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Abstract

Apical-basal polarity and epithelial integrity are maintained in part by the Crumbs (CRB) 

complex. The C-terminal subunit of MUC1 (MUC1-C) is a transmembrane protein that is 

expressed at the apical border of normal epithelial cells and aberrantly at high levels over the 

entire surface of their transformed counterparts. However, it is not known if MUC1-C contributes 

to this loss of polarity that is characteristic of carcinoma cells. Here it is demonstrated that MUC1-

C downregulates expression of the Crumbs complex CRB3 protein in triple-negative breast cancer 

(TNBC) cells. MUC1-C associates with ZEB1 on the CRB3 promoter and represses CRB3 

transcription. Notably, CRB3 activates the core kinase cassette of the Hippo pathway, which 

includes LATS1 and LATS2. In this context, targeting MUC1-C was associated with increased 

phosphorylation of LATS1, consistent with activation of the Hippo pathway, which is critical for 

regulating cell contact, tissue repair, proliferation and apoptosis. Also shown is that MUC1-C-

mediated suppression of CRB3 and the Hippo pathway is associated with dephosphorylation and 

activation of the oncogenic YAP protein. In turn, MUC1-C interacts with YAP, promotes formation 

of YAP/β-catenin complexes and induces the WNT target gene MYC. These data support a 

previously unrecognized model in which targeting MUC1-C in TNBC cells (i) induces CRB3 

expression, (ii) activates the CRB3-driven Hippo pathway, (iii) inactivates YAP, and thereby (iv) 

suppresses YAP/β-catenin-mediated induction of MYC expression.

Implications—These findings demonstrate a previously unrecognized role for the MUC1-C 

oncoprotein in the regulation of polarity and the Hippo pathway in breast cancer.
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Introduction

Epithelia are comprised of a laterally connected layer of cells with apical-basal polarity. The 

epithelial stress response is associated with loss of apical-basal cell polarity and disruption 
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of cell-cell adhesion (1, 2). Loss of polarity thereby constitutes an early step in the epithelial 

to mesenchymal transition (EMT), whereby epithelial cells acquire invasive and migratory 

properties. Apical-basal polarity is maintained by: (i) the Scribble complex (Scrib, Dlg, Lgl) 

responsible for establishing the basolateral membrane domain, (ii) the PAR complex (Cdc42, 

PAR3/ASIP, PAR6, atypical protein kinase C) at the apical-lateral junctions between cells, 

and (iii) the Crumbs complex (Crb, PALS, PATJ, Lin7), which defines the apical membrane 

(2). Cell polarity is thus maintained as a result of mutual interactions among the PAR, CRB 

and SCRIB complexes (3). Three orthologs of the Drosophila Crb protein are expressed in 

human tissues, named CRB1, CRB2, and CRB3, of which CRB3 is predominantly found in 

epithelial cells and suppresses epithelial tumor progression (2). Additionally, CRB3 

functions as a tumor suppressor by activating the Hippo signaling network (mammalian 

orthologs SAV1, MST1/2 and LATS1/2) (4, 5). The Hippo pathway has been linked to 

cancer stem-like cells, invasion, DNA repair and therapeutic resistance (4, 6–8). Moreover, 

the Hippo pathway intersects with the canonical WNT/β-catenin pathway (4, 9). The major 

downstream effectors of the Hippo pathway are the transcriptional co-activator with PDZ-

binding motif (TAZ) and the Yes-associated protein (YAP) (10). TAZ activates Dishevelled 

and represses β-catenin (9); whereas, YAP binds directly to β-catenin (11). CRB3-mediated 

activation of the Hippo kinase cascade results in the downstream phosphorylation and 

inactivation of YAP (10, 12). Phosphorylated YAP is retained in the cytoplasm and thereby 

inhibits the WNT/β-catenin pathway by binding to β-catenin and restricting its translocation 

to the nucleus (10, 12, 13). However, in response to CRB3 suppression, the Hippo pathway 

is inactivated, leading to dephosphorylation and activation of YAP (4). In turn, localization 

of the YAP/β-catenin complex in the nucleus promotes the induction of certain WNT target 

genes (10, 11, 14, 15).

