RME-1 affects pSTAT3 but not pAKT and dpERK signaling 

downstream of EGFR. 

 

 EGF binding to EGFR induces transphosphorylation and dimerization of EGFR and 

ultimately recruits adaptor proteins such as Grb-2 and SOS which result in the activation 

of the mitogen activated protein kinase MAPK, AKT and signal transducer and activator 

of transcription pathways (STAT) which all play roles in tumorigenesis (see 

introduction). We set out to assess whether altering MUC1-dependent EGFR trafficking 

into the ERC by using G65R-RME-1 would affect these downstream effectors of EGFR 

signaling. BT20 cells were grown and transfected with MUC1 or control siRNA 

simultaneous to vector or a G65R-RME1 construct. Cells were treated with EGF and 

lysed after the desired time point as previously described [154]. The lysates were then 

resolved on an SDS-PAGE gel and blotted for phosophorylated (activated ) Akt, dual 

phosphorylated ERK1/2 and phosphorylated STAT3. We observed an enhanced 

degradation of pAkt in cells treated with MUC1 siRNA 60 minutes after EGF treatment. 

The addition of G65R-RME-1 does not affect Akt phosphorylation when compared to 

cells transfected with empty vector (Figure 3.5 A IB:pAKT). BT-20 cells were also 

stained with pAkt antibody and the same results were observed; in these images, pAkt 

localized to the ERC early after EGF stimulation but no difference was observed between 

cells treated with MUC1 siRNA or control siRNA (data not shown). The same samples 

were also blotted for dual phosphorylated ERK and the results show no difference in 

ERK1/2 activation regardless of MUC1 expression or ERC function (Figure 3.5 A 
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IB:dpERK). Additionally, we assessed the activation of STAT3 downstream of EGFR in 

these same conditions and observed a decrease of STAT3 activation that was more 

pronounced in cells where MUC1 knockdown. Interestingly, the deactivation of pSTAT3 

was enhanced in cells that were treated with MUC1 siRNA in combination with 

dominant negative RME-1 60’ after EGF stimulation (Figure 3.5 B). These results show 

that MUC1 expression inhibits the deactivation of AKT and STAT3 but not ERK1/2 post 

EGF stimulation and are in agreement with previously observed results (figure 4.3). 

However, we only observed an additive effect of MUC1 knockdown and DN-RME-1 in 

pSTAT3 deactivation. This demonstrates that the role of MUC1 in the modulation of 

EGFR signaling is affected in part by RME-1 activity. 
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Figure 3.5: Dominant negative RME-1 affects pSTAT3 but not pAKT and dpERK 
signaling downstream of EGFR. Cells were grown on plastic and transfected with 
G65-RME-1 or empty vector and simultaneously transfected with MUC1 siRNA or 
control non-silencing siRNA. Cells were serum starved O/N (-S) or treated with EGF 
and lysed after the desired time point at 37°C. immunoblotting against phosphorylated 
Akt (IB:pAkt), dual phosphorylated ERK1/2 (IB:dpERK) or phospho STAT3. The 
membrane was also blotted for MUC1 to assess levels of expression and knockdown. 
A. We show an enhanced degradation of pAkt but not dpERK in cells that are treated 
with MUC1 siRNA at later time points (60’). G65R-RME-1did not affect ERK or 
AKT phosphorylation. B. immunoblotting for pSTAT3 shows activation in response 
to EGF and time dependent downregulation. MUC1 expression inhibits pSTAT3 
downregulation and RME-1G65R shows an additive effect with MUC1 siRNA and 
further accelerates pSTAT3 downregulation. 
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Discussion 

 

 In this study, we investigated the role of MUC1 in the modulation of EGFR 

trafficking. First we showed that MUC1 and EGFR colocalized at a perinuclear 

compartment in breast cancer cells. We identified this compartment as a perinuclear 

recycling endosome and showed that localization of EGFR to the recycling endosome is 

MUC1-dependent. Second, we showed that EGFR trafficking could be restored to the 

Rab7 positive late endosome but MUC1 expression did not affect localization at Rab5 

early endosomes.  Third we showed that MUC1 induces EGFR trafficking to the RME-1 

positive ERC and that a dominant negative RME-1 does not colocalize with EGFR. 

Fourth we disrupted RME-1 function and observed enhanced deactivation of STAT3 but 

not AKT or ERK1/2 pathways in response to EGF. 

 We have previously demonstrated that MUC1 inhibits EGF-dependent EGFR 

degradation in breast cancer cells and that this is linked to a decrease in EGFR 

ubiquitination [154]. MUC1 and EGFR are internalized via clathrin mediated endocytosis 

but are trafficked differently. While MUC1 is constitutively recycled, EGFR endocytosis 

leads to its trafficking to the late endosome and to its degradation in the lysosome [12, 21, 

125]. By binding EGFR and, more importantly by inhibiting its ubiquitination, MUC1 

could lead to the observed sorting of EGFR into the perinuclear recycling endosome 

instead of the late endosome.  

 Additionally, while MUC1 knockdown restored EGFR trafficking to the late 

endosome and away from the ERC, we did not observe a significant difference in the 
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colocalization between EGFR and the early endosome marker Rab5 regardless of MUC1 

expression. These results suggest that the effect of MUC1 expression on EGFR sorting 

occurs downstream of Rab5 and upstream or Rab7 positive endosomes.  

 RME-1 is a component of the ERC and disruption of its function affects basolateral 

recycling in the C elegans gut [132]. We assessed the localization of EGFR to the RME-

1-positive ERC and asked whether RME-1 function is required for this localization. In 

order to investigate the effect of RME-1 on EGFR localization to the ERC, we employed 

the use of a dominant negative form of RME-1 (G65R-RME-1) provided to us by Dr 

Barth Grant to disrupt ERC function. We observed a MUC1-dependent colocalization of 

RME-1-GFP and EGFR at the perinuclear ERC in response to EGF. Transfected G65R-

RME-1-GFP displayed a diffuse cytoplasmic localization as previously reported [1]. 

Interestingly, G65R-RME-1-GFP did not colocalize with EGFR after EGF treatment. 

These results show that EGFR is trafficked to RME-1 positive vesicles in a MUC1 and 

RME-1 dependent manner and Identify a novel role for RME-1 in MUC1-dependent 

EGFR recycling.  

 In order to investigate the effect of RME-1 on EGFR downstream signaling, we 

disrupted ERC function with G65R-RME-1 and asked whether this would directly affect 

signaling.  We showed that the inhibition of ERC function with a dominant negative form 

of RME-1 further enhanced the inactivation of STAT3 mostly in cells that are treated 

with MUC1 siRNA. Our results demonstrate a novel role for RME-1in EGFR trafficking 

and signaling and suggest that different EGFR signaling complexes follow different 

trafficking routes and that RME-1 is involved in endocytic trafficking of the STAT3-
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EGFR-MUC1 complex . Our findings correlate with previously published studies 

showing that  nuclear translocation of STAT3 and STAT3-dependent transcription are 

dependent on endocytosis and that EGFR binds STAT3 in endosomes and translocates it 

to the perinuclear region in response to EGF [188].  

