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ABSTRACT 

In cancer, protein functions are hijacked by the cell to promote disease progression. 

Mucin1 (MUC1) is over-expressed in more than 90% of breast cancer carcinomas. One of 

MUC1’s most important interactions is with EGFR, a member of the ErbB family of receptor 

tyrosine kinases. Previously, it has been shown that MUC1 inhibits ligand-dependent 

degradation of EGFR and promotes its recycling back to the membrane. Recent discoveries 

indicate that EGFR can enter the nucleus and directly activate transcription of cell cycle 

regulators such as cyclin D1. In light of these findings, we decided to study the effect of MUC1 

on the subcellular localization of EGFR. Using siRNA-mediated knockdown of MUC1 

expression, we showed that MUC1 upregulates EGFR levels in the membrane and nucleus of 

two breast epithelial cell lines. We also found that MUC1 and EGFR interact in the cytosol and 

nucleus of these cells. As a next step, we attempted to mutate the Nuclear Localization Sequence 

of the MUC1 gene, so that it could be used to study the effect of MUC1’s nuclear translocation 

on the nuclear localization of EGFR. Our discoveries indicate that MUC1 may play a direct role 

in EGFR-mediated gene transcription, leading to cell proliferation and tumor growth.   
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I. INTRODUCTION 

Breast cancer is the second leading cause of cancer deaths among women worldwide. In 

2007, an estimated 1.3 million new cases of invasive breast cancer were diagnosed among 

women. In the same year, the estimated number of deaths due to breast cancer was 465,000 [1].   

Taking the various types of cancer into consideration, 1.4 million tumors are collectively 

diagnosed in the US each year. Of these, approximately 900,000 tumors are estimated to express 

high levels of a protein called Mucin1 or MUC1 [2]. With respect to breast cancer alone, MUC1 

is found to be over-expressed in greater than 90% of breast cancer carcinomas [3]. This 

information suggests that MUC1 may be playing an important role in promoting tumor growth 

and metastasis. Over the last few decades, MUC1’s role in tumor growth and progression has 

become increasingly apparent with new discoveries about its interactions with the protein 

products of a variety of oncogenes in the cell.  

Structure of MUC1 

MUC1 is a heavily O-glycosylated heterodimeric transmembrane protein that is localized 

to the apical membrane of secretory epithelium. It consists of two subunits. The large mucin-like 

N-terminal subunit (MUC1-N) comprises the extracellular domain, tandem repeat sequences rich 

in serine and threonine residues and some degenerate repeats.  The C-terminal subunit (MUC1-

C) consists of the stem connecting the two subunits, the transmembrane domain, and the 

cytoplasmic domain which contains 7 highly conserved tyrosine residues. Five of these tyrosine 

residues can be phosphorylated and act as binding motifs for proteins containing SH2 domains 

[2]. The cytoplasmic domain of MUC1 (MUC1-CD) is known to interact with the products of 

many oncogenes. 
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Protein Interactions of the MUC1-CD 

Phosphorylated tyrosine residues in the MUC1-CD can interact with proteins such as the 

erbB receptor family of tyrosine kinases, Src, PI-3K, PKCδ, Shc, PLCγ, STATs, Grb2 and Cbl. 

Recruitment of these proteins to the MUC1-CD can lead to a multitude of cell fates including 

cell proliferation, differentiation, inhibition of apoptosis and invasion [3].  

Apart from these tyrosine residues, the MUC1-CD contains sequences which allow it to 

interact with proteins such as GSK-3β and β-catenin. The MUC1-CD contains a SAGNGGSSLS 

sequence, through which it interacts with β-catenin, a major player in the Wnt pathway [4].  

EGFR and Src phosphorylation of MUC1 on the YEKV sequence can increase its binding to β-

catenin [14]. It was recently discovered that the MUC1-C can accumulate in the cytoplasm of 

transformed cells, undergo oligomerization and enter the nucleus by associating with 

Nucleoporin62 (Nup62) and importin-β [5]. Although MUC1 does not have a classical Nuclear 

Localization Sequence (NLS), the MUC1-C contains a sequence of three basic amino acids, 

RRK. Mutation of this RRK motif inhibits Heregulin-mediated nucleolar localization of MUC1, 

indicating that this sequence may be a non-classical NLS [6]. Once in the nucleus, MUC1-C 

interacts with β-catenin and acts as a coactivator of transcription of Wnt target genes. MUC1-C 

is also known to associate with p53 and affect transcription of p53 target genes [2]. The 

sequences on a portion of the MUC1-C that interact with various proteins are shown in Figure 1.   

 
Figure 1. Modified from Schroeder et al. [4].  Interactions of the MUC1 cytoplasmic tail.
Some of the proteins that the cytoplasmic tail of MUC1 interacts with are PKCδ, GSK3β, 
EGFR, Src and β-catenin. EGFR phosphorylates MUC1 on the Y of the YEKV sequence.  
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MUC1 in Cancer Cells 

In cancer cells, MUC1 is often found to be underglycosylated, and loses its apical 

localization. This loss of localization allows MUC1 to interact with proteins that it normally does 

not interact with. For example, MUC1 associates with β-catenin only in primary tumor and 

metastatic cells [4]. One of the most important interactions of MUC1 is with a protein called the 

Epidermal Growth Factor Receptor (EGFR), also known as erbB1. EGFR is localized to the 

basolateral membrane of the cell. In normal mammary glands of mice, interactions between 

MUC1 and EGFR are not detected since they are localized to different surfaces of the cell. 