Mucin 1 (MUC1) is a transmembrane protein that is widely overexpressed in breast and 

other carcinomas (16). MUC1 undergoes an autocleavage process, resulting in an 

extracellular N-terminal subunit (MUC1-N) and a transmembrane C-terminal subunit 

(MUC1-C), which form complexes at the apical membranes of normal epithelial cells (16, 

17). With loss of cell polarity, the oncogenic MUC1-C subunit is expressed over the entire 

cell membrane, and interacts with receptor tyrosine kinases (RTKs), such as EGFR, which 

are typically positioned at the basal-lateral borders (16, 17). As a consequence of this 

association with RTKs, MUC1-C upregulates RTK signaling by promoting activation of the 

downstream PI3K→AKT and MEK→ERK pathways (16–21). In addition, MUC1-C is 

imported into the nucleus, where it interacts with transcription factors, such as NF-κB p65 

and ZEB1, among others (16, 17, 22, 23). The MUC1-C cytoplasmic domain binds directly 

to NF-κB p65 and increases occupancy of NF-κB on the promoters of its target genes (22). 

In this context, MUC1-C/NF-κB p65 complexes activate the ZEB1 promoter and increase 

ZEB1 expression (23). Further, MUC1-C associates with ZEB1 to repress the miR-200c 
gene, which encodes a tumor suppressor that reverses EMT (23). MUC1-C also binds 

directly to β-catenin, stabilizes β-catenin/TCF4 complexes and thereby promotes activation 

of WNT target genes, such as CCDN1 and MYC (24–28).

To our knowledge, there is no available evidence supporting involvement of MUC1-C in the 

regulation of apical-basal polarity. The present results demonstrate that MUC1-C represses 

the CRB3, HUGL2 and PATJ polarity factors in TNBC cells, indicating that MUC1-C is of 
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importance to the loss of cell polarity. Based on the role of CRB3 in activating the Hippo 

pathway, the present work has focused on the downstream effects of MUC1-C-mediated 

CRB3 suppression. We show that MUC1-C represses CRB3 transcription and downregulates 

the Hippo pathway. In addition, we show that MUC1-C activates YAP and forms a complex 

with YAP/β-catenin that activates the MYC promoter. Our findings thus demonstrate that 

targeting MUC1-C activates the CRB3→Hippo tumor suppressor cascade.

Materials and Methods

Cell culture

Human MDA-MB-231, BT-20 and MCF-7 breast cancer cells were cultured in DMEM 

(Dulbecco’s Modified Eagle’s Medium) growth medium containing 10% heat-inactivated 

fetal bovine serum, 100 units/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine. 

Human BT-549 breast cancer cells were grown in RPMI1640 medium with heat-inactivated 

fetal bovine serum, antibiotics, L-glutamine and 10 μg/ml insulin. Authentication of the cells 

was confirmed by short tandem repeat (STR) analysis. MDA-MB-231 and BT-549 cells 

were infected with lentiviral vectors that express a MUC1shRNA (MISSION shRNA 

TRCN0000122938; Sigma, St Louis, MO) or scrambled control shRNA (CshRNA; Sigma) 

(29). BT-20 and MCF-7 cells were transfected with a pHR-CMV vector expressing MUC1-

C or with an empty vector. Cells were also infected with lentiviral vectors expressing a 

SNAIL1 shRNA (MISSION shRNA TRCN0000063822; Sigma), a ZEB1 shRNA 

(MISSION shRNA TRCN0000017565; Sigma) or a scrambled control shRNA vector 

(CshRNA; Sigma). Cells were also infected with lentivirus vectors expressing a tetracycline-

inducible MUC1shRNA (tet-MUC1shRNA), as described (30). MUC1shRNA (MISSION 

shRNA TRCN0000122938; Sigma) or a control scrambled CshRNA (Sigma) was inserted 

into the pLKO-tet-puro vector (Addgene, Plasmid #21915). The viral vectors were produced 

in HEK293T cells as previously described (30, 31). Cells expressing tet-MUC1shRNA or 

tet-CshRNA were selected for growth in 1–3 μg/ml puromycin. Cells were (i) treated with 

doxycycline (DOX; Sigma), and (ii) transfected with a CRB3 siRNA (sc43698) or a control 

siRNA (sc37007) (Santa Cruz Biotechnology).

