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ABSTRACT

The Epidermal Growth Factor Receptor (EGFR) is frequently mutated and 
overexpressed in metastatic cancer. Although EGFR is a transmembrane tyrosine 
kinase localized to the basolateral membrane in normal epithelium, it is frequently 
found intracellularly localized in transformed cells. We have previously demonstrated 
the epithelial adaptor protein mucin 1 (MUC1) alters trafficking of EGFR, inhibiting 
its degradation and promoting its translocation to the nucleus, where it can directly 
modulate gene transcription. Here, we demonstrate that MUC1 promotes the retention 
of EGF-bound EGFR in Early Endosome Antigen1 (EEA1)-positive vesicles while 
preventing its trafficking to the lysosome. These events result in the accumulation of 
endosomal vesicles harboring active receptor throughout the cell and a reorganization 
of the actin cytoskeleton. EGF-dependent cell migration and filopodia formation is 
reliant upon this altered trafficking, and can be prevented by blocking retrograde 
trafficking. Together, these results indicate that intracellular EGFR may play an 
essential role in cancer metastasis and a potential mechanism for the failure of 
therapeutic antibodies in EGFR-driven metastatic breast cancer.
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INTRODUCTION

Epidermal Growth Factor Receptor (EGFR), a 
receptor tyrosine kinase and member of the ERBB family, 
is overexpressed in cancers including glioblastoma, 
head and neck, bladder, non-small cell lung, and breast 
[1, 2]. When activated, EGFR regulates a variety of 
cellular processes, including survival, growth, migration, 
and adhesion [3]. EGFR expression is common in 
heterogeneous triple negative breast cancer (a cancer 
characterized by the lack of estrogen and progesterone 
hormone receptors and the HER2 receptor), and 
expression is associated with aggressive disease 
progression and poor survival rates [4, 5]. In normal 
tissue, ligand binding to a monomeric receptor on the 
basolateral membrane results in EGFR homo- and/or 
hetero-dimerization and transphosphorylation, providing 

active docking sites for numerous adaptor proteins. Once 
activated, EGFR primarily undergoes clathrin-mediated 
endocytosis where it maintains interactions with proteins 
such as Grb2 post-internalization, allowing for prolonged 
signal transduction from within endosomes [6, 7]. Other 
signaling pathways, including P-I3K and PLCγ, display 
increased activity once EGFR has become internalized 
[8], highlighting the location-dependent activation 
required to regulate EGFR signaling. Post-internalization, 
basolateral EGFR is predominantly trafficked through 
the early endosome to the late endosome, with the 
process terminating in the lysosome, resulting in EGFR 
degradation [6]. EGFR can also meet other fates, including 
recycling to the cell surface and retrotranslocation to the 
mitochondria and nucleus [9–11]. Retrotranslocation 
occurs when endocytosed transmembrane proteins such as 
EGFR become involved in the secretory or biosynthetic 
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pathway, such as the trans-golgi network, the endoplasmic 
reticulum, and other pathways resulting in trafficking to 
and from the plasma membrane [12, 13]. Nuclear EGFR 
has been shown to traffic via retrotranslocation pathways 
to be delivered to the nucleus from the cell surface, similar 
to other proteins which have been shown to modulate 
downstream signal transduction from within endosomes 
while trafficking internally [14, 15]. Importantly, 
intracellular and nuclear EGFR is strongly correlated with 
poor therapeutic responses and metastatic progression in 
breast cancer, resulting in a 3.4 times greater mortality risk 
[16, 17].

MUC1 is a tumor antigen that can modulate 
EGFR activity, with EGF-dependent degradation of 
EGFR inhibited by co-expression of MUC1 [18]. We 
have previously demonstrated via the WAP-TGFα 
transgenic mouse model that EGFR is colocalized with 
the oncogenic adaptor protein MUC1 in hyperplastic and 
tumor tissues and EGFR-driven breast cancer is largely 
MUC1-dependent [19]. Furthermore, the ability of EGFR 
to drive Cyclin D1 expression in tumors as well as lung 
metastasis are both MUC1-dependent. Additional studies 
demonstrated that through interactions with MUC1, 
EGFR is not degraded upon ligand binding and instead is 
recycled and/or trafficked to the nucleus, where it interacts 
with chromatin directly, including the promoter of Cyclin 
D1 [19, 20]. Finally, MUC1 can also promote EGFR-
dependent cell motility and acinar branching of breast 
cancer cells through the upregulation of c-Met [21]. 

In the present study, we investigated the mechanism 
by which MUC1 alters EGFR trafficking and drives 
metastatic progression. Here, we demonstrate that MUC1 
inhibits the targeting of EGFR to the lysosome while 
sequestering EGFR in EEA1-positive vesicles. EGFR 
in this intracellular location remains active, leading to 
retrograde trafficking-dependent formation of filopodia 
and migration while limiting the efficacy of the anti-EGFR 
antibody Cetuximab.

RESULTS

MUC1 regulates trafficking of EGFR through 
EEA1-positive endosomes

We have previously demonstrated that MUC1 
promotes EGFR-dependent breast cancer by inhibiting 
the degradation of EGFR and promoting its trafficking 
to the nucleus [18, 20]. To elucidate how MUC1 is 
altering trafficking, we investigated the effects of MUC1 
expression on the canonical trafficking patterns of EGFR. 
We began by evaluating the colocalization of MUC1 and 
EGFR with EEA1, a marker of the early endosome in both 
BT20 and MDA-MB-468 breast cancer cells (Figure 1 
and Supplementary Figure 1). To localize EGFR to the 
plasma membrane, cells were serum starved, where we 
observed plasma-membrane localized MUC1 and EGFR 

(Figure 1A, arrow). Upon treatment with 20 ng/mL EGF 
for 5 min, MUC1 and EGFR became colocalized with 
EEA1 in intracellular vesicles (Figure 1B, arrowheads). 
Unexpectedly, EGFR and MUC1 remained in EEA1-
positive vesicles for at least 60 min treatment (Figure 1C 
and 1D, arrowheads, Figure 1E). Additionally, no loss of 
EGFR expression upon EGF treatment is observed in the 
presence of MUC1, as we have previously reported [18] 
(Figure 1F).

To determine if MUC1 was required for the 
prolonged retention of EGFR in EEA1-positive 
endosomes, BT20 cells were treated with either a non-
specific control or MUC1-specific shRNA (previously 
optimized in [18, 20, 21]) and EGFR trafficking was 
followed via immunofluorescence. Cells treated with 
control shRNA (shControl; hereafter referred to as MUC1+ 
cells) behaved similarly as described in Figure 1, with 
EGFR restricted to the cell membrane in the absence of 
serum (Figure 2A), undergoing endocytosis to colocalize 
with EEA1 as early as 5 min (Figure 2B, arrowheads), 
and maintaining this colocalization throughout 60 min 
(Figure 2C and 2D, arrowheads, Figure 2E). In contrast, 
cells treated with the MUC1-specific shRNA (shMUC1; 
hereafter referred to as MUC1– cells) demonstrated a 
significantly different phenotype. In these cells, EGFR 
colocalization with EEA1 was highest after 5 min post-
EGF treatment (Figure 2G, arrowheads, Figure 2J), and 
then decreased to non-correlative levels (Figure 2H, 2I),  
as expected in EGFR trafficking to the lysosome for 
degradation [22] after initial localization at the cell 
surface post serum-starvation (Figure 2F). Verification 
of MUC1 knockdown is shown in Figure 2M, and 
experiments performed in MDA-MB-468 cells showed 
a similar phenotype (Supplementary Figure 2). As 
previously demonstrated, knockdown of MUC1 results 
in increased EGFR degradation upon EGF stimulation 
(Supplementary Figure 3). While we observed no changes 
in dual-phosphorylated ERK, we did observe an increase 
in phospho-AKT levels, a trend previously demonstrated 
to be associated with mislocalized EGFR and commonly 
found in cancers such as prostate, ovarian, and breast  
[18, 23, 24] (Supplementary Figure 3).