 Taken together, our data demonstrates a novel MUC1-dependent EGFR trafficking 

pathway involving localization of EGFR to the perinuclear recycling endosome. 

additionally, we describe a novel role for the eps15 homology domain protein RME-1 in 

EGFR trafficking and specifically in STAT3 signaling downstream of EGFR. 

 These results could have therapeutic implications for cancer. Targeting of the 

MUC1-EGFR interaction could prove important in restoring normal degradation of 

EGFR in MUC1 overexpressing cancer cells. Furthermore, coupling this therapy with an 

inhibiton of RME-1 function could add to its efficacy since RME-1 is involved in STAT3 

signaling downstream of EGFR. 
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Materials and methods 

 

Cell lines 

 

 BT20 and MDA-MB-468 human breast cancer cells were purchased from ATCC and 

maintained in essential minimum eagles medium  (EMEM ) and Leibowitz L15 media 

respectively (ATCC) with 10% FBS (Biomeda) and 1.0 % Penicillin-streptomycin 

(Gibco) in 5.0% CO2 at 37°C for BT-20 cells and in athmosphere at 37°C for MDA-MB-

468 cells. Cells were grown to 80% confluency for use.  

 

Antibodies, growth factors and cDNA constructs  

 

 MUC1 cytoplasmic domain (CT2) and erbB1 (Ab-1) were purchased from 

Neomarkers Inc. erbB1 (1005) and phospho tyrosine (PY99) were purchased from Santa 

Cruz Biotechnologies phospho-Akt antibody was purchased from (Neomarkers) β-actin is 

from Sigma Chemical Company.  Secondary antibodies conjugated to HRP were 

purchased from Pierce and the HRP-conjugated Hamster antibody was purchased from 

Jackson Laboratories. All Alexa-conjugated antibodies were purchased from Molecular 

Probes (Invitrogen).  mRME-1-PEGFP-C1 and G65R-PEGFP-C1 were generously 

provided by Dr Barth Grant (Department of Molecular Biology and Biochemistry, 
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Rutgers University, Piscataway New Jersey). Rab11-DsRed, Rab5-GFP and Rab7-CFP 

constructs were generously provided by Dr Jean Wilson (Department of Cell Biology and 

anatomy, The University of Arizona, Tucson AZ).  All plasmids were transiently 

transfected into cells using Lipofectamine 2000 (Invitrogen) and the cells were fixed for 

immunofluorescence or lysed for biochemical experiments 2 days following transfection. 

 

RNAi 

 

 MUC1 specific siRNA was generated and transfected into cells as previously 

described [154] 

 

Endocytosis assays 

 Cells were serum starved overnight, then incubated with 10ng/ml receptor grade 

EGF (Invitrogen) on ice. Unbound EGF was then removed by washing 3X with cold 

PBS. Cells in serum-free media were incubated at 37°C for the indicated time points and 

fixed with 1/1 methanol/acetone at -20°C or lysed [20 mM HEPES pH 7.5, 150 mM 

NaCl, 2mM EDTA pH 8.0, 2mM EGTA pH 8.0 and 1.0% Triton X-100, 2.0 mM Sodium 

orthovanadate, 50.0 µM ammonium molybdate and 10.0 mM sodium fluoride and 

Complete protease inhibitors (Roche)].  Cell lysates were vortexed briefly, centrifuged 

and the supernatant stored at -80°C.  Protein concentrations were determined by BCA 

assay (Pierce). 
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Immunofluorescence analysis 

 

 Cells were grown on glass coverslips and serum starved overnight. Cells were treated 

with EGF as described for the endocytosis experiment, washed with 0.02% NaN3 /PBS, 

and then fixed with a 1:1 mixture of ice cold methanol-acetone.  Cells were blocked with 

20% FBS/0.02% NaN3 /PBS, incubated with the indicated antibody overnight at 4°C, 

washed, and then incubated with Alexa fluor-conjugated secondary antibodies.  Cells 

were then mounted with Slowfade Antifade reagent with DAPI (Molecular Probes) and 

visualized using a Zeiss confocal microscope (University spectroscopy and imaging 

facility, The University of Arizona, Tucson, AZ). The raw data images were analyzed 

with ImageProPlus and colocalization pixels were artificially colored white for ease. 

Pictures are representative of three independent experiments.  

 

Immunoprecipitation and Immunoblotting 

 

 Protein lysates were incubated with their respective antibodies in TNEN buffer 

(50mM Tris pH 7.5, 150 mM NaCl, 1mM EDTA pH 8.0 and 0.5% Igepal CA 630, 2.0 

mM Sodium orthovanadate, 50.0 µM ammonium molybdate and 10.0 mM sodium 

fluoride and Complete protease inhibitors) and rProtein G agarose beads (Invitrogen). 

Precipitates were washed with TNEN buffer 3X, and proteins were resuspended in 2X 

SDS PAGE buffer.  Proteins were then separated by SDS-PAGE and transferred onto 

PVDF membrane (Millipore). The membrane was blocked with either 5% nonfat milk in 



 109

PBS (0.1% Tween20) or 3% BSA in TBS (0.1% Tween20) and immunoblotted.  The 

membrane was then treated with Super Signal West Pico Chemiluminescent Substrate 

(Pierce), visualized on Imagetech-B film (American X-ray supply Inc), and developed 

with a Konica SRX-101C.   
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IV. MUC1 ACTIVATES ERBB SIGNALING IN MMTV-WNT-1 MAMMARY 

TUMORS AND IN HUMAN BREAST CANCER CELLS 

 

Note: the mice and tumor lysates used in this study were generated by Mamata 

Pochampalli, Barbara Sands and Wendy Knowlton. The experiment displayed in figure 

4.3 was performed by Mamata Pochampalli 

 

Introduction 

 

 MUC1 is a transmembrane mucin that is ubiquitously expressed in epithelial tissues; 

it is comprised of a large, highly glycosylated extracellular domain and a 72aa 

intracellular domain. The protein is cleaved upon translation and the resulting subunits 

remain associated via non covalent interactions [16]. Importantly, MUC1 is 

overexpressed in 90% of breast cancers [165] and full length MUC1 but not a truncated 

protein lacking the cytoplasmic domain induces tumorigenesis when ectopically 

expressed in the mammary gland [42]. The cytoplasmic domain of MUC1 binds several 

proteins that are involved in mammary tumorigenesis such as the ErbB family [26], β-

catenin and GSK3β [31, 47, 189].  MUC1 is critical to both Wnt-1 and EGFR-dependent 

breast cancer. Studies using Muc1 knockout mice demonstrate a significant reduction in 

tumor onset in both the WAP-TGFα and MMTV-Wnt-1 transgenic models [3, 47]. 