However, in transgenic WAP-TGFα mice, MUC1 and pEGFR were found to co-localize in 

sections of hyperplastic tissue and in transformed cells (Figure 2). Therefore, loss of MUC1’s 

apical localization mediates its interaction with EGFR [3].  

 

 

 

 

Figure 2. Modified from Schroeder et al. [3]. Co-localization of pEGFR and MUC1 in mammary gland 
sections of WAP-TGFα mice. In normal tissue, MUC1 (red) is localized to the apical surface whereas 
pEGFR (green) is basolaterally localized. Therefore, there is no interaction between them. In hyperplastic 
tissue, MUC1-pEGFR interactions (co-localization shown in yellow) are detected beneath the apical 
surface of ductal epithelium. In tumor tissue, MUC1 and pEGFR can be seen to co-localize throughout 
the cytoplasm. Arrows- areas of co-localization , S- stromal compartments, L- ductal lumens.  
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Canonical EGFR Signaling 

EGFR or erbB1 belongs to the erbB family of receptor tyrosine kinases. The erbB family 

is comprised of erbB1, erbB2, erbB3 and erbB4. All the members of the erbB family are 

localized to the basolateral membrane of the cell. EGFR has many ligands, such as the Epidermal 

Growth Factor (EGF), amphiregulin, HB-EGF, and TGFα. On binding ligand, EGFR homo- or 

heterodimerizes with members of the erbB family and undergoes transphosphorylation. The 

phosphorylated tyrosine residues can then be recognized by proteins possessing an SH2 domain 

[15].  An example is Grb2/SOS which can recognize the phosphorylated tyrosine on EGFR and 

relay the signal to Ras, which is part of the MAP kinase pathway. Downstream targets of this 

pathway include ERK1 and ERK2 which are suspected to play a role in promoting cell 

proliferation. One of the important target genes of the MAP kinase pathway is cyclin D1, which 

is an important regulator of the cell cycle that promotes the G1 to S phase transition.  Therefore, 

EGFR is known to activate signaling cascades by means of its tyrosine kinase activity [15].  

EGFR is over-expressed or over-activated in close to 60% of basal-like breast cancers 

[21]. It is expressed on normal cells at levels ranging from 20,000 to 200,000 receptors per cell. 

In contrast, tumorigenic cell lines such as the MDA-MB-468 breast cancer cells, express up to 

two million EGFR receptors per cell [7]. In the past, over-expression of EGFR has been 

considered an important factor leading to the over-activation of the MAP kinase pathway, in turn 

resulting in increased cell proliferation and tumorigenesis. EGFR is also part of many other 

pathways such as the PI-3K, PLCγ and STAT pathways (Figure 3). Considering EGFR’s role in 

these various pathways and its pro-oncogenic activities, many anti-cancer drugs have been 

designed to inhibit its tyrosine kinase activity. Some popular drugs that target EGFR’s tyrosine 

kinase activity are getifinib (also known as Iressa) and erlotinib [7]. However, these kinase 
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inhibitors are not very effective in cancer treatment, perhaps because kinase activity is not 

EGFR’s only mechanism of action in the cell.    

Direct Nuclear Translocation of EGFR   

  Recently, it has been discovered that EGFR has the ability to enter the nucleus, bind to 

promoter regions and directly activate gene transcription [8]. EGFR and other members of the 

erbB family are known to contain a functional transactivational domain. Since receptors in the 

ErbB family are not known to contain a DNA binding domain, they may first associate with 

transcription factors, and then enhance target gene transcription through their transactivational 

activity [19].  Although the exact mechanism by which EGFR enters the nucleus is yet to be 

determined, possible mechanisms for its nuclear translocation have been proposed. Since EGFR 

is a transmembrane protein that is found in a non-membranous environment in the nucleus, one 

of the first steps in the nuclear translocation process must achieve extraction of the protein from 

the lipid bilayer [9, 19]. One possible mechanism involving the Endoplasmic Reticulum 

Associated Degradation pathway (ERAD) indicates that EGFR could be transported to the 

Endoplasmic Reticulum (ER) and then to the cytoplasm by associating with the Sec61 

translocon. Once in the cytoplasm, EGFR can associate with HSP70 and importin-β, which can 

transport it into the nucleus [9].   

 Nuclear EGFR is known to associate with AT-rich sequences (ATRS), such as the 

promoter regions of cyclin D1, iNOS and B-Myb. Therefore, nuclear EGFR effects the 

transcription of two important cell cycle regulators, cyclin D1 and B-Myb, both of which induce 

the G1/S phase transition leading to cell proliferation (Figure 3). This has led to the identification 

of nuclear EGFR as an indicator of poor prognosis in ovarian and breast cancer [10, 11].  
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MUC1’s Interaction with EGFR 

MUC1 interacts with EGFR through a YEKV sequence in its cytoplasmic tail. Our lab 

has previously discovered that MUC1 has the ability to inhibit ligand-dependent degradation of 

EGFR, leading to increased recycling of the receptor back to the cell surface [12]. In this way, 

MUC1 was thought to be potentiating EGFR signaling in the MAP kinase pathway. In an EGFR-

dependent tumorigenesis mouse model of breast cancer, WAP-TGFα, tumors from Muc1+/+ mice 

significantly expressed more cyclin D1 protein than MUC1-/- tumors [3]. Since cyclin D1 is an 

effector gene in the MAPK pathway, this suggests that MUC1 potentiates EGFR signaling. 