We had previously demonstrated that MUC1 
expression drives EGFR-dependent breast cancer (in the 
WAP-TGFα transgenic mouse model), including >60% 
reduction of EGFR-driven tumor formation in the absence 
of MUC1 [19]. To determine whether EGFR colocalization 
with EEA1 was affected by MUC1 in this model, tumor 
sections were evaluated from either WAP-TGFα / MUC1+/+ 
or WAP-TGFα/MUC1–/– mice [19]. In the presence of 
MUC1, EGFR was strongly apically localized with EEA1 
(Figure 2K, arrowhead). In the absence of MUC1, little to 
no EEA1/EGFR colocalization was observed (Figure 2L) 
Together, these data demonstrate that MUC1 is promoting 
extended interactions between EGFR and EEA1-positive 
vesicles both in vitro and in vivo.
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MUC1 does not alter initial EGFR colocalization 
with EEA1, but does inhibit trafficking to the 
lysosome

To elucidate the stage at which MUC1 alters EGFR 
endocytosis, cells were exposed to EGF and incubated 
for 10-15 min, and immunofluorescence was performed. 
In both the presence or absence of MUC1, we observed 
EGFR accumulation at the plasma membrane after serum-
starvation without EEA1 colocalization (Figure 3A, 3E). 
After 10 min treatment of EGF, EGFR is internalized and 
is associated with EEA1-positive vesicles (Figure 3B and 
3F, arrowheads). This correlation increases through 15 

min (Figure 3D, 3H), with EGFR and EEA1 colocalizing 
in vesicles throughout the cytoplasm, regardless of MUC1 
expression (Figure 3C and 3G, arrowheads). This indicates 
that MUC1 does not affect the rate at which EGFR 
progresses from the plasma membrane into EEA1-positive 
vesicles.

We next evaluated whether MUC1 alters the 
trafficking of EGFR to the lysosome. Using MDA-MB-468 
cells, EGFR localization to the lysosome was visualized 
using an EGFR-GFP fusion protein and Lysotracker 
Red during live imaging assays. In MUC1+ cells, EGFR 
fails to localize to the lysosome, even after 90 min of 
EGF treatment (Figure 3I, arrow). In contrast, EGFR in 

Figure 1: EGFR and MUC1 colocalize with early endosome markers. (A–D) BT20cells were serum-starved overnight, treated 
with 20 ng/mL EGF (B–D), and incubated at indicated times at 37°C. Arrows indicate membrane localization and arrowheads indicate 
vesicular localization. Single prime (ʻ) images represent single channel EGFR of inset, double prime (ʻʻ) images represent single channel 
MUC1 of inset, and triple prime (ʻʻʻ) images represent single channel EEA1 of inset. Scale bar represents 10 µm (A–D). Cells were 
incubated with either anti-EGFR 225 (green), anti-MUC1 Ab-5 (red), or anti-EEA1 H-300 (cyan) antibodies, and mounted with DAPI 
(blue). (E) Quantification of Pearson’s coefficient value r for EGFR-MUC1 co-association in black, EGFR-EEA1 co-association in grey. 
n ≥ 3 for all time points indicated. (F) Protein lysates were collected from BT20 cells (-S represents serum-starved; 5′, 30′, 60′ indicate 
time post-EGF treatment at 37°C incubation) and analyzed via immunoblot using the indicated antibodies. Molecular weights are indicated 
on the right.
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MUC1- cells can be found associated with the lysosome 
(Figure 3J, arrowheads; Supplementary Video 1). 
Verification of MUC1 knockdown is shown in Figure 3L. 
To determine if trafficking to the lysosome can be ablated 
independently of MUC1 knockdown in these cells, cells 
were treated with the late endosome trafficking inhibitor 
EGA (4-bromobenzaldehyde N-(2,6-dimethylphenyl)semi-
carbazone) [25]. This led to the sequestration of EGFR 
to intracellular vesicles similar to what is observed in 
MUC1+ cells (Figure 3K). We next investigated whether 
MUC1 may be promoting the mislocalization of EGFR to 
either the golgi or mitochondria, as has previously been 
demonstrated [11, 14]. Upon evaluation we found that 
EGFR failed to colocalize with the trans-golgi apparatus 
visible by antibody TGN-46. We also failed to see EGFR 

colocalization with the mitochondrial marker COX IV 
(Supplementary Figure 4). 

Intracellular pools of EGFR increase migration 
of breast cancer cells

MUC1 co-expression with EGFR can promote 
cell migration and metastasis [19, 21, 26]. To investigate 
whether intracellular pools of EGFR-MUC1-EEA1 
vesicles were associated with increased migratory 
potential, BT20 cells were evaluated by a wound-healing 
assay in the presence or absence of MUC1. After exposure 
to EGF under serum-starved conditions, both MUC1+ and 
MUC1- cells showed a significant increase in migration, 
with MUC1+ cells migrating significantly larger distances 

Figure 2: EGFR colocalization with EEA1 is prolonged and degradation is inhibited in the presence of MUC1. (A–D), 
(F–I). BT20 cells were transfected with either control- or MUC1-specific shRNA (shControl, shMUC1 respectively). Cells were serum-
starved and treated with 20 ng/mL EGF (B–D, G–I). Cells were incubated with either anti-EGFR 225 (green) or anti-EEA1 H-300 (red) and 
mounted with DAPI (blue). Arrowheads indicate vesicular localization. Single prime (‘) images represent single channel EGFR of inset, 
double prime (“) images represent single channel EEA1 of inset. (E, J) Quantification of Pearson’s coefficient value r for EGFR-EEA1 
co-association. n ≥ 3 for all time points indicated. (K, L) Mammary glands taken from WAP-TGFα / MUC1+/+ (K) or WAP-TGFα / MUC1–/–  
(L) were incubated with anti-EGFR 1005 G (green), anti-EEA1 H-300 (red). Representative images selected; n = 6. Colocalization 
highlighted by arrowhead. Scale bar represents 10 µm (A–D, F–I, K–L). (M) Protein lysates were collected from shRNA-treated BT20 
cells and analyzed via immunoblot. Molecular weights are indicated on the right. Relative levels of MUC1 were quantified using ImageJ.
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after 12 hours (Figure 4A; quantified in 4C). To determine 
the effect of MUC1 on driving migration by inhibiting 
EGFR trafficking to the lysosome, cells were treated 
with the late endosome trafficking inhibitor EGA in the 
presence or absence of EGF. We first verified that EGA 
blocked lysosomal degradation of EGFR by biotinylating 
surface EGFR and internalizing by EGF stimulation. 
We found that EGA treatment inhibited EGF-dependent 
EGFR degradation to a similar extent as MUC1 expression 