 The MMTV-Wnt-1 transgenic model develops unifocal, nonmetastatic breast cancer 

with 100% penetrance, and is dependent upon stabilization of β-catenin [190, 191].   
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Crossing the MMTV-Wnt-1 mouse into a Muc1-null background results in a delay in 

tumor onset, and MUC1 and β-catenin interact in a tumor specific manner in this model. 

The WAP-TGFα transgenic model also develops unifocal breast cancer with 100% 

penetrance, and is dependent upon activation of the epidermal growth factor receptor 

(EGFR) [192].  Crossing of the WAP-TGFα model into a Muc1-null background resulted 

in over 60% inhibition of tumor development and this correlated with a loss of EGFR-

dependent expression of Cyclin D1 [3].  These studies demonstrated that MUC1 

expression can alter β-catenin and EGFR-dependent breast cancer progression.     

 Importantly, MUC1 regulates EGFR trafficking and degradation [3].  In this study, 

we showed that MUC1 expression induced a decreased degradation of EGFR. This 

decreased degradation of the receptor is associated with a decrease in the ubiquitination 

of the receptor and with increased recycling. Together, these data demonstrate that 

MUC1 promotes EGFR-dependent breast cancer, which may, in turn, promote β-catenin-

dependent breast cancer.   

 To determine if MUC1 is capable of enhancing ErbB activation and signaling in 

vivo, we evaluated receptor expression, phosphorylation and downstream signaling in 

MUC1 overexpressing (MMTV-Wnt-1/MMTV-MUC1) (MMFW) and Muc1-absent 

(MMTV-Wnt-1/Muc1-/-)(WK) backgrounds.  We found a strong correlation between 

MUC1 expression and receptor activity, which correlates with AKT, but not dpERK 

activity. MUC1 knockdown in human breast cancer also shows a preferential activation 

of the AKT pathway, this correlates with an increase in cellular migration. 
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Results 

 

MUC1 expression correlates with erbB receptor activation in MMTV-Wnt-1 

transgenic mice. 

 

 To determine the relationship between MUC1 expression and erbB receptor activity 

in the MMTV-Wnt-1 transgenic model of breast cancer, two different bigenic lines were 

created.  First, we crossed the MMTV-Wnt-1 line into a Muc1 null background (WK), 

and next, we crossed the MMTV-Wnt-1 with the MMTV-MUC1 transgenics (MMFW).   

While both lines have been previously reported, their role in erbB receptor activation and 

its downstream signaling has not been investigated. Animals from both genotypes were 

allowed to form tumors spontaneously, the tumors were then resected and protein lysates 

were prepared for analysis. 

 Primary tumor lysates from MMFW and WK mice were analyzed and equal protein 

was immunoprecipitated with antibodies against ErbB1, 2 and 3. To assess levels of 

receptor activation, the immunoprecipitates were run on an SDS PAGE gel and 

immunoblotted with antibodies against phosphorylated tyrosines. We observed no change 

in the levels of total receptor protein in MMFW vs WK mice (Figure 1 IP:ErbB1, 2 and 3 

IB:ErbB1, 2 and 3). Importantly, while we observed a high level of basal ErbB1 

phosphorylation in six of the seven MUC1 overexpressing tumor lysates analyzed (Figure 

1 IP:ErbB1; IB: pY99), we were only able to detect ErbB1 phosphorylation in this way in 

two of the six WK tumors. The same experiment was repeated for ErbB2 phosphorylation 
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(Figure 1 IP:ErbB2, IB:pY99). While we observed a high level of ErbB2 phosphorylation 

in seven out of seven of the MMFW tumors which overexpress MUC1, we were only 

able to detect ErbB2 phosphorylation in three out of six of the WK tumor lysates which 

do not express MUC1. Importantly, we observed a diminished effect of MUC1 

overexpression on ErbB3 phosphorylation when compared to the strong effect observed 

on ErbB1 and ErbB2 phosphorylation (Figure 1 IP:ErbB3; IB:pY99).  

Note that these same experiments were repeated on a larger number of mice but were not 

represented here for the sake of space. In total, we observed a higher endogenous 

phosphorylation in 79% of MMFW (N=19) vs 30% of WK (N=13) samples for erbB1; 

while 84% (N=13) of MMFW tumors displayed a high level of basal phosphorylation of 

ErbB2, only 14% (N=7) of WK mice did.  When ErbB3 phosphorylation was examined, 

we observed ErbB3 phosphorylation in 68% (N=22) of MUC1 overexpressing mice and 

43% (N=14) of mice that do not express MUC1.  
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Figure 4.1 MUC1 expression correlates with erbB receptor activation in MMTV-Wnt-1 
transgenic mice. Tumors were collected from bitransgenic mice that express both MUC1 
and Wnt-1 (MMFW) in the mammary gland driven by a mouse mammary tumor virus 
promoter and compared to tumors collected from MMTV-Wnt-1 animals grown on a 
MUC1 null background (WK). Tumors were lysed and the lysates were 
Immunoprecipitated (IP) for ErbB1-3 and immunoblotted (IB) for phosphorylated 
tyrosine (pY99) or for the precipitated receptor. Results show an higher level of 
endogenous phosphorylation of ErbB1 and ErbB2 but not of ErbB3 in tumors derived 
from mice that overexpress Wnt-1 and MUC1 transgenes when compared to mice that 
express the Wnt-1 transgene on a MUC1 background. Animal numbers are provided 
atop each band.  More tumors from each genotype were analyzed and figure 1 displays a 
representative sample of analyzed tumors. 
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MUC1 expression correlates with a preferential activation of the AKT pathway vs 

MAPK pathway in MMTV-Wnt-1 tumors 

 

 Activation of erbB receptors promotes transformation and metastatic progression 

through a variety of signaling pathways. The mitogen activated protein kinase (MAPK) 

and the AKT pathways are of great importance in cancer progression and their activation 

results in increased cell proliferation, migration and inhibition of apoptosis.  We set out to 

determine whether the observed activation of ErbB receptors by MUC1 overexpression 

resulted in the activation of these important signaling pathways. We compared AKT and 

MAPK pathway activation in MUC1 overexpressing MMFW tumors vs WK tumors that 

do not express MUC1. Activation of the AKT pathway was monitored by 

immunoblotting for phosphorylated AKT and activation of the MAPK pathway  was 

assessed by blotting for the dual phosphorylated forms of ERK1 and 2 (dpERK). 

 Importantly, while we observed a strong increase in AKT activation in six out of 

seven of  the MMFW tumors that overexpress MUC1, only three out six WK tumors that 

do not express MUC1 displayed phosphorylated AKT and the levels of phosphorylation 

were diminished (Figure 2 IB:pAKT ).  Additional tumors from separate mice were 

immunoblotted for phosphorylated AKT to confirm our presented results. In total, we 

observed basal AKT phosphorylation in 78.5% (N=14) of MUC1 overexpressing MMFW 

tumors and 28.5% (N=7) of WK tumors that do not express MUC1. Levels of total AKT 

in examined samples were assessed and remained unchanged (Figure 2 IB:AKT).  
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 Alernatively,we did not observe a significant correlation between MUC1 expression 

and dual phosphorylation of ERK (Figure 2 IB:dpERK. Three out of seven MUC1-

overexpressing tumors analyzed displayed phosphorylation of ERK1/2. Similarly, 3 out 

of six of WK tumors that do not express MUC1 displayed ERK phosphorylation. 