However, in light of recent discoveries indicating that EGFR can enter the nucleus and directly 

Figure 3. Adapted from Lo and Hung [19]. EGFR promotes cell proliferation in multiple ways. A. Canonical 
EGFR signaling. EGFR’s tyrosine kinase activity leads to the activation of signaling cascades in various 
pathways. B. Nuclear EGFR pathway. EGFR can enter the nucleus, and directly induce transcription of genes 
such as cyclin D1, B-Myb and iNOS. In addition to ligand binding, nuclear translocation of EGFR can be 
stimulated by radiation, cisplatin, heat and H2O2. 



8 
 

promote gene transcription, MUC1’s effect on the subcellular localization of EGFR and 

specifically its nuclear translocation needs to be investigated (Figure 4). Furthermore, since 

MUC1 also has the ability to enter the nucleus by associating with Nup62 and importin-β, it will 

be interesting to examine whether the nuclear localization of MUC1 has an effect on the nuclear 

translocation of EGFR. These two aims have been discussed in this paper. Considering that 

nuclear EGFR is a prognostic marker in cancer, determining whether MUC1 plays a role in its 

nuclear translocation will provide invaluable information for the design of anti-cancer drugs that 

target EGFR’s pro-oncogenic activities.  

 

 

 

II.  
III.  

A. B. 

Figure 4.  The fate of internalized EGFR depending on cell type and interaction with MUC1. EGFR-blue, 
MUC1-red, EGF-yellow. A. Normal cell. In a normal cell, MUC1 is localized to the apical epithelium whereas 
EGFR is localized to the basolateral membrane of the cell. Therefore, interactions between MUC1 and EGFR 
are minimal. On binding ligand, EGFR undergoes homo- or heterodimerization and is internalized in a 
clathrin-coated vesicle. It is passed on to the early endosome, to the late endosome, and ultimately to the 
lysosome for degradation. MUC1 on the apical surface is constitutively recycled through the Golgi to undergo 
repeated rounds of glycosylation [20].  B. Cancer cell. In a cancer cell, MUC1 loses its apical localization and 
is found distributed throughout the cell. MUC1 has been shown to inhibit the ligand-dependent degradation of 
EGFR and promote recycling of the receptor back to the membrane [12]. However, it is unknown whether 
MUC1 also promotes nuclear translocation of EGFR through the ERAD pathway.
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II. MATERIALS AND METHODS 
 

Cell Culture 

The two cell lines used for the fractionation experiment were MCF10A and MDA-MB-

468. MCF10A are normal breast epithelial cells, whereas MDA-MB-468 are tumorigenic cells. 

MCF10A cells were maintained in RPMI with 10% FBS, 1% Penicillin-streptomycin, 10 ng/ml 

cholera toxin, 0.5 µg/ml hydrocortisone and 5ng/ml EGF. The MDA-MB-468 cells were grown 

in RPMI with 10% FBS and 1% Penicillin-streptomycin.  The cells were grown to 70-80% 

confluency before use for transfection. 

Transfection with siRNA 

The siRNA used in the RNAi experiment was designed from the DNA sequence 

(5’AAGACTGATGCCAGTAGCACT-3’) in human MUC1 (Qiagen). Control siRNA was 

purchased from Qiagen. Cells were transfected with MUC1 siRNA and control siRNA using 

Lipofectamine 2000 (Invitrogen). The cells were incubated with transfection solution for 5 hours. 

After this time, the transfection solution was replaced with complete medium containing 10% 

FBS and 1% Penicillin-streptomycin. 

Growth Factor Treatment 

Prior to fractionation, cells were serum-starved overnight. The cells that were to be used to study 

the effect of EGF treatment were incubated with 10 ng/ml receptor grade EGF (Invitrogen) for 

10 minutes on ice. Free EGF was then washed away using cold 2X PBS and serum-free media 

was added. The cells were incubated at 37ºC for the required time period before fractionation 

was performed.   
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Differential Detergent Fractionation 

  The differential detergent fractionation protocol followed was modified from [13]. The 

authors that first described this procedure indicated that the fraction purity should be >90%.  

Cells were scraped off the plates and resuspended in cold PBS. They were then centrifuged for 2 

minutes at 1500 rpm, and the PBS was removed.       

Digitonin Extraction 

The stock digitonin buffer was made of 0.01% digitonin, 100mM NaCl, 300mM sucrose, 

10mM PIPES (pH 6.8), 3 mM MgCl2 and 5mM EDTA. Prior to use, the digitonin lysis buffer 

was prepared with stock digitonin buffer and protease inhibitors- NaF, NaVan, Complete 

(Sigma) and NH4Molybdate. The pellet of cells obtained from the centrifugation was 

resuspended in 300 uL of digitonin lysis buffer, and incubated on ice for 5 minutes. The 

insoluble material was then pelleted (10 min at 2200 rpm) and the supernatant was stored as the 

cytosolic fraction. 