(Figure 4D). We next treated cells with EGA and evaluated 
effects on migration. While blocking EGF-dependent 
EGFR trafficking to the lysosome resulted in increased 
migration in MUC1- cells (142% increase in area, Figure 
4B; 4C), this did not occur in MUC1+ cells. This indicates 
that MUC1+ cells have already blocked lysosomal transfer 
of EGFR, making EGA treatment irrelevant. Together, 
these data indicate that MUC1 is promoting EGF-
dependent migration by promoting alternative trafficking 

Figure 3: MUC1 does not delay EGFR association with EEA1, but does alter EGFR trafficking to the lysosome. (A–C), (E–G) 
BT20 +/–MUC1 cells were generated as described in Figure 2 and analyzed. Cells were serum-starved overnight, treated with 20 ng/mL 
EGF (B–C, F–G), then evaluated. Cells were incubated with either anti-EGFR 225 (green) or anti-EEA1 H-300 (red) and mounted with 
DAPI (blue). Arrowheads indicate vesicular localization. Single prime (‘) images represent single channel EGFR of inset, double prime (“) 
images represent single channel EEA1 of inset. (D, H) Quantification of Pearson’s coefficient value r for EGFR-EEA1 co-association. n = 
3 for all time points indicated. (I–K) MDA-MB-468 cells were transfected with EGFR-GFP and transduced with MUC1-specific siRNA 
(J–K). Cells were incubated with Lysotracker Red, followed by 10 min treatment with EGF, prior to incubation with DMSO (I–J) or 20 µM 
EGA (K). Single prime (‘) images represent single channel EGFR (green), double prime (“) images represent single channel Lysotracker 
(red). Arrows indicate lysosomes, arrowheads indicate vesicular colocalization. Scale bar represents 10 µm (A–C, E–G, I–K). Protein 
lysates were made upon completion of imaging and 20 µg were separated by SDS-PAGE. (L) Relative levels of proteins were determined 
as shown. Molecular weights are indicated on the left.
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of EGFR, and that plasma membrane localized EGFR 
does not drive the pro-migratory phenotype.

Since MUC1 is redirecting EGFR away from the 
lysosome to be retained in EEA1-positive vesicles that 
are localized primarily in the perinuclear space, we next 
investigated if the migratory phenotype was dependent 
upon retrograde trafficking. To investigate retrograde 
trafficking of EGFR, MUC1+ or MUC1- cells were treated 
with the retrograde trafficking inhibitor Retro-2 [27]. 
MUC1+ cells treated with Retro-2 and EGF demonstrated 
a significant decrease (66% reduction in area) in migratory 
ability compared to those treated with DMSO (Figure 4F; 
4E, respectively) while MUC1- cells were not significantly 
affected by the addition of Retro-2 (Figures 4F; 4G). 
However, when cells were treated with Retro-2 in the 
absence of serum or ligand, MUC1 expression has little 
effect on migration (Figure 4G), indicating that MUC1-
driven migration is dependent upon EGFR undergoing 
retrotranslocation. Changes seen in migration of MUC1+ 

cells were not driven by changes in proliferation, 
regardless of EGF presence (Supplementary Figure 5). 
EGFR degradation was verified by treating cells with 
EGF and Retro-2 and measuring EGFR phosphorylation 
and expression via western blot (Figure 4H).

MUC1-driven retrograde trafficking is required 
for EGFR-dependent cytoskeletal rearrangement 
and migration

To further evaluate the MUC1-dependent retrograde 
trafficking of EGFR, we evaluated how Retro-2 treatment 
would impact the localization of EGFR and EEA1. In the 
absence of EGF, EGFR is localized to the plasma membrane 
in the presence or absence of Retro-2 (Figure 5A and 5D). 
In cells treated with DMSO, EGFR enters and remains in 
EEA1-positive intracellular vesicles upon EGF treatment as 
previously shown (Figure 5B; Figure 2C–2D). In contrast, 
when retrograde trafficking is blocked, EGFR and EEA1 
colocalization is lost in a MUC1-dependent manner (Figure 
5C). EGFR colocalization with EEA1 is unaffected by 
Retro-2 in the absence of MUC1 (data not shown). These 
data indicate that the EGFR-EEA1 vesicles are trafficking 
via retrotranslocation when in the presence of MUC1.

As retrotranslocation is required for MUC1-
dependent migration in response to EGF, we next 
evaluated whether retrotranslocation was affecting cell 
phenotype. In these experiments, cells were treated with 
Retro-2 in the presence or absence of MUC1, while 
colocalizing EGF-Alexa 647 with Phalloidin-Alexa 488. 
Without EGF treatment, actin organization was unaffected 
by the presence or absence of MUC1 (Supplementary 
Figure 6A–6B, 6E–6F). In contrast, when exposed to EGF, 
MUC1+ cells display frequent membrane extensions which 
are not seen in MUC1- cells (Supplementary Figure 6C) 
and these revert to diffusely distributed actin when MUC1+ 
cells are treated with Retro-2 (Supplementary Figure 6D). 
Note that no change was observed in MUC1- cells when 
treated with EGF in the absence or presence of Retro-2 
(Supplementary Figure 6G; 6H). To determine the identity 
of these protrusions, cells were evaluated for the formation 
of FAK-positive structures (Focal Adhesion Kinase), 
which can drive migration [28, 29]. Structures consistent 
with focal adhesions were apparent in MUC1+ cells after 
exposure to 60 min of EGF (Figure 5G, arrowheads), a 
phenotype that is lost when Retro-2 is introduced (Figure 
5H). Together, these results indicate that MUC1 is 
promoting retrograde trafficking of EGFR that results in 
the formation of FAK-positive membrane protrusions.

Previous studies have demonstrated that interactions 
between EGFR and microtubules are known to promote 
trafficking of EGFR to intracellular structures [30]. 
To elucidate the effects of MUC1 expression on the 
interaction between EGFR and the cytoskeleton, we 
evaluated the localization of EGFR upon the addition 
of EGF and nocodazole (an inhibitor of microtubule 
polymerization). After 60 min, while nocodazole does 
not block the colocalization of EGFR, MUC1, and EEA1, 
it does alter their location within the cell. The addition 
of nocodazole re-localizes EGFR, MUC1, and EEA1-
containing vesicles from the perinuclear space (Figure 5I, 
arrowhead), to the subapical region of the cell surface 
(Figure 5J, arrowhead). Nocodazole does not appear 
to effect MUC1- cells (Figure 5K). These data indicate 
that MUC1 may be blocking the association between 
EGFR and actin and re-localizing it (via microtubules) to 
perinuclear locations.