However, when we assessed a larger number of mice, we observed phosphorylation of 

ERK1/2 in 57% (N=7) WK mice vs 15% (N=13) in MMFW mice. 

 These results suggest a preferential activation of the Akt pathway in MUC1-

overexpressing MMFW mice. Alternatively, activation of the MAPK pathway was 

enhanced in tumors that do not express MUC1. 
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Figure 4.2. MUC1 expression correlates with a preferential activation of the PI3K 
pathway vs MAPK pathway in MMTV-Wnt-1 tumors. Lysates from the same tumors 
described in figure 1 were resolved on SDS PAGE gels and analyzed for activation of 
the AKT pathway by immunoblotting for phosphorylated AKT (IB:pAKT). MAPK 
pathway activation was assayed by Immunoblotting for dual phoshorylated ERK 
(IB:p42/44 ERK). Lysates were also blotted for MUC1 to reveal levels of expression 
in analyzed tumors. Results show an enhanced activation of the PI3K/ AKT pathway 
in tumors that express both wnt-1 and MUC1 compared to wnt-1 tumors on a MUC1 
knock-out background. We also show a decreased level of activation of the MAPK 
pathway in tumors expressing both MUC1 and Wnt-1 transgenes when compared with 
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MUC1 extends EGF-dependent AKT activation in BT20 breast cancer cells 

 

In an effort to verify whether MUC1 preferentially activates the AKT pathway in 

human breast cancer cell lines, we transfected BT20 breast cancer cells that express Wnt-

3a, MUC1 and EGFR but do not express significant levels of other ErbB receptors [193, 

194]with a control non-silencing si-RNA or with MUC1-siRNA. The cells were grown 

for 48h to allow for MUC1 knockdown and serum starved overnight. The cells were then 

either lysed or pulsed with EGF and chased for the desired times at 37°C prior to being 

lysed. Lysates were resolved on an SDS PAGE gel and blotted for pAKT or dpERK 

(Figure 3). We found that, following EGF stimulation, AKT is activated equally in cells 

that express MUC1 and in cells that have lost MUC1 expression (Figure 3 IB:pAKT).  In 

the presence of MUC1, phosphorylation of AKT was maintained at high levels for at 

least 2 hours after EGF stimulation, whereas in the absence of MUC1, pAKT levels 

diminished after 30 minutes.  No significant change was observed when assessing for 

MAPK activation by blotting for dual phosphorylated forms of ERK1/2 (Figure 3 

IB:dpERK).  

Taken together these results show that MUC1 preferentially enhances the 

activation of the AKT pathway but not the MAPK pathway in a Wnt expressing 

background and confirm our observations in mouse tumors. 
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Figure 4.3. MUC1 extends EGF-dependent AKT activation in BT20 breast cancer 
cells. BT20 human breast cancer cells were grown on plastic and transfected with 
MUC1 siRNA or with control siRNA. The cells were grown for 48 h to allow for the 
siRNA knockdown to take effect and the cells were kept in grown medium 
(+Serum), serum starved over night (-Serum) or serum starved overnight, pulsed 
with EGF (10ng/ml) and chased for the desired timepoints. The cells were then lysed 
and the lysates were resolved on an SDS PAGE gel. Antibodies against 
phosphorylated AKT (IB:pAKT), dual phosphorylated ERK ( IB:dpERK) were used 
to assess for activation of the PI3K and MAPK pathways respectively. Total levels 
of AKT and ERK1/2 were assessed with antibodies directed against the total protein 
(IB:AKT and IB:ERK). MUC1 knockdown efficiency is monitored by 
immunoblotting against MUC1 (IB:MUC1). We show an enhanced degradation of 
pAKT in cells that are treated with MUC1 siRNA when compared to wt cells 60’ 
and 90’and 120’ after treatment with EGF. We observed no change in activation of 
the MAPK pathway in cells that are treated with MUC1 siRNA at similar timepoints 
post EGF stimulation. 
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MUC1 expression correlates with an increase in β-catenin and cyclin D1 expression 

in MMFW mice 

 

 ErbB-dependent and β-catenin-dependent breast cancer have been previously tied to 

increased cyclin D1 expression.  In the WAP-TGFα transgenic model, expression of 

cyclin D1 is also dependent on Muc1 expression [3]. We assessed levels of β-catenin as a 

downstream signaling effector of Wnt in tumor lysates from the same tumors examined 

above. While we observed high levels of β-catenin in six out of seven MUC1 

overexpressing MMFW tumors (Figure 4 IB:β-catenin), we were only able to detect β-

catenin in three our of six WK tumors that do not express Muc1. Analysis of additional 

tumors confirmed our results as we observed high levels of β-catenin in 89% (N=19) of 

MUC1 overexpressing MMFW tumors examined and only in 27% (N=11) of WK tumors 

that do not express Muc1. 

 To determine if cyclin D1 expression also correlates with MUC1 expression we 

examined this same sample set by immunoblot.  We found that cyclin D1 levels are 

significantly higher in MUC1 overexpressing MMFW tumors when compared to WK 

tumors (Figure 4 IB:CyclinD1). These results were confirmed on additional tumor 

samples from separate mice; we observed high levels of cyclin D1 expression in 71% 

(N=14) of MMFW vs WK 28% (N=7) tumors.  These data indicate that the induction of 

cyclin D1 by both erbB receptors and Wnt-1 can be tied directly to Muc1 expression and 

that MUC1 expression enhances β-catenin levels in a Wnt-1-dependent mouse model of 

breast tumorigenesis. 
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Figure 4.4. MUC1 expression correlates with an increase in β-catenin and cyclin D1 
expression in MMFW mice. The same tumors assessed in figures 1 and 2 were also 
assayed for β-catenin and cyclin-D1 expression. We blotted the membranes with 
antibodies against β-catenin (beta-cat) and against cyclin D1. equal loading is 
monitored by immunoblotting for β-actin (IB:beta-actin) and levels of MUC1 
expression are shown with anti MUC1 immunoblots (IB:MUC1). Results show 
increased expression of β-catenin and cyclin D1 in tumors derived from MMFW 
mice versus WK mice. Figure 4 is a representative sample of analyzed tumors. 
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AKT and EGFR-driven migration is MUC1 dependent in BT20 breast cancer cells 

 

 AKT activation can affect many downstream effectors that induce cell survival, 

resistance to apoptosis, proliferation or cell migration [9]. To determine if MUC1-

dependent activation of EGFR and subsequent AKT activation affect cell migration in 

breast cancer cells, we performed in vitro migration assays.  BT20 cells were treated with 

MUC1 or control siRNA for 3 days to knockdown expression of MUC1.  In addition, all 

cells were treated with either EGFR kinase inhibitor AG1478 or PI3K inhibitor 

Ly294002 to determine the effect of MUC1 expression and kinase inhibition on 

migration.  Loss of MUC1 expression slightly inhibited the ability of BT20 cells to 

migrate across an 8.0 uM filter, using 100ng/ml EGF/20% FBS as a chemoattractant 

(Figure 4).  Inhibition of EGF signaling by treatment with AG1478 significantly inhibited 

the cells ability to migrate, as did inhibition of AKT signaling with the PI3K inihibitor 

Ly294002.  Importantly, knockdown of MUC1 and treatment with either of the inhibitors 

ablated the inhibitor effect, returning the level of invasion to baseline.  This indicates that 

the effects of EGFR and AKT are dependent upon the expression of MUC1 for their 

ability to promote EGF-dependent migration. However, MUC1 ablation alone did not 

affect BT20 cell migration which indicates that cells that do not express MUC1 are using 

alternate signaling pathways to mediate cellular migration.  