TritonX-100 Extraction 

The stock triton-X buffer was made of 0.5% TritonX-100, 100Mm NaCl, 300mM 

sucrose, 10mM PIPES (pH 7.4), 3mM MgCl2 and 3mM EDTA. As mentioned above, the lysis 

buffer was prepared with protease inhibitors. The pellet of insoluble material obtained from the 

previous centrifugation was resuspended in 300uL of TritonX-100 lysis buffer, and incubated on 

ice for 5 minutes. It was then subjected to centrifugation (10 min at 7400 rpm) and the 

supernatant was stored as the membrane fraction. 
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Tween-40/Deoxycholate Extraction 

The stock Tween40/DOC buffer consisted of 1% Tween-40, 10mM NaCl, 0.5% 

Deoxycholate, 10mM PIPES (pH 7.4) and 1mM MgCl2. The lysis buffer was prepared as 

discussed above. 600uL of this buffer was added to the cells. The samples were then dounced 20 

times and sonicated 3 times at level 1 for 10 seconds each. After this, they were centrifuged (10 

min at 8600 rpm) and the supernatant was removed as the nuclear fraction.  

 Chromatin-bound nuclear protein fractions were extracted using the Subcellular Protein 

Fractionation Kit from Thermo Scientific.  

Protein concentrations for all fractions were determined by Bicinchoninic Acid assay 

(from Thermo Scientific). All the samples were stored at -80ºC.  

Immunoprecipitation and Immunoblotting 

For the immunoprecipitation experiment, protein fractions were incubated with EGFR 

Ab-13 (Thermo Scientific) in TNEN buffer with protease inhibitors for an hour on ice. Protein G 

agarose beads (Invitrogen) were then added to each sample, and the samples were tumbled for 3 

hours at 4ºC. The IPs were washed with cold TNEN buffer 3 times. 2X SDS-PAGE buffer was 

then added to each sample.  

For both the immunoprecipitation and the immunoblotting, the samples were run on 10% 

SDS-PAGE gels and transferred onto PVDF membranes. The membranes were blocked with 

either 3% milk/PBST or 3% BSA/TBST depending on the primary antibody. The EGFR (1005), 

Myosin IIa and Histone H3 antibodies were purchased from Santa Cruz Biotechnologies. The 

MUC1, EGFR (ab-13) and BAP31 antibodies were from Neomarkers, Thermo Scientific and 

Affinity Bioreagents respectively.  
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After immunoblotting, the membrane was treated with Super Signal West Pico 

Chemoluminescent Substrate (Thermo Scientific) and the film (from Imagetech-B) was 

developed using a Konica SRX-101C. 

 Site-Directed Mutagenesis 

Strategy 1- In this reaction, we attempted to mutate all 9 nucleotides corresponding to the RRK 

sequence using one set of primers. Using the PhusionTM Site-Directed Mutagenesis Kit from 

Finnzymes, the mutagenesis reaction was attempted using the following primers- 

2.20.09MUC1nlsMUT       5’-[Phos]-TGTCAGTGCGCAGCAGCAAACTAC-3’ 

2.20.09MUC1nls                5’-[Phos]-TAGTTTGCTGCTGCGCACTGACAG-3’ 

Strategy 2- We designed primers to mutate nucleotides corresponding to each amino acid, one at 

a time. Again, we used the PhusionTM Site-Directed Mutagenesis Kit to perform the reactions.  

3.12.09mutR2muc1           5’-[Phos]-CAGTGCCGCGCAAAGAAC-3’ 

3.12.09R2muc1                 5’-[Phos]-GCGGCACTGACAGACAGC-3’ 

3.12.09mutR2K3muc1      5’-[Phos]-CAGTGCCGCGCAGCAAACTAC-3’ 

Strategy 3- This strategy involved using multiple PCR reactions and then cloning using 

restriction enzymes. Refer to Figure 5 for the detailed procedure.  

Transformation of Competent Cells and Isolation of Plasmid 

PCR product obtained from the mutagenesis reactions were used to transform competent 

cells. The E. coli cells were plated on agar with ampicillin and colonies were allowed to grow 

overnight. Transformed colonies were then picked, placed in LB broth with ampicillin and 



13 
 

allowed to shake at 37ºC overnight. The plasmid DNA was isolated and was sent for sequencing 

to the Proteomics Facility (GATC, University of Arizona) to check whether the mutagenesis had 

been successful.   

  

 

 

 

Figure 5. Procedure for Site-directed Mutagenesis Stategy 3. PCR was performed on CMV-MUC1 
using 2 non-mutagenic primers to make copies of the 900 bp fragment not including the tandem 
repeat region. This fragment contains restriction enzyme splice sites for EcoN1 and Bsg1. PCR was 
then performed on this fragment using two sets of primers, with one primer in each set being 
mutagenic. This should produce two fragments of length 642 bp and 313 bp, each one containing 
mutated nucleotides coding for AAA instead of RRK. Denaturation and extension will then yield one 
fragment containing the mutations. The mutant sequence will be inserted into a TA plasmid. 
Restriction enzyme digests will be performed on the TA and CMV-MUC1 plasmids. The small 
fragment of TA plasmid and large fragment of CMV-MUC1 will be isolated and ligated together to 
yield a CMV-MUC1 plasmid which contains a mutated NLS (RRK  AAA). 
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III.  RESULTS 
 