Immunoprecipitation and immunoblot analysis

Whole cell lysates were prepared using NP-40 lysis buffer containing protease inhibitor 

cocktail (Thermo Scientific). Nuclear and cytosolic lysates were prepared using the 

NucBuster nuclear protein extraction kit (Millipore). Soluble proteins were 

immunoprecipitated with anti-MUC1-C (NeoMarker) or a control IgG. Immunoprecipiates 

and lysates not subjected to precipitation were analyzed by immunoblotting with anti-

MUC1-C (NeoMarker), anti-CRB3 (Abcam), anti-HUGL2 (Genetex), anti-PATJ, anti-

SNAIL1 (Santa Cruz Biotechnology), anti-CDC42, anti-ZEB1, anti-phospho-LATS1, anti-

LATS1, anti-phospho-YAP, anti-YAP, anti-HDAC1 (Cell Signaling Technology) and anti-β-

actin (Sigma). Immunoreactive complexes were detected using horseradish peroxidase-

conjugated secondary antibodies (GE Healthcare) and an enhanced chemiluminescence 

(ECL) detection system (Perkin Elmer Health Sciences).
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Quantitative real time, reverse transcriptase PCR

qRT-PCR analysis was performed on cDNA synthesized from total RNA using the 

Superscript III cDNA synthesis system (Life Technologies). cDNA samples were then 

amplified using the SYBR green qPCR assay kit (Applied Biosystems) and the ABI Prism 

7300 Sequence Detector (Applied Biosystems)(32). qPCR primers used for detection of 

CRB3, HUGL2, PATJ, CDC42, CTGF, CYR61, MYC, MUC1 and GAPDH are listed in 

Supplemental Table S1. Statistical significance was determined by the Student’s t-test.

Analysis of CRB3 promoter activity

Cells were cultured in six-well plates followed by transfection with an empty vector, 

pCRB3-Luc and, as an internal control, SV-40-Renilla-Luc (Promega) in the presence of 

Superfect transfection reagent (Qiagen). After 48 h, the transfected cells were lysed with 

passive lysis buffer and the lysates were analyzed using the Dual Luciferase Assay system 

(Promega).

Chromatin immunoprecipitation (ChIP) assays

Soluble chromatin was prepared from 2–3 × 106 cells as described (27) and precipitated with 

anti-ZEB1, anti-β-catenin (Cell Signaling Technology), or a control nonimmune IgG (Santa 

Cruz Biotechnlogy). For re-ChIP assays, ZEB1 or β-catenin complexes from the primary 

ChIP were released and reimmunoprecipitated with anti-MUC1-C (NeoMarker) or anti-YAP 

(Cell Signaling Technology). The SYBR green qPCR kit (Applied Biosystems) was used for 

the qPCR analyses with the ABI Prism 7300 Sequence Detector (Applied Biosystems) as 

described (30, 33). Primer pairs used for the CRB3 and MYC promoters and a control 

GAPDH region are listed in Supplemental Table S2. Relative fold enrichment was calculated 

as described (34).

Protein binding assays

GST-tagged YAP, GST-YAP(1–160) and GST-YAP(161–504) were generated by PCR 

amplification of the GST-YAP plasmid (Addgene) and subcloning into the pGEX-5X-1 

expression vector (GE Healthcare). GST-β-catenin was expressed from pGEX-β-catenin 

(Addgene) and cleaved with thrombin to isolate purified β-catenin. MUC1-CD, MUC1-

CD(1–45) and MUC1-CD(46–72) peptide fragments were prepared by expressing GST-

fusion proteins and cleavage of the GST tag with thrombin as described (23). GST and GST 

fusion proteins bound to glutathione beads were incubated with purified proteins. The 

adsorbates were analyzed by immunoblotting with anti-MUC1-C cytoplasmic domain 

antibodies CD1 (35) and CT2 (NeoMarker).

Results

MUC1-C downregulates CRB3 expression

BT-549 and MDA-MB-231 Basal B triple-negative breast cancer (TNBC) cells have low to 

undetectable levels of CRB3, HUGL2 and PATJ expression as compared to that found for 

CDC42 (Fig. 1A and Fig. 1B). Notably, however, stable silencing of MUC1-C in BT-549 

cells was associated with upregulation of CRB3, HUGL2 and PATJ, but not CDC42, mRNA 
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(Fig. 1A, left) and protein (Fig. 1A, right). We also found that silencing MUC1-C in MDA-

MB-231 cells results in induction of CRB3, HUGL2 and PATJ expression (Fig. 1B, left and 

right), indicating that MUC1-C downregulates multiple effectors of cell polarity. The 

following studies have focused on CRB3, which in addition to its role in establishing the 

apical membrane, activates the Hippo pathway (2). Interestingly and in contrast to the results 

obtained with Basal B TNBC cells, we found that Basal A BT-20 TNBC cells express CRB3 