 123

 
 
Figure 4.5. AKT and EGFR-dependent migration is MUC1 dependent  
BT20 cells were grown on plastic and transfected with control or MUC1 siRNA. 48h 
later, the cells were labeled with calein AM and trypsinized. The cells were then seeded 
on 8uM filter boyden chamber with 20% FBS in the bottom chamber to serve as a 
chemoattractant. Cells were either treated with vehicle (DMSO) or with a specific 
EGFR tyrosine kinase inhibitor (AG1478) or with a PI3K inhibitor (LY294002). 12h 
later, the cells that have migrated to the bottom end of the filter were trypsinized and 
fluorescence was quantified. (Relative fluorescence units (RFU) on the x axis). We 
observe a slight inhibiton of cell migration when cells are treated with MUC1 si RNA 
alone, AG1478 treatment inhibited the migration of cells that express MUC1 but did not 
affect the migration of cells that do not express MUC1. Similar levels of inhibition were 
observed when we used the PI3K inhibitor LY294002.  
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Discussion 

 

 In this study, we showed that MUC1 overexpression in a Wnt-1 –driven mouse 

model of breast cancer enhances the activation of ErbB1 and ErbB2 and to a lesser extent 

ErbB3. The MUC1-dependent ErbB activation correlates with enhanced AKT pathway 

activation but not with activation of ERK1/2 MAPK pathway in MUC1 overexpressing 

tumors and in human breast cancer cell lines treated with EGF. Additionally, we found 

that levels of the downstream effectors of Wnt and EGFR, β-catenin and cyclinD1 

respectively were significantly increased in MUC1 overexpressing tumors. In an effort to 

determine the biological significance of the MUC1-dependent EGFR signaling, we 

performed Boyden chamber migration assays. These assays demonstrated that MUC1 

does not significantly affect the migration of BT20 cells towards an EGF gradient. 

However, we observed that migration of MUC1 expressing cells is dependent on EGFR 

and PI3K/AKT signaling while migration of cells where MUC1 was knocked down 

migrated independently of EGFR and AKT activity. 

 The cytoplasmic domain of MUC1 binds and modulates the activity of both β-

catenin and EGFR.  Direct evidence from mouse models of EGFR or Wnt-1 driven breast 

cancer crossed onto a MUC1-null background showed that MUC1 plays a crucial role in 

EGFR and in Wnt-1/ β-catenin dependent breast cancer formation [47, Pochampalli, 2007 

#508]. Here we show that MUC1 overexpression enhances ErbB signaling in a Wnt-1-

driven model for breast cancer. Our results demonstrate an enhanced activation of ErbB1 

and 2 but show minimal activation of ErbB3.   
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 Activation of the MAPK and AKT pathways downstream of EGFR and other ErbB 

receptors induces cellular proliferation, protection from apoptosis and migration. We 

assessed AKT and MAPK activation in MUC1 overexpressing Wnt-1 tumors (MMFW) 

and in BT20 human breast cancer cells. We observed a MUC1-dependent preferential 

activation of the AKT pathway but not of ERK1/2 in MMFW tumors and in BT20 breast 

cancer cells. This result, along with our previous findings that MUC1 induced EGFR 

internalization and recycling correlates with studies that show a preferential activation of 

the AKT pathway by endosomal EGFR [117, 154]. However, we also observed an 

increase in MAPK pathway activation in tumors from WK mice that do not overexpress 

MUC1 but not in the BT20 cells. This could be the result of  a decrease in EGFR 

internalization induced by the absence of MUC1 or of the preferential activation of other 

receptors such as ErbB4. AKT activation can result in the activation of many effectors, 

cyclin D1 is stabilized by AKT activity [88]. Cyclin D1 can also be expressed be 

activated as a result of a Wnt crossactivation of EGFR and downstream of β-catenin 

binding to the TCF/LEF transcription factors [195, 196]. We assessed for the expression 

of β-catenin and its downstream effector cyclin D1 in response to MUC1 overexpression. 

We observed higher levels of β-catenin and cyclin D1 in MUC1 overexpressing MMFW 

tumors but not in WK tumors that do not express MUC1. Stabilization of β-catenin by 

MUC1 expression has been previously reported and could result in accumulation of β-

catenin in the nucleus where it can activate transcription (reference). Additionally, 

activation of EGFR by MUC1 expression can lead to the dissociation of β-catenin from 

adherens junctions and to an increase in cellular migration [197, 198]. 
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 In an effort to assess the role of MUC1 in cellular migration, we utilized BT20 breast 

cancer cells transfected with control or MUC1 siRNA to knockdown MUC1 expression. 

We showed that MUC1 knockdown did not inhibit the migratory properties of BT20 

cells. However, we observed a significant decrease in BT20 cell migration in cells treated 

with the specific EGFR kinase inhibitor AG1478 or with the PI3K/AKT inhibitor 

Ly294002. Interestingly, the inhibitory effect of both compounds appeared to depend on 

MUC1 expression. This implies that, in BT20 cells that express MUC1, cellular 

migration depends on the activation of EGFR and AKT pathways. Alternatively, in the 

absence of MUC1, BT20 cells could be utilizing a different signaling pathway other than 

the EGFR-AKT pathway and are therefore resistant to EGFR and PI3K inhibitors.  

 We conclude that MUC1 can activate ErbB1 and ErbB2 in Wnt-1 driven tumors and 

that this can induce a selective activation of the AKT pathway but not of the MAPK 

pathway in human breast cancer cell lines and in MMFW tumors. Interestingly, we 

showed that MUC1 expression induces a dependency on EGFR and PI3K for migration. 