Figure 4: MUC1 promotes EGF-dependent migration through retrograde trafficking. BT20 +/–MUC1 cells were generated 
as described in Figure 2 and analyzed (A–H). (A–C) Cells were grown to confluence, serum-starved and scratched in PBS, then observed 
for migration in serum-free media with either the absence (C) or presence of 20 ng/mL EGF (A–C). Cells were also treated with either 
DMSO (A, C) or 20 µM EGA (B, C). Migration was determined by measuring the area of the wound as indicated by the white lines (A, B)  
and quantifying the difference after 12 hours (C). Scale bar represents 10 µm. n = 3. Error bars show ± standard deviation. *p < 0.05, **p 
< 0.01. (D) Cells were treated with DMSO or EGA for 15 min, then biotinylated and treated with EGF and EGA. Lysates were taken and 
immunoprecipitated using streptavidin agarose and separated by SDS-PAGE. SAP = streptavidin agarose pulldown, immunoblotted as 
shown. Molecular weights are indicated on the left. Relative levels of surface EGFR were quantified using ImageJ. (E–G) Cells were plated 
for a wound healing assay and observed for migration in serum-free media with either the absence (G) or presence of 20 ng/mL EGF (E–G). 
Cells were treated with either DMSO (E, G) or 50 µM Retro-2 (F, G). n = 3. Error bars show ± standard deviation. **p < 0.01, ***p < 0.001. 
(H) Cells were treated with DMSO or Retro-2 for 60 min, then treated with EGF and Retro-2. Lysates were taken and separated by SDS-
PAGE. Molecular weights are indicated on the left. Relative levels of total EGFR were quantified using ImageJ.
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Finally, to determine if the migration associated 
with retrograde trafficking would be affected by blocking 
interactions between EGFR and microtubules, cells were 
treated with nocodazole. Upon addition of nocodazole, 
MUC1+ cells demonstrated a significant decrease in 
migratory capacity (50% reduction in area) when 
simultaneously exposed to 20 ng/mL EGF (Figure 5L). 
This trend was not observed in MUC1- cells, which 
migrated relatively equal distances in the presence of EGF 
and nocodazole (Figure 5L). This decrease in migration 
was not due to cell death, confirmed by three-day cell 
survival assays (data not shown). Together, these data 
indicate that the retrograde trafficking driven by MUC1 
promotes a microtubule-dependent re-localization of 
EGFR that drives migration.

Intravesicular EGFR decreases the efficacy of 
extracellular-domain-targeted therapeutics

Given the apparent role of intravesicular EGFR 
in driving migration, we next investigated the effects 
of MUC1 expression on the activity of Cetuximab in 
cell survival, a monoclonal antibody directed at the 
extracellular domain of EGFR, responsible for inhibiting 
ligand binding and receptor dimerization, while promoting 
receptor internalization and degradation [31–35]. We 
observed a significant reduction in cell survival in 
MUC1– versus MUC1+ cells after 72 hours of Cetuximab 
treatment (Figure 6A; 6B), indicating the effects of 
EGFR internalization on the effectiveness of Cetuximab. 
Concentrations of Cetuximab varied between cell lines, 
as MDA-MB-468 cells display EGFR amplification 
[36, 37]. Note that while MUC1 promotes the retention 
of intracellular EGFR, it can also promote surface 
recycling of EGFR over time [18]. We also demonstrated 
no significant change in migration ability of cells when 
treated at relatively low levels of Cetuximab (levels that 
resulted in a 95% +/– 3% survival after 24 hours treatment, 
data not shown) in MUC1+ or MUC1- cells (Figure 6C), 
indicating that it is not surface EGFR responsible for 
driving migration. Taken together, retrograde trafficking 
of EGFR is responsible for driving migration in triple 

negative breast cancer, and its altered localization inhibits 
the effectiveness of the anti-EGFR antibody Cetuximab.

DISCUSSION

In this study, we demonstrate that MUC1 expression 
alters EGFR trafficking by promoting retention in EEA1-
positive vesicles while limiting trafficking to the lysosome. 
These events are driven by association with MUC1 at 
the plasma membrane, which promotes its microtubule-
dependent intracellular localization. EGFR colocalized in 
EEA1-positive vesicles undergoes retrograde trafficking 
that results in membrane protrusion and migration, 
reducing efficacy of an anti-EGFR antibody.

It was previously shown that apically localized 
EGFR is significantly less efficient at downregulation 
compared to its localization to the basolateral domain 
[38], an effect that is recapitulated by EGFR-MUC1 
colocalization. MUC1 is a highly glycosylated 
transmembrane mucin restricted to the apical surface of 
ductal epithelial cells. It is involved in signal transduction, 
inhibition of cell-cell adhesion, and promotion of cell 
migration [39–41]. In normal tissue, MUC1 undergoes 
continual endocytosis and recycling to maintain maximal 
levels of O-linked glycosylation [42]. MUC1 endocytosis 
is known to be clathrin-mediated, as well as dynamin-
dependent [43]. Vesicular MUC1 has been shown to 
require the GTPase Rab5 for fusion with early endosomes, 
but will not accumulate in sorting endosomes under 
steady-state conditions [43, 44]. The Rab5 effector EEA1 
is also essential for EGFR trafficking, as EEA1 mediates 
endosome docking and promotes vesicular fusion 
[45, 46]. Our present study indicates that the association 
of MUC1 with EGFR does not alter the entrance into 
EEA1 vesicles, but does promote their retention. Recently, 
Murray et al. demonstrated that EEA1 works to capture 
vesicles for fusion when in an extended confirmation, 
an inducible event to change from a flexible state [47]. 
Given the association of EGFR with MUC1 within 
intracellular vesicles, it is possible that MUC1 is acting 
as a conformational inhibitor to EEA1 and altering its 
transformation into the necessary extended conformation.

Figure 5: Inhibition of retrograde trafficking promotes EGFR degradation and cytoskeletal rearrangement resulting 
in a loss of migratory ability. BT20 MUC1+ cells were generated as described in Figure 2. (A–F) Cells were serum-starved overnight, 
treated with DMSO or 50 µM Retro-2 followed by 20 ng/mL EGF (B, C, E, F), then incubated with DMSO or 50 µM Retro-2. Cells were 
incubated with either anti-EGFR 225 (green) or anti-EEA1 H-300 (red) and mounted with DAPI (blue). Arrowheads indicate vesicular 
localization. Single prime (ʻ) images represent single channel EGFR of inset, double prime (ʻʻ) images represent single channel EEA1 of 
inset. (G–H) Cells were serum-starved, treated with either DMSO or 50 µM Retro-2 for 60 min, followed by 20 ng/mL EGF, then incubated 
with DMSO or 50 µM Retro-2 for 60 min. Cells were incubated with FAK A-17 (red) and phalloidin-488 (green) and mounted with DAPI 
(blue). Arrowheads indicate FAKs. Single prime (ʻ) images represent single channel phalloidin, double prime (ʻʼ) images represent single 
channel FAK. (I–K ) BT20 +/– MUC1 cells were serum-starved and treated with 20 ng/mL EGF for 60 min along with either 1 µM 
nocodazole or DMSO. Arrowheads highlight vesicular EGFR localization. Scale bar represent 10 µm (A–K). (L) shRNA-treated BT20s 
were prepared for wound healing assays, then observed for migration in serum-free media with either the absence or presence of 20 ng/mL 
EGF. Cells were also treated with either DMSO or 1 µM nocodazole. n = 3. Error bars show ± standard deviation. *p < 0.05.
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We have previously demonstrated that MUC1-
EGFR complexes are capable of localizing around 
and entering the nucleus, acting as a co-transcriptional 
activator of genes upregulated in breast cancer, such as 
cyclin D1 [20]. It has also been shown that EGFR and 
MUC1 will accumulate in the perinuclear space in 
pancreatic cancer cells after exposure to EGF stimuli 
[48], similar to our current findings (Figure 1E–1F, Figure 
2C–2D). Under oxidative stress, EGFR is capable of 
being trafficked to the perinuclear space in a non-clathrin 
mediated mechanism resulting in constitutive activation of 
the receptor [49]. EGFR has also been found to accumulate 
in the perinuclear space of cells in non-small cell lung 
cancer cells, but only under conditions in which EGFR 
has been mutated, allowing for increased interactions 
between EGFR and the cancer-associated protein Src [50], 
emphasizing the abnormality of extended EGFR retention 
in the perinuclear space. 