(Fig. 1C, left and right). Moreover, we found that ectopic expression of MUC1-C in BT-20 

cells suppresses CRB3 levels (Fig. 1C, left and right). Constitutive expression of CRB3 in 

epithelial MCF-7 cells was also downregulated by a MUC1-C-mediated mechanism 

(Supplemental Fig. S1A, left and right). To further assess the regulation of CRB3 in a setting 

of transiently targeting MUC1-C, we established BT-549 cells transduced to express a 

tetracycline-inducible MUC1 shRNA (tet-MUC1shRNA). Treatment of BT-549/tet-

MUC1shRNA cells with doxycycline (DOX) for 7 days resulted in suppression of MUC1-C 

and induction of CRB3 expression (Supplemental Fig. S1B, left and right). In contrast, 

silencing CRB3 had little if any effect on MUC1-C expression (Supplemental Fig. S1D, left 

and right). The MUC1-C cytoplasmic domain includes a CQC motif that is necessary for the 

formation of MUC1-C homodimers and their nuclear localization (Fig. 1D) (36–38). 

Accordingly, we treated BT-549 cells with GO-203, a cell penetrating peptide that targets 

this CQC motif or, as a control, an inactive peptide CP-2 (18) (Fig. 1D). We found that 

treatment with GO-203, but not CP-2, results in upregulation of CRB3 mRNA and protein 

(Fig. 1E, left and right). A similar response was observed when MDA-MB-231 cells were 

treated with GO-203 (Fig. 1F, left and right). As further evidence, we found that GO-203 

blocks MUC1-C-induced CRB3 downregulation in MCF-7/MUC1-C cells (Supplemental 

Fig. S1C, left and right). These findings support the notion that MUC1-C promotes loss of 

cell polarity, at least in part, by downregulating CRB3 in a cell context-dependent manner.

CRB3 is repressed by a ZEB1-dependent mechanism

MUC1-C drives ZEB1 expression in BT-549, MDA-MB-231 and MCF-7/MUC1-C cells 

(23). In turn, MUC1-C binds to ZEB1 and contributes to repression of the ZEB1 target gene, 

miR-200c (23). ZEB1 also represses transcription of the CRB3 gene (39). In this context and 

to investigate if MUC1-C suppresses CRB3 by a ZEB1-mediated mechanism, we stably 

silenced ZEB1 in BT-549 cells and found upregulation of CRB3 mRNA and protein (Fig 

2A, left and right). Similar results were obtained with ZEB1 silencing in MDA-MB-231 

cells (Fig. 2B, left and right). Moreover, we found that MUC1-C-induced downregulation of 

CRB3 in MCF-7/MUC1-C cells is ZEB1-dependent (Fig. 2C, left and right). SNAIL1, 

another transcriptional repressor, binds to the same target CRB3 promoter region as ZEB1 

(39). Silencing MUC1-C in MDA-MB-231 cells was associated with a partial decrease in 

SNAIL1 expression (Fig. 2D, left); however, silencing SNAIL1 had no apparent effect on 

CRB3 expression (Fig. 2D, right). Additionally, SNAIL1 was upregulated in MCF-7/MUC1-

C cells (Fig. 2E, left) and silencing SNAIL1 had no detectable effect on CRB3 expression in 

these cells (Fig. 2E, right). These findings supported the premise that MUC1-C suppresses 

CRB3 by a ZEB1-dependent, SNAIL1-independent mechanism.
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MUC1-C interacts with ZEB1 on the CRB3 gene promoter

ZEB1 represses the CRB3 promoter by binding to five E-Box elements (5′-CACCTG-3′) 
located within 1410 bp upstream to the transcription start site (39)(Fig. 3A). To assess 

involvement of MUC1-C in suppression of the CRB3 promoter, we transfected MDA-

MB-231 cells with a CRB3 promoter-luciferase reporter (pCRB3-Luc) containing the 

proximal 5 E-boxes (Fig. 3A). Silencing MUC1-C was associated with an increase in 

pCRB3-Luc activity as compared to that found in MDA-MB-231/CshRNA cells (Fig. 3B, 

left). Similar results were obtained in studies of BT-549 cells (Fig 3B, middle). In addition, 

overexpression of MUC1-C in MCF-7/MUC1-C cells decreased pCRB3-Luc activity (Fig. 