MUC1 expression upregulates EGFR levels in the membrane and nucleus 

 Previously, it has been shown that MUC1 inhibits the ligand-dependent degradation of 

EGFR and increases its recycling back to the membrane [12]. It has also been observed that 

MUC1 expression correlates with increased cyclin D1 expression, in the WAP-TGFα model of 

EGFR-mediated tumorigenesis [3]. The increase in cyclin D1 expression was suspected to be an 

effect of MUC1’s inhibition of EGFR degradation, resulting in potentiation of EGFR signaling in 

the MAPK pathway, and consequently in the over-expression of cyclin D1.  However, some 

papers have proposed that nuclear localization of EGFR is necessary for cyclin D1 expression 

[22]. This suggests another possible mechanism by which MUC1 may promote cyclin D1 

expression. MUC1 could potentially influence EGFR’s nuclear localization, in addition to 

promoting its recycling back to the membrane. We studied this possibility in two cell lines- the 

immortalized, normal breast epithelial cell line MCF10A, and the tumorigenic cell line, MDA-

MB-468. We sought to determine if knocking down MUC1 expression in these cells would 

affect EGFR’s subcellular localization, with particular interest in MUC1’s effects on its nuclear 

localization.  

 Using siRNA, we transiently knocked down MUC1 expression in both MDA-MB-468 

and MCF10A cells. We also treated cells with non-specific control siRNA that had no effect on 

MUC1 expression, so that we could use it as a standard for examining differences in protein 

levels and localization. Based on previous findings which indicate that receptor internalization is 

an important first step for nuclear translocation of EGFR, we treated cells with EGF to induce 

ligand-mediated endocytosis of the receptor [17]. The time period of EGF treatment was 
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determined based on earlier fractionation experiments. The most distinct differences in EGFR 

nuclear localization was observed at 120’ EGF treatment (data not shown). Moreover, since we 

wanted to examine gross changes in EGFR levels, we had to allow time for ligand-dependent 

degradation of EGFR when MUC1 is absent, or its recycling back to the membrane in MUC1-

positive conditions. EGFR degradation starts occurring at approximately 30 minutes after 

treatment with ligand [12]. Therefore, the optimal time period for EGF treatment was set at 120’. 

We also used cells that were serum-starved, as a control. Cells from both the serum starvation 

and EGF treatment groups were then subjected to serum starvation, to synchronize receptors on 

the membrane of the cells. 

 Next, we performed fractionation on the cells to extract membrane, cytosolic and nuclear 

proteins. After separating fractions using SDS-PAGE, we immunoblotted for EGFR and MUC1. 

Successful MUC1 knockdown can be seen in the MUC1 siRNA-treated cells for both MCF10A 

and MDA-MB-468 (Figure 6A and Figure 6B, panel 2). We also immunoblotted for membrane 

(BAP31), cytosolic (Myosin IIa) and nuclear (Histone H3) markers to determine fraction purity. 

For MDA-MB-468 cells, all the fractions were very pure (Figure 6A). For MCF10A cells, a low 

level of cytosolic contamination was detectable in other fractions, but considered relatively 

insignificant (Figure 6B).  

 On immunoblotting for EGFR in both cell lines, we found that there was a distinct 

difference in EGFR levels in the membrane and nucleus after 120’ EGF treatment when MUC1 

was present versus when it was absent (Figure 6). This indicates that the presence of MUC1 

upregulates nuclear and membrane EGFR levels in both MCF10A and MDA-MB-468 cells after 

stimulation by ligand. Interestingly, we could also see a significant difference in nuclear EGFR 

levels in serum-starved cells that were not subjected to EGF stimulation, in both cell lines. The 
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presence of EGFR in the nucleus in the absence of ligand stimulation is a result that has never 

been shown before. Although there were minor differences in cytosolic levels of EGFR in the 

presence and absence of MUC1, it is important to note that this result was inconsistent when 

compared to replicate experiments. At this time, no inferences can be made regarding MUC1’s 

effect on cytosolic levels of EGFR. However, the fractionation experiments have clearly 

indicated that MUC1 has a dual effect on the levels of EGFR in both the membrane and nucleus. 

MUC1 has previously been demonstrated to upregulate EGFR levels in the membrane [12]. 

However, the finding that MUC1 increases EGFR levels in the nucleus is novel, and has 

significant implications.            
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Figure 6. MUC1 upregulates EGFR levels in the membrane and nucleus. A. MDA-MB-468 cells, and 
B. MCF10A cells, were transfected with control siRNA (+) or MUC1 siRNA (-). Prior to fractionation, 
the cells were serum-starved overnight. The cells were then left in serum starvation medium (-Serum) or 
treated with 10ng/mL EGF for 120’. Membrane, cytosolic and nuclear fractions were extracted, 
separated by SDS-PAGE and immunoblotted for EGFR and MUC1. They were also immunoblotted for 
BAP31, Myosin IIa and Histone H3 to determine fraction purity.  Note: Longer exposure times 
indicated low levels of membrane contamination in all fractions 

A. 