Retro-2 is a small molecule inhibitor that works to 
inhibit retrograde trafficking between early endosomes 
and the trans-golgi network, designed against ribosome-
inactivating proteins such as Shiga-like toxins and ricin 
[27, 51]. Unlike other retrograde inhibitors, it does not 
affect cell viability or compartment morphology [27, 52]. 

It also has been demonstrated to affect neither recycling 
of the transferrin receptor nor lysosomal degradation 
of EGFR, allowing us to study retrograde trafficking 
of EGFR without altering other canonical pathways. 
Interestingly, our results do not show EGFR/EEA1/
MUC1 vesicles joining the Trans Golgi Network, but 
instead being maintained as discrete vesicles within the 
cell over time. Furthermore, this localization is strongly 
associated with EGF-dependent migration that is lost upon 
the breakdown of microtubules.  

Filopodia have been observed extensively in 
metastatic cells and can drive migration and metastasis 
(reviewed in [53]). Some studies have shown that 
upregulated FAK, which is found in filopodia, are also 
associated with more than 80% of primary breast cancer 
sites and 100% of metastatic sites [54, 55]. While these 
studies correlate filopodia-like formation and EGFR 
retrotranslocation from the cell surface to sustained 
EGFR/EEA1/MUC1 positive vesicles, future studies will 
be performed to determine the mechanism by which these 
events are linked.

Our data indicate that MUC1 alters EGFR 
trafficking by promoting retention in EEA1-positive 
vesicles and limiting downregulation via the lysosome. 

Figure 6: Altered localization of EGFR decreases the efficacy of Cetuximab. (A) Cell viability assay performed in BT20 cells 
over 3 days comparing treatment with Cetuximab to MUC1+ cells (black) to MUC1– cells (grey). Data shown represents mean +/– percent 
difference of assays performed in triplicate. *p < 0.05, ***p < 0.001. (B) Cell viability assay performed in MDA-MB-468 cells comparing 
treatment with Cetuximab to MUC1+ cells (black) to MUC1– cells (grey). Data shown represents mean +/– percent difference of assays 
performed in triplicate. **p < 0.01, ***p < 0.001. (C) Cells were plated for a wound healing assay as described in Figure 5 and observed 
for migration in serum-free media in either the absence or presence of 20 ng/mL EGF. Cells were treated with 0.1% DMSO or 100 ng/mL 
Cetuximab. Wound closure was determined by measuring the area of the wound and quantifying the difference after 12 hours. n = 3. Error 
bars show ± standard deviation. *p < 0.05, **p < 0.01.
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MUC1 may drive the oncogenic potential of cells by 
generating and sustaining intracellular pools of activated 
EGFR, leading to an increase in migratory events. 
Current studies have demonstrated that intracellularly-
localized EGFR is associated with poor prognosis, 
increased malignant potential, and decreased disease-
free survival rates of patients with squamous cell and 
ovarian carcinomas [26, 56, 57]. Monoclonal antibody 
treatments such as Cetuximab are therapies directed at the 
extracellular domain of EGFR, designed to inhibit ligand 
binding and dimerization [33, 58, 59]. Our data point to a 
mechanistic role for internalized EGFR and highlights the 
fact that a functional pool of EGFR does not reside on the 
cell surface, which may be inhibiting the effectiveness of 
anti-EGFR therapeutics.

MATERIALS AND METHODS

Cell culture

BT20 breast cancer cells were obtained from ATCC 
and cultured in Dulbecco’s modified Eagle’s medium 
(Corning), 10% Fetal Bovine Serum (Peak Serum Inc), 
and 1% Pen/Strep (Corning). MDA-MB-468 breast 
cancer cells were obtained from ATCC and cultured in 
RPMI-1640 medium (Corning), 5% FBS (Peak), and 1% 
Pen/Strep (Corning). Cells were tested for mycoplasma 
through the Arizona Cancer Center Experimental Mouse 
Shared Resource.

shRNA and siRNA transduction

BT20 and MDA-MB-468 cells were transduced 
with either a lentiviral control or MUC1-specific shRNA 
or siRNA construct. Particles were purchased from Sigma-
Aldrich using sequences described previously [18]. For 
shRNA transduction, briefly, 30 000 cells were plated in 
a 24-well dish and 24 hours later treated with lentiviral 
particles containing a CFP-tag with an MOI of 2. Cells 
were left untreated for 48 hours, followed by selection with 
0.2–0.3 µg/mL puromycin (Fisher Scientific) until only 
CFP-expressing cells remained. For siRNA transduction, 
100 000 cells were plated in 60mm dishes and 24 hours 
later transfected with control or MUC1 siRNA (sequence 
previously described [18]) at a concentration of 4.8 nmol 
using the manufacturer’s protocol for Lipofectamine 
RNAiMAX (Invitrogen). Experiments were performed 
after 48 hours of siRNA exposure.

Immunofluorescence

Cell culture 

30 000 cells were plated in plastic 8-chamber slides 
(Falcon) and allowed to reach 90% confluency. Cells 

were serum-starved 16 hours, treated for 10 min on ice 
with 20 ng/mL EGF (Corning)-containing SF MEM or 
RPMI, washed with PBS, and then incubated for 5–120 
min at 37°C in SF MEM or RPMI. Cells were fixed with 
4% PFA (Santa Cruz) for 5 min, then permeabilized with 
0.5%Triton-X 100/0.05% NaN3/PBS for 15 min. Cells 
were blocked for 60 min in 20% FBS/0.05% NaN3, 
followed by incubation with primary antibodies in 10% 
FBS/0.05% NaN3 overnight at 4°C. Cells were washed 
3X in 10% FBS/0.05% NaN3 (washing buffer), followed 
by 60 min treatment with secondary antibodies in washing 
buffer at RT in the dark. Cells were washed 6X in washing 
buffer, then treated with ProLong Diamond Antifade 
Mountant with DAPI (Molecular Probes). Slides incubated 
O/N at RT, before being imaged or stored at 4°C.

Phalloidin staining 

Cells were treated with either 0.2% DMSO or 50 
µM Retro-2 for 60 min at 37°C in SF MEM, followed 
by new SF MEM with either DMSO or Retro-2 with 
20 ng/mL EGF-647 (EGF biotinylated complexed with 
647-streptavidin, Molecular Probes) for 60 min at 37°C. 
Cells underwent quick fixation with Alexa-Fluor 488 
Phalloidin (Molecular Probes) in 4% PFA for 20 min at 
4°C in the dark. Cells were washed 3X in 1X PBS and 
treated with ProLong Antifade with DAPI (Molecular 
Probes).

Mammary glands 

Glands were taken as previously described [19]. 
Glands were deparaffinized in xylenes, followed by 
EtOH/PBS hydration. Glands were treated for 3 min 
with Fc Receptor blocker (Innovex Biosciences), then 
incubated 20 min at RT in 3% BSA/PBS. Glands were 
incubated with Cyto Q HRP Enhancing Wash Buffer 
(Innovex Biosciences) for 30 seconds, then incubated with 
primary antibodies in blocking buffer O/N at 4°C. Glands 
were washed 5 × 30 sec in Enhancing Wash Buffer, then 
incubated in secondary antibodies in PBS O/N at 4°C. 
Glands were washed 5 × 30 sec in Enhancing Wash Buffer 
before being mounted with ProLong Diamond Antifade. 
(Molecular Probes). All animals were maintained as 
outlined by University of Arizona Institutional Animal 
Care and Use Committee (IACUC).