3B, right), indicating that MUC1-C contributes to repression of the CRB3 promoter. To 

assess occupancy on the CRB3 promoter, we performed ChIP and re-ChIP studies on 

chromatin from MDA-MB-231 cells. The results demonstrated that ZEB1 occupies the 

CRB3 promoter (Fig. 3C, left) in a complex with MUC1-C (Fig. 3C, right). Moreover, 

targeting MUC1-C with GO-203 was associated with a decrease in occupancy of ZEB1 (Fig. 

3D, left) and ZEB1/MUC1-C complexes (Fig. 3D, right) on the CRB3 promoter. Consistent 

with these results, we found that MUC1-C increases occupancy of ZEB1 (Fig. 3E, left) and 

ZEB1/MUC1-C complexes (Fig. 3E, right) on the CRB3 promoter in MCF-7/MUC1-C cells. 

These findings and those with the pCRB3-Luc reporter support a model in which MUC1-C 

promotes ZEB1 occupancy on the CRB3 promoter and thereby inactivates CRB3 
transcription.

MUC1-C-induced downregulation of CRB3 results in inactivation of the Hippo pathway

CRB3 activates the core kinase cassette of the Hippo pathway, which includes MST1/2 and 

LATS1/2 (5). Activated p-LATS1/2 phosphorylates YAP, which in turn leads to retention of 

p-YAP in the cytoplasm and its degradation (10, 40). Consistent with activation of the Hippo 

pathway, silencing MUC1-C in MDA-MB-231 and BT-549 cells was associated with 

increased p-LATS1 levels (Fig. 4A, left and middle). By contrast, p-LATS1 levels were 

decreased with overexpression of MUC1-C in MCF-7/MUC1-C cells (Fig. 4A, right). 

Increases in p-LATS1 were in turn associated with upregulation of p-YAP in the cytosolic 

fraction of MDA-MB-231/MUC1shRNA (Fig. 4B, left) and BT-549/MUC1shRNA (Fig. 4B, 

middle) cells. Moreover and in concert with decreases in p-LATS1 in MCF-7/MUC1-C 

cells, p-YAP was downregulated in the cytosolic fraction (Fig. 4B, right). A concomitant 

decrease of the transcriptionally active form of non-phosphorylated YAP was observed in the 

nuclear fraction of MDA-MB-231/MUC1shRNA, as compared with that in MDA-MB-231/

CshRNA, cells (Fig. 4C, left). Similar results were obtained in the response to MUC1-C 

silencing in BT-549 cells (Fig. 4C, middle). In addition, increased levels of nuclear YAP 

were detectable in MCF/MUC1-C cells (Fig. 4C, right). Activated YAP forms a complex 

with β-catenin that localizes to the nucleus (10, 11, 14, 15). Moreover, MUC1-C stabilizes 

β-catenin and promotes activation of WNT/β-catenin/TCF4 target genes (25–27). In concert 

with these pathways, nuclear β-catenin levels were decreased in MDA-MB-231 and BT-549 

cells silenced for MUC1-C as compared to that in control cells (Fig. 4D, left and middle). In 

contrast, nuclear β-catenin was increased in MCF-7/MUC1-C cells (Fig. 4D, right), 

supporting a model in which both MUC1-C and YAP may drive nuclear β-catenin signaling.
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MUC1-C binds directly to YAP and β-catenin

MUC1-C, like YAP, binds directly to β-catenin (24, 25). We therefore asked if MUC1-C 

forms a complex with YAP and β-catenin. Coimmunoprecipitation studies using lysates 

from MDA-MB-231 cells showed that MUC1-C associates with YAP (Fig. 5A, left). Similar 

results were obtained with BT-549 and MCF-7/MUC1-C cells (Fig. 5A, middle and right). 

To further define the interaction between MUC1-C and YAP, we incubated GST-YAP with 

purified MUC1-C cytoplasmic domain (MUC1-CD) and found direct binding (Fig. 5B). We 

also found that GST-YAP(1–160), but not GST-YAP(161–504), binds to MUC1-CD (Fig 

5C). In addition, GST-YAP binds to purified MUC1-CD(1–45) and not MUC1-CD(46–72) 

(Fig 5D). Based on these findings and our previous work that MUC1-CD binds to β-catenin 

(24, 25), we incubated GST-YAP with purified MUC1-CD and β-catenin. Interestingly, the 

results demonstrate that MUC1-CD promotes the formation of trimolecular complexes 

containing both YAP and β-catenin (Fig. 5E).