B. 
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MUC1 interacts with EGFR in the cytosol and nucleus of MDA-MB-468 cells 

After finding out that MUC1 increases membrane and nuclear levels of EGFR in 

MCF10A and MDA-MB-468 cells, we sought to determine whether MUC1 and EGFR directly 

interact in the latter cell line. MUC1 and EGFR co-localization has previously been detected 

under the apical membrane of hyperplastic cells and throughout the cytoplasm of fully 

transformed cells from mice [3]. Since MUC1 is known to enter the nucleus by associating with 

Nup62 and importin-beta, we were particularly interested in finding out whether MUC1 and 

EGFR associate in the nucleus of cells [5].  

We transfected MDA-MB-468 cells with MUC1 siRNA to knock down MUC1 

expression. We also used cells treated with non-specific control siRNA as a standard for 

comparison. We then left some of the cells in serum-starvation medium while we treated the 

others with EGF for 120’. This was followed by serum-starvation of both groups to synchronize 

EGF receptors at the membrane, and then cell fractionation to separate membrane, cytosolic and 

nuclear proteins. Next, the fractions were immunoprecipitated for EGFR, separated by SDS-

PAGE and immunoblotted for both MUC1 and EGFR. Immunoblotting for EGFR showed that 

the immunoprecipitation had worked well for all fractions except for the cytosolic 120’ EGF-

treated MUC1-positive sample.  

 Immunoblotting for MUC1 showed that MUC1 interacts with EGFR in both the cytosol 

and nucleus of MDA-MB-468 cells. These interactions are detectable under both serum 

starvation and 120’ EGF treatment conditions, indicating that the association of MUC1 with 

EGFR is not EGF-dependent. Interestingly, MUC1-EGFR interactions were not detected in the 

membrane fractions. It is possible that any interactions between MUC1 and EGFR in the 
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membrane fractions were disrupted by the detergent used to extract the membrane protein, 

Triton-X100. This is likely, since Triton-X100 is a very strong detergent. To determine if MUC1 

and EGFR are interacting at the plasma membrane, we will perform an immunofluorescence 

study.  

The finding that MUC1 and EGFR interact in the nucleus of MDA-MB-468 cells 

suggests that MUC1 may play a more direct role in EGFR-mediated tumorigenesis than 

previously suspected.  

 

 

 

 

 

 

 

 

 

Figure 7.  MUC1 and EGFR interact in the cytosol and nucleus of MDA-MB-468 cells. Cells were 
transfected with either control siRNA (+) or MUC1 siRNA (-). Before fractionation, cells were serum-
starved overnight, and then left in serum starvation medium (-Serum) or treated with 10ng/mL EGF for 
120’. Membrane, cytosolic and nuclear fractions were extracted. The fractions were immunoprecipitated 
with EGFR antibody (Ab-13) or control IgG and then separated by SDS-PAGE. The membrane was 
immunoblotted for MUC1 and EGFR.   



20 
 

 Figure 8. MUC1 increases chromatin-bound 
EGFR levels in EGF treated MDA-MB-468 
cells. Cells were transfected with control 
siRNA(+) or MUC1 siRNA(-). Prior to 
fractionation, the cells were serum-starved 
overnight. The cells were then treated with 
10ng/mL EGF for 120’. The chromatin-
bound nuclear fraction was extracted using 
the Subcellular Protein Fractionation Kit. The 
fractions were separated using SDS-PAGE 
and immunoblotted for EGFR. 

MUC1 expression upregulates levels of chromatin-bound EGFR in MDA-MB-468 cells 

We have showed that MUC1 increases levels 

of EGFR in the nucleus of two cell lines- MCF10A 

and MDA-MB-468 cells. However, to determine 

whether this nuclear EGFR is associating with 

DNA, we decided to examine the levels of EGFR 

bound to chromatin. 

After transfecting MDA-MB-468 cells with 

MUC1 siRNA or control siRNA, the cells were treated 

with EGF to induce receptor internalization. Following 

serum starvation to synchronize receptors on the cell 

membrane, we performed cell fractionation using the 

Subcellular Protein Fractionation Kit from Thermo Scientific. This kit allowed us to extract 

chromatin-bound nuclear fractions. We then separated the fractions using SDS-PAGE and 

immunoblotted for EGFR to examine levels of chromatin-bound EGFR when MUC1 was present 

versus when it was absent. We observed that there was clearly more EGFR in the chromatin-

bound nuclear fraction in the presence of MUC1 (Figure 8). This is in line with the finding that 

there is more EGFR in the nucleus in the presence of MUC1. Nuclear EGFR must therefore be 

associating with chromatin and possibly binding to promoter regions of genes to induce 

transcription.   
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Performing site-directed mutagenesis on the CMV-MUC1 plasmid was unsuccessful  

The finding that MUC1 and EGFR interact in the nucleus suggests that the nuclear 

translocation of MUC1 might be important in promoting EGFR-mediated gene transcription. It is 

also possible that the nuclear translocation of EGFR may be dependent on MUC1’s nuclear 

localization. To study this possibility, a plasmid containing the MUC1 gene with a mutated 

Nuclear Localization Sequence (NLS), can be inserted into a cell line that expresses low levels of 

endogenous MUC1 (such as the MDA-MB-453). We can then perform fractionation on these 

cells and immunoblot for EGFR to examine the effect of inhibiting MUC1’s nuclear localization 

on nuclear levels of EGFR. However, the first step in this entire process is to perform a 

successful mutagenesis reaction on the NLS of the MUC1 gene (contained in a CMV plasmid). 