Antibodies 

For cell culture, primary and secondary antibodies 
were used at 1:300 concentrations. EGFR clone 225 
(Milipore). MUC-1 Ab-5 (Thermo Fisher Scientific). 
EEA1 H-300 (Santa Cruz Biotechnology). COX-IV (Cell 
Signaling 3E11). TGN46 (Sigma 7576). FAK A-17 (Santa 
Cruz) was used at a 1:50 primary and 1:100 secondary 
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concentration. For mammary glands, primary antibodies 
were used at 1:300 concentrations; secondary antibodies 
were used at 1:500 concentrations. EGFR 1005-G (Santa 
Cruz Biotechnology). AlexaFluor 488 donkey anti-mouse 
IgG (Invitrogen), AlexaFluor 594 donkey anti-rabbit 
IgG (Invitrogen), AlexaFluor 594 donkey anti-goat IgG 
(Invitrogen), AlexaFluor 647 goat anti-armenian hamster 
IgG (Jackson ImmunoResearch).

Imaging 

Cell culture images were taken at 63X using a Leica 
SP5-II confocal microscope, courtesy of the Imaging 
Shared Resource at the Arizona Cancer Center. Tissue 
images were taken using a Leica DMLB microscope and 
Leica DFC 310 FX camera mounted on a 1x C-mount 
using the LAS V4.5 software. Co-association was 
quantified using JACoP plugin for ImageJ to determine 
Pearson’s coefficients.

Western blots

Cells were lysed in ice-cold cell lysis buffer 
containing 20 mM Tris pH 7.4, 150 mM NaCl, 1% 
NP40, 5 mM EDTA pH 8.0, 1% NaF, 1% NaVO4, 
0.1% NH4Molybate, and 8% complete phosphatase and 
protease inhibitors (Roche). Lysates were sonicated 3X15 
seconds at 15amplitude using a QSonica Q55 Sonicator 
before being centrifuged for 3 minutes at 13 200 rpm at 
4°C. Supernatants were collected and stored at –80°C. 
Lysates were separated by SDS-PAGE on 5–20% or 
10% Acrylamide (Fisher Scientific) gels and transferred 
to 0.22 µm PVDF membranes (Milipore). Membranes 
were blocked in 3% BSA/TBS/0.1% Tween-20 EGFR, 
β-actin, dpERK, pAKT antibodies. Membranes were 
blocked in 3% milk/PBS/0.1% Tween-20 for EEA1; 1% 
milk/PBS/0.1% Tween-20 for AKT, MUC1. Bands were 
visualized using SuperSignal West Pico Chemiluminescent 
Substrate (Thermo Fisher Scientific).

Antibodies 

EEA1 (Abcam ab137403). β-actin (Sigma A5441). 
dpERK (Sigma M8159). pAKT T308 (Cell Signaling 
9275). AKT (Cell Signaling 9272). Secondary antibodies 
included HRP-Rabbit Anti-Goat IgG (Invitrogen), HRP-
Goat Anti-Mouse IgG (Invitrogen), HRP-Goat Anti-Rabbit 
IgG (Life Technologies), HRP-Goat Anti-Armenian 
Hamster (Jackson ImmunoResearch).

Immunoprecipitation assays

Lysates were taken as previously described 
under western blots. A working buffer of TNEN (50 
mM Tris, 150 mM NaCl, 1 mM EDTA pH 8.0, 0.5% 

NP40) + inhibitors (10 mM NaF, 2 mM NaVO4, 50 µM 
NH4Molybate, 4% complete), 0.75–1 mg of protein, 
and 1.2 µg/mL EGFR Ab-13 (NeoMarkers) were 
immunoprecipitated and then loaded into an acrylamide 
gel for SDS-PAGE.

Biotinylation assays

BT20 cells were serum-starved up to 16 hours prior. 
Cells were washed with cold 1X PBS, then treated with 
1X biotin (EZ-Link Sulfo-NHS-SS Biotin) (Thermo Fisher 
Scientific) in PBS for 30 min at 4°C. Biotinylation reaction 
was quenched by washing 3X with Tris Quenching Buffer 
(10 mM Tris pH 7.4, 154 mM NaCl). Cells were then 
treated with 20 ng/mL EGF in SF MEM for 10 min on 
ice, washed 2X with 1X PBS, and incubated at 37°C for 
5-120 min in SF MEM. Lysates were taken as previously 
described and immunoprecipitated.

Lysotracker/Live imaging

MDA-MB-468 cells were transfected with an 
EGFR-GFP construct (a kind gift from G. Carpenter) 
and maintained with 0.5 mg/mL G418(Geneticin) (Life 
Technologies) selection. Cells were treated with 150 nM 
Lysotracker DND-99 (Molecular Probes) for 80 min at 
37°C. Lysotracker-containing media was removed and 
cells were treated with SF RPMI + 20 ng/mL EGF and 
imaged every 5 min for up to 120 min using the Leica 
SP5-II confocal microscope at 63X at 37°C.

Wound healing assays

50–100 000 cells were plated in 24-well dishes 
and allowed to reach 95% confluency. Cells were serum-
starved, then covered in PBS and scratched with a p200 
pipette tip. SF media with or without EGF (20 ng/mL), 
and with or without inhibitors (20 µM EGA (Milipore), 
50 µM Retro-2 (1085, Sigma), 1 µM Nocodazole (1665, 
Sigma), 100 ng/mL Cetuximab (Milipore), or inhibitor 
controls – 0.1–0.2% DMSO) was added onto cells, and 
imaged every 4 hours. Images were quantified using 
ImageJ to determine the difference in area of the scratch 
against time 0 distance. n = 3 for each experimental group. 
Each experiment was repeated with at least 3 biological 
replicates using different cell lines and transductions. 
Graphical representation used the mean as the center 
value with error bars representing on standard deviation 
in each direction. P-values were calculated from a one-
way ANOVA.

Cell viability assay

2 000 cells were plated in 96-well dishes and 
allowed to grow for 2 days. Cells were then treated with 
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various concentrations of Cetuximab or Retro-2 for 72 
hours. Percent survival was calculated by comparing the 
treated wells to relative vehicle-treated cells.

ACKNOWLEDGMENTS

We would like to thank Dr. Graham Carpenter for 
the EGFR-GFP construct. We would like to thank Dr. S. 
Kel-Eton and Dr. Y. Odoonce for their assistance with 
experimental design.

CONFLICTS OF INTEREST 

The authors declare no conflicts of interest.

FUNDING 

Research was supported by the NIH (NIH 
CA023074) to JS and DB, the Ginny Clements Breast 
Cancer Research Fund to JS, (T32CA009213) and the 
Tim and Diane Bowden Fellowship to SM, and the NCI 
(CCSG P30 CA023074).

Editorial note 

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’ 
response and revisions as well as expedited peer-review 
in Oncotarget

REFERENCES

1. Yarden Y, Sliwkowski MX. Untangling the ErbB Signaling 
Network. Nat Rev Mol Cell Biol. 2001; 2:127–37.

2. Hynes NE, Lane HA. ERBB receptors and cancer: the 
complexity of targeted inhibitors. Nat Rev Cancer. 2005; 
5:341–54.

3. Yarden Y. The EGFR family and its ligands in human 
cancer: signalling mechanisms and therapeutic 
opportunities. Eur J Can. 2001; 37:S3–S8.

4. Nakajima H, Ishikawa Y, Furuya M, Sano T, Ohno 
Y, Horiguchi J, Oyama T. Protein expression, gene 
amplification, and mutational analysis of EGFR in triple-
negative breast cancer. Breast Cancer. 2014; 21:66–74.

5. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, 
Sawka CA, Lickley LA, Rawlinson E, Sun P, Narod SA. 
Triple-negative breast cancer: clinical features and patterns 
of recurrence. Clin Cancer Res. 2007; 13:4429–34.

6. Sorkin A, Goh LK. Endocytosis and intracellular trafficking 
of ErbBs. Exp Cell Res. 2009; 315:683–96.

7. Miaczynska M, Pelkmans L, Zerial M. Not just a sink: 
endosomes in control of signal transduction. Curr Opin Cell 
Biol. 2004; 16:400–6.

 8. Vieira AV, Lamaze C, Schmid SL. Control of EGF Receptor 
signaling by clathrin-mediated endocytosis. Science. 1996; 
274:2086–9.

 9. Roepstorff K, Grandal MV, Henriksen L, Knudsen SL, 
Lerdrup M, Grovdal L, Willumsen BM, van Deurs B. 
Differential effects of EGFR ligands on endocytic sorting 
of the receptor. Traffic. 2009; 10:1115–27.

10. Lin SY, Makino K, Xia W, Matin A, Wen Y, Kwong KY, 
Bourguigon L, Hung MC. Nuclear localization of EGF 
receptor and its potential new role as a transcription factor. 
Nat Cell Biol. 2001; 3:802–8.

11. Boerner JL, Demory ML, Silva C, Parsons SJ. 
Phosphorylation of Y845 on the epidermal growth factor 
receptor mediates binding to the mitochondrial protein 
cytochrome c oxidase subunit II. Mol Cell Biol. 2004; 
24:7059–71.

12. Johannes L, Popoff V. Tracing the retrograde route in 
protein trafficking. Cell. 2008; 135:1175–87.

13. Bonifacino JS, Rojas R. Retrograde transport from 
endosomes to the trans-Golgi network. Nat Rev Mol Cell 
Biol. 2006; 7:568–79.

14. Wang YN, Wang H, Yamaguchi H, Lee HJ, Lee HH, Hung 
MC. COPI-mediated retrograde trafficking from the Golgi 
to the ER regulates EGFR nuclear transport. Biochem 
Biophys Res Commun. 2010; 399:498–504.

15. Cox LJ, Hengst U, Gurskaya NG, Lukyanov KA, Jaffrey 
SR. Intra-axonal translation and retrograde trafficking of 
CREB promotes neuronal survival. Nat Cell Biol. 2008; 
10:149–59.

16. Hadzisejdic I, Mustac E, Jonjic N, Petkovic M, Grahovac B. 
Nuclear EGFR in ductal invasive breast cancer: correlation 
with cyclin-D1 and prognosis. Mod Pathol. 2010; 
23:392–403.

17. Li C, Iida M, Dunn EF, Ghia AJ, Wheeler DL. Nuclear 
EGFR contributes to acquired resistance to cetuximab. 
Oncogene. 2009; 28:3801–13.

18. Pochampalli MR, el Bejjani RM, Schroeder JA. MUC1 is 
a novel regulator of ErbB1 receptor trafficking. Oncogene. 
2007; 26:1693–701.

19. Pochampalli MR, Bitler BG, Schroeder JA. Transforming 
growth factor alpha dependent cancer progression is 
modulated by Muc1. Cancer Res. 2007; 67:6591–8.

20. Bitler BG, Goverdhan A, Schroeder JA. MUC1 regulates 
nuclear localization and function of the epidermal growth 
factor receptor. J Cell Sci. 2010; 123:1716–23.

21. Horm TM, Bitler BG, Broka DM, Louderbough JM, 
Schroeder JA. MUC1 drives c-Met-dependent migration 
and scattering. Mol Cancer Res. 2012; 10:1544–54.

22. Wiley HS, Shvartsman SY, Lauffenburger DA. 
Computational modeling of the EGF-receptor system: 
a paradigm for systems biology. Trends Cell Biol. 2003; 
13:43–50.



Oncotarget6476www.impactjournals.com/oncotarget

23. Greenwood E, Maisel S, Ebertz D, Russ A, Pandey R, 
Schroeder J. Llgl1 prevents metaplastic survival driven 
by Epidermal Growth Factor dependent migration. 
Oncotarget. 2016; 7:60776–92. https://doi.org/10.18632/
oncotarget.11320.

24. Liu B, Su Y, Li T, Yuan W, Mo X, Li H, He Q, Ma D, Han W.  
CMTM7 knockdown increases tumorigenicity of human 
non-small cell lung cancer cells and EGFR-AKT signaling 
by reducing Rab5 activation. Oncotarget. 2015; 6:41092–
107. https://doi.org/10.18632/oncotarget.5732.

25. Gillespie EJ, Ho CC, Balaji K, Clemens DL, Deng G, 
Wang YE, Elsaesser HJ, Tamilselvam B, Gargi A, Dixon 
SD, France B, Chamberlain BT, Blanke SR, et al. Selective 
inhibitor of endosomal trafficking pathways exploited by 
multiple toxins and viruses. Proc Natl Acad Sci. 2013; 
110:E4904–12.

26. Lau TS, Chan LK, Wong EC, Hui CW, Sneddon K, Cheung 
TH, Yim SF, Lee JH, Yeung CS, Chung TK, Kwong J. 
A loop of cancer-stroma-cancer interaction promotes 
peritoneal metastasis of ovarian cancer via TNFalpha-
TGFalpha-EGFR. Oncogene. 2017; 36:3576–87.

27. Stechmann B, Bai SK, Gobbo E, Lopez R, Merer G, 
Pinchard S, Pangai L, Tenza D, Raposo G, Beaumelle 
B, Sauvaire D, Gillet D, Johannes L, et al. Inhibition 
of retrograde transport protects mice from lethal ricin 
challenge. Cell. 2010; 141:231–42.

28. Livasy CA, Moore D, Cance WG, Lininger RA. Focal 
adhesion kinase overexpression in endometrial neoplasia. 
Appl Immunohistochem Mol Morphol. 2004; 12:342–5.

29. Lightfoot HM Jr, Lark A, Livasy CA, Moore DT, Cowan D, 
Dressler L, Craven RJ, Cance WG. Upregulation of focal 
adhesion kinase (FAK) expression in ductal carcinoma in 
situ (DCIS) is an early event in breast tumorigenesis. Breast 
Cancer Res Treat. 2004; 88:109–16.

30. Du Y, Shen J, Hsu JL, Han Z, Hsu MC, Yang CC, Kuo HP, 
Wang YN, Yamaguchi H, Miller SA, Hung MC. Syntaxin 
6-mediated Golgi translocation plays an important role in 
nuclear functions of EGFR through microtubule-dependent 
trafficking. Oncogene. 2014; 33:756–70.

31. Corkery B, Crown J, Clynes M, O’Donovan N. Epidermal 
growth factor receptor as a potential therapeutic target in 
triple-negative breast cancer. Ann Oncol. 2009; 20:862–7.

32. Baselga J, Gomez P, Greil R, Braga S, Climent MA, 
Wardley AM, Kaufman B, Stemmer SM, Pego A, Chan A, 
Goeminne JC, Graas MP, Kennedy MJ, et al. Randomized 
phase II study of the anti-epidermal growth factor receptor 
monoclonal antibody cetuximab with cisplatin versus 
cisplatin alone in patients with metastatic triple-negative 
breast cancer. J Clin Oncol. 2013; 31:2586–92.