It would be interesting to determine whether MMFW mice exhibit a higher rate of 

metastasis. This is a very attractive possibility because of the experiments shown in this 

study and also because of previously published reports that have found complexes of 

EGFR-β-catenin and MUC1 in metastasis and in tumors [198]. 
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Materials and methods 

 

Cell lines, antibodies and growth factors 

 

 The breast cancer cell line BT20 was obtained from the American Tissue Culture 

Collection and cultured with 10% Fetal Bovine Serum (Cellgro, Herndon, VA), 1% 

Penicillin-Streptomysin- Glutamine (Invitrogen, Eugene, OR) and EMEM media at 37oC 

with 5% CO2 in a humidified incubator.  Anti-MUC1 (CT-2) antibodies were purchased 

from Neomarkers Inc. (Fremont, CA).  Anti-MUC1 (H295) was purchased from Santa 

Cruz Biotechnology (H295).  Antibodies against phosphorylated tyrosine (PY99), and 

EGFR/erbB1 (1005), β-catenin (C-18) were all purchased from Santa Cruz 

Biotechnologies (Santa Cruz, CA).  The β-catenin antibody used for immunofluorescence 

was from BD Scientific.  The β-actin (AC-15) antibody was from Sigma Chemical 

Company (St. Louis, MO).  Secondary antibodies conjugated to HRP were acquired from 

Molecular Probes (Invitrogen) and the anti-Hamster HRP conjugated antibody was 

purchased from Jackson Labs (West Grover, PA).  The secondary antibodies, donkey 

anti-mouse 488 and donkey anti-rabbit 594 were purchased from Molecular Probes 

(Invitrogen).  Epidermal growth factor (EGF) was stored at -20oC at a concentration of 

100ng/µl (Invitrogen).   
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Migration Assay 

 

 Prior to loading the cells onto the transwell inserts they were fluorescently labeled 

with Calcein-AM (Invitrogen) for 30 minutes and then washed with PBS.  The cells were 

then resuspended in EMEM serum free media and loaded onto the inserts in each well 

(15,000 cells/well).  The cells were allowed to migrate across the filter for 10hrs at 37oC 

with 5% CO2 in a humidified incubator.  After 10hrs, the bottom of the wells were treated 

with trypsin to remove bound cells and the inserts were removed (Calbiochem, San 

Diego, CA).  The number of fluorescently labeled cells that had invaded into the collagen 

were measured using a Molecular Devices spectrophotometer (Ex:485, Em:538, and 

Cutoff:530).   For each treatment group, a set of cells were placed directly into the bottom 

chamber and used as a reference for 100% of cell invasion.  Invasion is then indicated as 

percent invasion (invaded cells/total cells). 

 

Immunoprecipitation, Immunoblotting.   

Performed as described in [154].  

 

Mice 

 

 MMTV- Wnt-1 mice on a C57Bl/6 background (Jackson Laboratories) were crossed 

onto to MMTV-MUC1 or Muc1-/- (a kind gift from Sandra Gendler, Mayo Clinic 

Scottsdale) were housed four per cage (nuliparous).  After development of 1-2 cm in 
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diameter unifocal tumors, mice were sacrificed by CO2 inhalation and tissues resected.  

All mouse studies were carried out under protocols approved by the Institutional Animal 

Care and Use Committee of the University of Arizona.  Twenty six mice of the MMFW 

genotype and twelve of the WK were generated and animals were housed until mammary 

gland tumors developed or bred for tumors.  Tumors were considered established when 

they reached 0.5cm in diameter and did not regress upon subsequent palpation.  Tumors 

were allowed to reach 1-2cm in diameter, and the animal was sacrificed and protein 

lysates and formalin fixed samples were produced from the tumors and lungs.   

 

Statistical Analysis   

All statistics were performed in Excel (Microsoft). 
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V. DISCUSSION 

 

The ErbB family of receptor tyrosine kinases (ErbB1-4), its numerous ligands, 

signaling pathways and multitude of downstream effectors and biological endpoints truly 

embodies how intricate and sophisticated signaling systems can be. If one considers the 

network as a whole, according to Citri and Yarden, ErbB signaling follows a bowtie 

model. With the large diversity of ligands at one end that stimulates a smaller number of 

receptor homo or hetero dimers. This in turn activates an even smaller number of 

signaling cascades called the core process. The core process activates numerous 

downstream effectors that result in a multitude of biological responses such as cellular 

 

 
 
Figure 5.1 The ErbB signaling network [modified from [11]] 

 

MUC1
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migration, or proliferation. In this elegant model, ErbB2 is seen as an activator of the 

system and not as a proper receptor since it cannot directly bind ligands but can enhance 

the activity of other members of the family. Cbl is added into the model as a major 

downregulator of ErbB signaling since it induces the ubiquitination of internalized EGFR 

and leads to its degradation in the lysosome (Figure 5.1 blue square). The research 

presented in this work defines a novel and important role of MUC1 as a modulator of 

EGFR, and hence a modulator of the ErbB system. 

 MUC1 is now largely accepted as a major scaffold for many different signaling 

pathways including ErbB and Wnt signaling. Many new reviews have focused on 

enumerating the roles that MUC1 and especially its short 72aa cytoplasmic domain play 

in modulating some of the most important signaling pathways in cancer [4, 13].  

However, MUC1 endocytosis and its role in cancer have not received much attention. 

Similarly to EGFR, MUC1 is internalized via clathrin coated pits and its internalization 

depends on post-translational modifications in its extracellular domain but also on 

specific sequences within its cytoplasmic domain. Interestingly, unlike EGFR, which 

ends up in the lysosome after being endocytosed, MUC1 is recycled back to the plasma 

membrane [38, 125, 127]. The ability of MUC1 to associate directly with EGFR and to 

act as a substrate for the receptor suggests an interesting role for MUC1 as a multitask 

scaffold that comes from its ability to be internalized and recycled. Because, MUC1 is 

recycled to the plasma membrane, MUC1 could alter the trafficking of the proteins to 

which it binds, such as EGFR, and direct them towards recycling. This hypothesis 

prompted us to investigate the role of MUC1 in the modulation of EGFR trafficking and 
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signaling.In our first study published in [154] and provided in chapter II, we asked 

whether MUC1 was affecting the downregulation of EGFR and whether it was achieving 

this by modulating EGFR endocytosis. We found that MUC1 inhibited the degradation of 

EGFR when stimulated with EGF. Since the main mode of EGFR regulation involves 

endocytosis of the receptor and degradation in the lysosomes; we examined the effect of 

MUC1 on EGFR trafficking. By biotinylating cell surface proteins, pulsing with EGF and 

chasing the fate of biotinylated EGFR, we found that MUC1 expression inhibited the 

degradation of surface EGFR.  When examining the internalization of the receptor we 

were surprised to learn that MUC1 enhanced EGFR internalization while decreasing 

receptor degradation.  We therefore assessed ubiquitination of EGFR as this tags the 

receptor for lysosomal degradation and loss of ubiquitination leads to EGFR recycling.  

Correspondingly, we found that MUC1 expression inhibited EGFR ubiquitination and 

observed an increase in EGFR recycling in the presence but not absence of MUC1.  