We sought to mutate the nine nucleotides corresponding to the MUC1 NLS so that they code for 

AAA instead of RRK.  

In our first approach, we attempted to mutate all nine nucleotides corresponding to the 

three amino acids, RRK, using one set of primers corresponding to the mutation sites, and a high 

fidelity DNA polymerase to PCR amplify the MUC1 containing plasmid . This approach was 

unsuccessful since nine nucleotides are too large a sequence to be mutated using a single primer. 

After transforming competent cells using the product of the mutagenesis reaction, we obtained a 

few colonies. However, after isolating the plasmid and sequencing it, we found out that the 

sample was composed of un-mutated MUC1 DNA sequence. 

Our second approach was to use the same PCR method, but to mutate nucleotides 

corresponding to each amino acid, one at a time. After transforming competent cells with the 

product of the first reaction which attempted to mutate nucleotides that correspond to the second 
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R, we obtained a few colonies. However, on sending the DNA for sequencing, we again found 

out that the sequence was un-mutated.  

The reason why both approaches did not work might be due to the high number of 

tandem repeats in the extracellular domain part of the MUC1 gene. According to the mutagenesis 

protocol we were using, the tandem repeat region found in MUC1 could have caused problems 

during the PCR reaction such as the dissociation of DNA polymerase enzyme from the DNA 

template. Considering this possible explanation, we tried a new approach to eliminate this 

problem. 

Partial progress made on new approach to mutate MUC1 NLS 

 To overcome the issue with the tandem repeats, we attempted to do a PCR and isolate the 

portion of the MUC1 gene after the tandem repeat region (Pre-reaction).  The template for this 

reaction was a CMV plasmid that contained the wildtype MUC1 gene.  This portion of the 

MUC1 gene that we amplified was located between two restriction enzyme splice sites- one is an 

EcoN1 splice site on the MUC1 gene while the other is a Bsg1 splice site on the CMV part of the 

plasmid.  Following this reaction, we planned to isolate the amplified portion of MUC1 and use it 

as the template DNA for the next set of mutation PCRs. After running out the pre-reaction 

product on an agarose gel and isolating the band at approximately 900 bp using gel extraction, 

we performed two PCR reactions on this product with two separate sets of primers. For each 

reaction, one of the primers in the set was mutagenic. The product of the first reaction (Reaction 

1) was expected to be 642 bp in length, while the product of the second (Reaction 2) was 

expected to be 313 bp. The products were separated on an agarose gel, the bands were excised 

and the DNA was isolated using gel extraction. The PCR products for the pre-reaction, reactions 

1 and 2 are shown in Figure 9. Due to time constraints, the rest of the mutagenesis and cloning 
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procedure could not be attempted as of yet. However, our next step will be to use the products 

from reactions 1 and 2 and perform a single extension with a DNA polymerase that lacks 5’ to 3’ 

proofreading activity.  This reaction should allow us to clone the mutated MUC1 fragment into a 

TA plasmid.  After the mutated gene is in the TA plasmid, we can incubate the TA and the CMV 

plasmids with the restriction enzymes (EcoN1 and Bsg1) and ligate our mutated MUC1 sequence 

into the CMV plasmid.  Refer to figure 5 for a flowchart of experimental approach.  Once these 

steps are performed and the DNA is cloned, the plasmid can be sequenced to confirm mutation 

of the nuclear localization sequence.  

 

 

   

 

 

 

Figure 9. The Pre-reaction and Reactions 1 and 2 were successful. PCR was performed on the CMV-
MUC1 plasmid to make the 900 bp fragment that contains splice sites of restriction enzymes EcoN1 and 
Bsg1, and excludes the tandem repeat region of the MUC1 gene. The product was isolated using gel 
extraction. PCR was then performed on the pre-reaction product using two sets of primers, with one 
primer in each set being mutagenic. The expected reaction 1 and reaction 2 products were 642 bp and 313 
bp in length. These bands could be seen on the agarose gel. The rest of the mutagenesis experiment is still 
in progress. 
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IV.  DISCUSSION 

We report here that MUC1 expression upregulates EGFR levels in the membrane and 

nucleus of two cell lines- MCF10A and MDA-MB-468.  Our lab has previously showed that 

MUC1 promotes EGFR recycling back to the membrane [12]. This finding is recapitulated by 

the results of our fractionation experiments, showing higher membrane EGFR levels after 120’ 

EGF treatment when MUC1 is present. However, the observation that MUC1 expression 

increases nuclear levels of EGFR has not been reported previously. We have also showed here 

that MUC1 interacts with EGFR in the cytosol and nucleus of MDA-MB-468 cells.  In addition, 

we found out that MUC1 expression upregulates chromatin-bound EGFR levels in MDA-MB-

468 cells. Together, these results indicate that MUC1 may play a more direct role in EGFR-

mediated transcription of genes than we previously suspected.  

The results of the fractionation experiments raise a host of new questions to be answered. 