33. Chames P, Van Regenmortel M, Weiss E, Baty D. 
Therapeutic antibodies: successes, limitations and hopes 
for the future. Br J Pharmacol. 2009; 157:220–33.

34. Sunada H, Magun BE, Mendelsohn J, MacLeod CL. 
Monoclonal antibody against epidermal growth factor 
receptor is internalized without stimulating receptor 

phosphorylation. Proc Natl Acad Sci U S A. 1986; 
83:3825–9.

35. Brand TM, Iida M, Wheeler DL. Molecular mechanisms 
of resistance to the EGFR monoclonal antibody cetuximab. 
Cancer Biol Ther. 2011; 11:777–92.

36. Subik K, Lee JF, Baxter L, Strzepek T, Costello D, Crowley 
P, Xing L, Hung MC, Bonfiglio T, Hicks DG, Tang P. The 
Expression Patterns of ER, PR, HER2, CK5/6, EGFR, 
Ki-67 and AR by Immunohistochemical Analysis in Breast 
Cancer Cell Lines. Breast Cancer (Auckl). 2010; 4:35-41.

37. Jensen MR, Schoepfer J, Radimerski T, Massey A, Guy 
CT, Brueggen J, Quadt C, Buckler A, Cozens R, Drysdale 
MJ, Garcia-Echeverria C, Chene P. NVP-AUY922: a small 
molecule HSP90 inhibitor with potent antitumor activity in 
preclinical breast cancer models. Breast Cancer Res. 2008; 
10:R33.

38. Kuwada SK, Lund KA, Li XF, Cliften P, Amsler K, Opresko 
LK, Wiley HS. Differential signaling and regulation of 
apical vs. basolateral EGFR in polarized epithelial cells. 
Am J Physiol. 1998; 275:C1419–C28.

39. Li X, Wang L, Nunes DP, Troxler RF, Offner GD. 
Suppression of MUC1 Synthesis Downregulates Expression 
of the Epidermal Growth Factor Receptor. Cancer Biol 
Ther. 2005; 4:968–73.

40. Gendler SJ. MUC1, The Renaissance Molecule. J Mammary 
Gland Biol Neoplasia. 2001; 6:339–53.

41. Rakha EA, Boyce RW, Abd El-Rehim D, Kurien T, Green 
AR, Paish EC, Robertson JF, Ellis IO. Expression of mucins 
(MUC1, MUC2, MUC3, MUC4, MUC5AC and MUC6) 
and their prognostic significance in human breast cancer. 
Mod Pathol. 2005; 18:1295–304.

42. Altschuler Y, Kinlough CL, Poland PA, Bruns JB, Apodaca 
G, Weisz OA,  Hughey RP. Clathrin-mediated Endocytosis 
of MUC1 is Modulated by its Glycosylation State. Mol Biol 
Cell. 2000; 11:819–31.

43. Liu X, Yuan Z, Chung M. MUC1 intra-cellular trafficking 
is clathrin, dynamin, and rab5 dependent. Biochem Biophys 
Res Commun. 2008; 376:688–93.

44. Kinlough CL, McMahan RJ, Poland PA, Bruns JB, 
Harkleroad KL, Stremple RJ, Kashlan OB, Weixel KM, 
Weisz OA, Hughey RP. Recycling of MUC1 is dependent 
on its palmitoylation. J Biol Chem. 2006; 281:12112–22.

45. Christoforidis S, McBride HM, Burgoyne RD, Zerial M. 
The Rab5 effector EEA1 is a core component of endosome 
docking. Nature Letters. 1999; 397:621–5.

46. Leonard D, Hayakawa A, Lawe D, Lambright D, Bellve 
KD, Standley C, Lifshitz LM, Fogarty KE, Corveras S. 
Sorting of EGF and transferrin at the plasma membrane and 
by cargo-specific signaling to EEA1-enriched endosomes. J 
Cell Sci. 2008; 121:3445–58.

47. Murray DH, Jahnel M, Lauer J, Avellaneda MJ, Brouilly 
N, Cezanne A, Morales-Navarrete H, Perini ED, Ferguson 
C, Lupas AN, Kalaidzidis Y, Parton RG, Grill SW, et al. An 



Oncotarget6477www.impactjournals.com/oncotarget

endosomal tether undergoes an entropic collapse to bring 
vesicles together. Nature. 2016; 537:107–11.

48. Merlin J, Stechly L, de Beauce S, Monte D, Leteurtre E, van 
Seuningen I, Huet G, Pigny P. Galectin-3 regulates MUC1 
and EGFR cellular distribution and EGFR downstream 
pathways in pancreatic cancer cells. Oncogene. 2011; 
30:2514–25.

49. Khan EM, Heidinger JM, Levy M, Lisanti MP, Ravid T, 
Goldkorn T. Epidermal growth factor receptor exposed to 
oxidative stress undergoes Src- and caveolin-1-dependent 
perinuclear trafficking. J Biol Chem. 2006; 281:14486–93.

50. Chung BM, Raja SM, Clubb RJ, Tu C, George M, Band V, 
Band H. Aberrant trafficking of NSCLC-associated EGFR 
mutants through the endocytic recycling pathway promotes 
interaction with Src. BMC Cell Biol. 2009; 10:84.

51. Park JG, Kahn JN, Tumer NE, Pang YP. Chemical structure 
of Retro-2, a compound that protects cells against ribosome-
inactivating proteins. Sci Rep. 2012; 2:631.

52. Noel R, Gupta N, Pons V, Goudet A, Garcia-Castillo MD, 
Michau A, Martinez J, Buisson DA, Johannes L, Gillet 
D, Barbier J, Cintrat JC. N-methyldihydroquinazolinone 
derivatives of Retro-2 with enhanced efficacy against Shiga 
toxin. J Med Chem. 2013; 56:3404–13.

53. Machesky LM. Lamellipodia and filopodia in metastasis 
and invasion. FEBS Lett. 2008; 582:2102–11.

54. Weiner TM, Liu ET, Craven RJ, Cance WG. Expression 
of focal adhesion kinase gene and invasive cancer. Lancet. 
1993; 342:1024–25.

55. Twarock S, Tammi MI, Savani RC, Fischer JW. Hyaluronan 
stabilizes focal adhesions, filopodia, and the proliferative 
phenotype in esophageal squamous carcinoma cells. J Biol 
Chem. 2010; 285:23276–84.

56. Hoshino M, Fukui H, Ono Y, Sekikawa A, Ichikawa K, 
Tomita S, Imai YJ, Imura J, Hiraishi H, Fujimori T. Nuclear 
expression of phosphorylated EGFR is associated with 
poor prognosis of patients with esophageal squamous cell 
carcinoma. Pathobiology. 2007; 74:15–21.

57. Psyrri A, Yu Z, Weinberger PM, Sasaki C, Haffty B, Camp 
R, Rimm D, Burtness BA. Quantitative determination of 
nuclear and cytoplasmic epidermal growth factor receptor 
expression in oropharyngeal squamous cell cancer by using 
automated quantitative analysis. Clin Cancer Res. 2005; 
11:5856–62.

58. Herbst RS, Fukuoka M, Baselga J. Gefitinib - a novel 
targeted approach to treating cancer. Nat Rev Cancer. 2004; 
4:956–65.

59. Nahta R, Esteva FJ. Herceptin: mechanisms of action and 
resistance. Cancer Lett. 2006; 232:123–38.