 This study provided a novel mechanism for MUC1-induced tumorigenesis.  MUC1 

inhibits EGF-induced EGFR degradation thereby prolonging EGFR signaling. In 

accordance with these findings a recent paper from our laboratory showed that EGFR-

induced breast cancer is significantly reduced in the absence of MUC1 [3].  

 While our findings defined a role for MUC1 as an inhibitor of EGFR degradation, 

our data also suggested a role for MUC1 as a regulator of endocytosis.   This opens up 

the field to further investigation of the role of MUC1 in the trafficking and cellular 

localization of all of its binding partners, knowledge which could significantly increase 

our understanding of MUC1-dependent cellular signaling in cancer.  When examining the 
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ability of MUC1 to alter the internalization and recycling pathway of EGFR we observed 

a strong colocalization of MUC1 and EGFR in perinuclear compartment after EGF 

treatment. We set out next to identify this compartment and to describe MUC1-dependent 

EGFR trafficking. 

In our second study provided in chapter III, we confirmed the previously observed 

perinuclear colocalization of MUC1 and EGFR by deconvolution and confocal 

microscopy and set out to identify the nature of this compartment. We showed that 

MUC1 colocalized with the monomeric GTPase and recycling endosome marker Rab11 

in this compartment regardless of EGF stimulation. The colocalization of Rab11 and 

RME-1 with MUC1 and EGFR at this perinuclear compartment identify it as a 

perinuclear endocytic recycling compartment (ERC). In an effort to determine the effect 

of MUC1 on EGFR trafficking to the ERC, we knocked down MUC1 and observed 

 
Figure 5.2 MUC1-dependent EGFR trafficking  

ERC Late  
endosome 
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trafficking of EGFR. We showed that while MUC1 knockdown does not inhibit EGFR 

trafficking to the Rab5-positive early endosome, localization of EGFR to the perinuclear 

ERC was lost. These results demonstrate a novel MUC1 dependent localization of EGFR 

to the ERC in breast cancer cells. Furthermore, we asked whether canonical trafficking of 

EGFR to the late endosome in response to EGF could be restored in the absence of 

MUC1. We observed a colocalization between MUC1 and the late endosome marker rab7 

only in the absence of MUC1. These results indicate that canonical trafficking of EGFR 

in these cells remains functional in the absence of MUC1 (Figure 5.2). Additionally, 

EGFR colocalized with the Eps15 homology protein RME-1 at the ERC only after EGF 

treatment and in the presence of MUC1. Interestingly, we did not observe colocalization 

of EGFR with the dominant negative G65R-RME-1 which displayed a diffuse 

cytoplasmic staining. This suggests a role for RME-1 in EGFR trafficking to the ERC 

and prompted us to assess the effect of G65R-RME-1 on downstream EGFR signaling 

and found that G65R-RME-1 did not affect AKT and ERK1/2 activation in response to 

EGF. Alternalively, we showed that G65R-RME1 increased the downregulation of 

pSTAT3 after EGF treatment Our results demonstrate a novel role for RME-1in EGFR 

trafficking and signaling and suggest that different EGFR signaling complexes follow 

different trafficking routes and that RME-1 is involved in endocytic trafficking of the 

STAT3-EGFR-MUC1 complex . Our findings correlate with previously published studies 

showing that  nuclear translocation of STAT3 and STAT3-dependent transcription are 

dependent on endocytosis and that EGFR binds STAT3 in endosomes and translocates it 

to the perinuclear region in response to EGF [188].  
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Our findings demonstrated a novel, MUC1-dependent EGFR trafficking pathway 

into the perinuclear endocytic recycling compartment and away from the late endosome 

in response to EGF. This alternate trafficking depends at least in part on RME-1 and 

affects STAT3 activation but not AKT or ERK1/2 activation downstream of EGFR. In 

addition to its role in promoting cell 

proliferation and inhibition of apoptosis, 

STAT3 can bind the MUC1 promoter 

and mediate MUC1 gene transcription 

[95, 199]. In this way, MUC1 could be 

acting in a positive feedback loop by 

activating STAT3 through its 

modulation of EGFR trafficking (Figure 

5.3) 

 Our findings thus far have defined a 

role for MUC1 as a major mediator of EGFR trafficking and signaling in human breast 

cancer cells.  While some research in vivo has defined a role for MUC1 as a regulator of 

ErbB mediated tumorigenesis [3], MUC1-regulated ErbB-driven signaling pathways 

during in vivo transformation are unknown.  In our third study provided in chapter IV, we 

explored the in vivo effect of MUC1 expression on ErbB signaling pathways that are 

relevant in breast cancer using a spontaneous mouse model of breast cancer. Because of 

their role in cellular proliferation, inhibition of apoptosis, and cellular migration; we 

examined MAPK and AKT pathway activation. We used tissue specific over expression 

 
 
Figure 5.3 STAT3 induces MUC1 
transcription  
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of MUC1 and Wnt-1 driven by the mouse mammary tumor virus promoter (MMTV). We 

compared tumors from MMTV-Wnt-1/MMTV-MUC1 double transgenics (MMFW) to 

tumors from MMTV-Wnt-1/Muc1 knockout mice (WK). We found higher levels of basal 

activation of ErbB1 and 2 and to a lesser extent ErbB3 in MMFW tumors vs WK. We 

also monitored downstream signaling pathways and, interestingly, we observed a higher 

level of activation in the PI3K/AKT pathway but not in the MAPK pathway, despite 

previous findings that ErbB3 contains six different direct p85 binding sites in its 

cytoplasmic domain and is known to preferentially activate the PI3K pathway [200]. The 

BT20 human breast cancer cell line expresses low levels of ErbB2 and ErbB3, high levels 

of ErbB1 and MUC1 and secretes Wnt3a in the cell culture medium [193, 194].  We 

observed a MUC1-dependent enhanced activation of pAKT but no change in dpERK 

activation in BT20 cells in response to EGF. This data supports our findings in MMFW 

tumors and suggests that MUC1 is promoting the preferential activation of the AKT 

pathway by binding adaptors that facilitate AKT activation by EGFR such as Grb2 or c-

Src (see introduction). Furthermore, we investigated the downstream effectors β-catenin 

and Cyclin D1 and observed a higher level of both proteins in MUC1 overexpressing 

tumors. We also investigated the migration potential of BT20 cells and showed that 

MUC1 expression did not increase the migratory potential of these cells. Interestingly, 

treatment with inhibitors against EGFR kinase and PI3K dramatically impeded migration 

only in cells that express MUC1 but not in cells treated with MUC1 siRNA. These 

findings suggest that cells that do not express MUC1 break their dependence of EGFR 

and AKT signaling and are therefore not affected by the inhibitors. In accordance with 
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this hypothesis, we were unable to detect a significant increase in migration in cells that 

express MUC1 vs cells that were knocked down for MUC1 expression. This study 

provides insight into the effects of MUC1 on EGFR signaling in vivo and its biological 

activity.  In addition, these data imply that MUC1, while on one hand modulates EGFR 

trafficking, also modulates an EGFR signaling switch between AKT and MAPK-

mediated signaling. Furthermore, we showed that, although MUC1 expression does not 

induce cell migration, its expression creates a dependency on EGFR and AKT signaling 

pathway during migration. This suggests a potential benefit in targeting the AKT 

pathway or EGFR directly when treating MUC1-overexpressing tumors. 