For one, MUC1’s upregulation of nuclear EGFR is observed not only in EGF treated cells, but 

also in cells that have been serum-starved.  The model for EGFR nuclear translocation proposed 

by Carpenter et al. indicates that receptor activation and endocytosis are key steps in this process 

[9]. However, the level of EGFR in the nucleus in the presence of MUC1 under serum starvation 

conditions suggests that perhaps MUC1 is not promoting nuclear import of EGFR as previously 

suspected. It is possible that MUC1 is instead promoting retention of EGFR that is already in the 

nucleus, by inhibiting its export to the cytosol. CRM1 is the exportin that facilitates export of 

EGFR from the nucleus [17]. MUC1 could somehow be inhibiting the interaction of EGFR with 

CRM1, thereby promoting its nuclear retention. If this were the case, retention of EGFR in the 

nucleus would allow it to continually activate transcription of genes such as cyclin D1, and 

promote cell proliferation at an enhanced rate.   
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However, if MUC1 is in fact promoting nuclear import of EGFR, how does it do so in the 

absence of receptor activation and endocytosis? The model for EGFR nuclear translocation 

suggests that EGFR may travel through the Golgi to the ER, and then undergo retrotranslocation 

to the cytosol [9]. Interestingly, MUC1 is constitutively recycled through the Golgi as it 

undergoes repeated rounds of glycosylation [20]. In the absence of ligand-mediated endocytosis, 

it is possible that EGFR may travel along with MUC1 to the Golgi as it is being recycled. The 

Golgi could then act as a portal for EGFR’s entry into the ERAD pathway, which would 

facilitate transport of the receptor to the nucleus.   

EGFR has a tripartite NLS which allows it to enter the nucleus [18]. But, whether nuclear 

transport of EGFR is dependent on MUC1’s nuclear translocation is a question that still needs to 

be investigated. Once the MUC1 NLS in the CMV-MUC1 plasmid is successfully mutated from 

RRK to AAA, a cell line expressing low levels of endogenous MUC1 (such as MDA-MB-453) 

can be transfected with the mutant plasmid. Performing fractionation on the cells and 

immunoblotting for EGFR in the nuclear fractions will show whether inhibiting the nuclear 

transport of MUC1 affects levels of nuclear EGFR. Unraveling MUC1’s role in nuclear import 

or retention of EGFR will be crucial for designing drugs that will potentially inhibit EGFR’s 

nuclear translocation and thereby inhibit tumor growth. 
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V. FUTURE DIRECTIONS 

 Now that it is clear that MUC1 and EGFR associate in the nucleus of cells, it is important 

to determine if MUC1 plays a direct role in EGFR-mediated gene transcription. This can be 

achieved by performing ChIP (Chromatin Immunoprecipitation) assays that will enable us to 

study differences in EGFR binding to DNA (promoter sequences) in the presence and absence of 

MUC1. The difference in levels of chromatin-bound EGFR when MUC1 is present and absent 

already suggests that MUC1 influences EGFR’s function as a transcriptional activator (Figure 8).  

 As mentioned in the discussion, two questions that need to be investigated are whether 

MUC1 promotes nuclear retention of EGFR, and whether MUC1/EGFR interactions promote 

EGFR’s entry into the ERAD pathway through the Golgi. The first question can be addressed by 

investigating differences in EGFR/CRM1 interaction when MUC1 is present or absent. This can 

be done by transfecting cells with MUC1 siRNA or control siRNA, taking lysates, 

immunoprecipitating EGFR and immunoblotting for CRM1. The second question can be 

addressed by determining whether MUC1 and EGFR interact in the Golgi. This can be studied 

by extracting the Golgi fraction from cells using an Organelle Fractionation Kit, 

immunoprecipitating MUC1 and immunoblotting for EGFR.  

 The results of the fractionation experiments were similar for the normal breast epithelial 

cells, MCF10A, as well as the tumorigenic cells, MDA-MB-468. MUC1 and EGFR do not 

interact in normal cells in vivo since they are both localized to different parts of the epithelium. 

However, cells used in the experiments probably did not establish polarity since they were grown 

two-dimensionally in cell culture dishes. It will be interesting to grow these normal epithelial 

cells three-dimensionally on collagen matrix to allow them to establish polarity. We could then 
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perform experiments that target EGFR localization to the apical membrane instead of the 

basolateral membrane, and examine if promoting MUC1/EGFR interactions promotes cell 

proliferation or cell migration. 

 Considering what is already known about MUC1’s role as EGFR’s ‘partner in crime’, it 

is important to work on developing drugs that target this interaction. Dr. Schroeder’s lab has 

recently developed an intracellular peptide called PMIP which mimics the MUC1 cytoplasmic 

tail and inhibits MUC1’s interactions with EGFR and β-catenin. PMIP treatment has been shown 

to significantly reduce proliferation, migration and invasion of metastatic cells in vitro. Injection 

of PMIP into tumor-bearing MMTV-pyV mT transgenic mice also resulted in tumor regression 

and a marked reduction in tumor growth rate [16]. It will be interesting to examine whether 

treatment of cells with PMIP has an effect on nuclear levels of EGFR. Since fractionation 

experiments have shown that MUC1 affects the nuclear accumulation of EGFR, it is possible 

that PMIP may succeed in preventing this occurrence by inhibiting MUC1/EGFR interactions. 

 There are still many experiments that need to be performed before we can determine the 

specifics of MUC1’s hand in EGFR-mediated tumorigenesis. However, once we do find out, we 

will have a wealth of information that can be utilized to target both MUC1’s and EGFR’s 

oncogenic activities. 
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