 The data presented herein defining MUC1 as a modulator of EGFR trafficking and 

signaling are based on the ability of MUC1 and EGFR to interact.  This interaction, 

however, only occurs in non-polarized cancer cells but not in polarized epithelia [3]. 

 The most direct conclusion would be that epithelial cells must lose their polarity in 

order for MUC1 and EGFR to interact and then promote tumorigenesis by sustained 

activation of EGFR.  While on one hand this suggests a causal effect of EGFR/MUC1 

interactions, it is conceivable that the EGFR MUC1 complex could directly contribute to 

the loss of polarity that occurs in tissues at an early stage during tumor formation.  

 One proposed involves the interaction of MUC1 and EGFR in the apical recycling 

endosome in polarized epithelia which could itself lead to loss of polarity. In normal 

cells, MUC1 is an apical protein and is recycled back to the apical side of the cell upon 

endocytosis. Like most apical proteins that undergo slow recycling, MUC1 may go 

through the apical recycling endosome. Basolateral proteins such as EGFR or the 
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transferrin receptors are recycled through a different pathway but can also be found in the 

apical recycling endosome [131].  Many events can enhance EGFR recycling 

independently of MUC1 overexpression (see introduction for details). For example, if 

either ErbB2 or EGFR are overexpressed or if the ligand TGF-α is expressed, EGFR 

recycling is enhanced. This could lead to increased colocalization of MUC1 and EGFR in 

the apical endosome and therefore to MUC1/EGFR complex formation in the apical 

recycling endosome. The interaction between MUC1 and EGFR could then act as a 

positive feedback loop, further enhancing EGFR internalization and recycling and 

inhibiting its degradation as well as mislocalizing EGFR to the apical side. This positive 

feedback loop could lead to enhanced β-catenin phosphorylation by activated EGFR 

which could lead to the dissociation of adherens junctions and to loss of polarity (Figure 

5.4).  This model fits with a study performed by Mamata Pochampalli and Ben Bitler in 

our laboratory who studied tumor progression in the WAP-TGFα (Whey acidic protein 

promoter) mouse model of breast cancer [3]. These authors showed that MUC1 and 

EGFR do not interact in normal tissues, they also observed complete colocalization in 

tumors and interestingly, a stage of intermediate colocalization in hyperplastic tissues 

which could represent the TGF-α or EGFR overexpression stage in the model presented 

in figure 5.4. This loss of polatity combined with the observed activation of the AKT 

pathway which can inhibit apoptosis and promote cellular migration and the enhanced 

expression of β-catenin and cyclinD1 could lead to cancer. This would explain the 

dramatic inhibition of TGFα induced tumorigenesis on a MUC1 knockout background 
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[3]. This model can be directly tested in polarized mammary epithelial cells, and if it is 

true, could result in loss of polarity in these cells and in tumorigenecity. 
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Figure 5.4 EGFR-MUC1 interactions could induce a loss of polarity. 
Top panel. Model of loss of polarity induced by internal interaction of MUC1 and 
EGFR. EGFR in purple, EGF blue circles MUC1 in Red E-cadherin in blue. 
ERC=endocytic recycling compartment 
 
Bottom panel, from [3] MUC1 staining in red at the apical/ luminal side (L) and 
EGFR in green at the basolateral side (S). note mislocalization of EGFR to the 
apical side in hyperplastic tissues prior to total colocalization of EGFR and MUC1 
in tumors and loss of polarity. 
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Furthermore, the role of MUC1 in the modulation of EGFR trafficking and signaling 

could have implications in other cancers that express both of these proteins such as in 

lung cancer. In fact, a recent report by Kwak et al shows very similar results to our 

findings. In this report the authors set out to identify the characteristics of Gefitinib and 

erlotinib resistant non small cell lung cancer (NSLC) cells. The authors show that one 

previously identified mutation in the EGFR kinase domain (T690M) to which this 

resistance was previously attributed is only found in a small subset of resistant cells. 

However, most resistant cells display an enhanced internalization. The mechanism 

responsible for this increase in internalization was attributed to the dissociation of anti-

EGFR antibodies at the lower pH in endosomes.  However, these authors did not further 

investigate EGFR trafficking and the possible role for MUC1 in this system. Our studies 

suggest a role for MUC1 enhanced EGFR internalization and recycling in breast cancer 

cells and could be applied to NSCLC. If this is true, then targeting the interactions of 

EGFR and MUC1 could be used to treat this subset of resistant cells. in fact, a peptide 

therapy that targets EGFR and MUC1 interactions is being developed by other authors in 

our laboratory and is effective in spontaneous mouse models of breast cancer as well as 

in xenographt models [201]. 

 A different but perhaps equally important role for receptor recycling in cellular 

migration has been demonstrated during development. In a recent study, localized RTK 

signaling at the leading edge of drosophila border cells due to EGFR recycling is thought 

to confer directionality and is essential for the migration of these cells towards the 

oocyte. Use of Cbl mutants in this system leads to a loss of directionality and cell 
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migration without loss 

of total EGFR 

signaling. In addition, 

overexpression of 

EGFR or its ligands 

does not perturb 

migration directionality 

in cells expressing 

wildtype Cbl. The 

authors proposed an 

interesting model in which, at least in the case of drosophila border cells, Cbl is acting 

not by downregulating the receptor but rather by enhancing its endocytosis. The 

endocytosed receptor is then recycled back to the surface preferentially to sites of high 

levels of signaling. In this model, endocytosis limits lateral signal diffusion along the 

plasma membrane by internalizing signaling receptors and redirecting them to the area of 

highest signaling concentration on the membrane (Figure 5.5) [2]. 

 A similar mechanism in cancer cells is possible since EGF and other ligands may be 

sequestered and present in high concentrations in the extracellular matrix. Cancer cell 

movement towards the highest concentration of ligand in the extracellular matrix by 

directional EGFR signaling is therefore conceivable. The same dependence of cellular 

directionality on trafficking is evident in integrin trafficking. Disruption of integrin 

recycling by mutant Rab4 induces a loss of high levels of integrin expression at 

 
 
Figure 5.5. EGFR recycling could direct cellular migration
 modified from [2] 
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lamellipodia and inhibition of migration [202]. Rab11 dependent slow recycling through 

the ERC (described above) seems to play an important role in migration. In fact, mutant 

Rab11 and dominant negative forms of the Rab11 GTPase inhibit migration in multiple 

cell types [203-206]. Moreover, the Rab11 family member Rab25/Rab11c (a subset of 

Rab11 that is not ubiquitously expressed) is upregulated in invasive breast cancer and 

metastatic tumors and high Rab25 expression is linked to aggressiveness of breast and 

ovarian cancer [207, 208].  
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