MUC1-C associates with YAP and β-catenin on the MYC promoter

YAP activates Hippo target genes by forming transcriptional complexes with TEAD family 

members and with β-catenin/TCF4 (4). Based on the findings that MUC1-C activates YAP, 

we first asked if MUC1-C signaling is linked to YAP/TEAD-driven genes, such as CTGF 
and CYR61. Indeed, we found that targeting MUC1-C suppresses CTGF and CYR61 
expression (Fig. 6A), indicating that MUC1-C promotes activation of this arm of YAP-

activated transcription. The interaction between YAP and β-catenin also promotes activation 

of their respective target genes (11, 14, 15, 41). Recent work has demonstrated that MUC1-

C drives MYC expression by forming complexes with β-catenin on the MYC promoter and 

increasing β-catenin occupancy (27, 28). Other studies have supported a role for YAP/β-

catenin in activating MYC expression (42). These and the above findings that MUC1-C 

forms a complex with YAP and β-catenin invoked the possibility that MUC1-C could 

associate with YAP and β-catenin on the MYC promoter. To investigate this notion, we 

performed ChIP and re-ChIP studies of the MYC promoter in MDA-MB-231 cells. We 

found that β-catenin occupies the MYC promoter (Fig. 6B) and that β-catenin associates 

with both MUC1-C and YAP (Fig. 6B). To determine whether the formation of these 

complexes is MUC1-C-dependent, we targeted MUC1-C with GO-203 treatment. The 

results showed that targeting MUC1-C is associated with decreased β-catenin occupancy on 

the MYC promoter (Fig. 6C). Moreover, in re-ChIP studies, we found that GO-203 

treatment is associated with decreases in MUC1-C and YAP occupancy (Fig. 6C). In 

addition, targeting MUC1-C with GO-203 (Fig. 6D, left and right) or silencing (Fig. 6E, left 

and right) resulted in the suppression of MYC mRNA and protein. As confirmation that the 

observed MYC downregulation is indeed YAP-dependent, we transiently silenced YAP in 

MDA-MB-231 cells and found suppression of MYC expression (Fig. 6F).

Discussion

Epithelia are comprised of a single layer of cells that have a unique structure in which the 

apical surface faces (i) the external environment in the respiratory and gastrointestinal tracts, 

or (ii) a lumen in ducts of specialized organs, such as the mammary gland (Fig. 7A)(2). 

Apical-basal polarity is however disrupted in the response to stress and is associated with 

Alam et al. Page 7

Mol Cancer Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



induction of a proliferation and survival program (43). MUC1 evolved in mammals to afford 

protection of epithelia (16, 44). In this way, the MUC1-N subunit forms a physical mucous 

barrier that protects against agents, such as toxins and microorganisms among others, that 

damage the apical surface (Fig. 7A) (16). In turn, the MUC1-C subunit functions in 

transducing signals that promote the growth and survival response (Fig. 7A) (16). The 

present studies provide evidence that MUC1-C is of importance to the loss of epithelial cell 

polarity. Our results demonstrate that MUC1-C drives downregulation of (i) the Scribble 

complex HUGL2 protein, which is necessary for the establishment of the basolateral 

domains, and (ii) the Crumbs complex CRB3 and PATJ proteins, which define the apical 

membrane (2). The Scribble and Crumbs complexes are necessary for maintaining apical-

basal polarity and epithelial integrity. These findings do not exclude the possibility that 

MUC1-C regulates other effectors necessary for cell polarity. In this regard, MUC1-C (i) 

epigenetically suppresses CDH1 expression, which disrupts adherens junctions, and (ii) 

interacts directly with β-catenin and p120, promoting their import from the lateral cell 

membrane to the nucleus (16, 17). Collectively, these findings support a previously 

unidentified model in which MUC1-C induces loss of polarity and integrates that response 

with self-renewal and stemness (21). In concert with this model, MUC1-C is expressed over 

the entire surface of breast cancer cells and is substantially upregulated (45), supporting the 

premise that TNBC cells have appropriated and exploited MUC1-C to confer properties of 

EMT, invasion and self-renewal (Fig. 7B) (21, 23).

MUC1-C activates the inflammatory NF-κB pathway through interactions with TAK1 and 

the IKKs (33, 46). In addition, MUC1-C binds directly to NF-κB p65 and increases NF-κB 

occupancy on the promoters of its target genes, including MUC1 itself in an autoinductive 

circuit (22). The MUC1-C→NF-κB pathway also drives the ZEB1 gene (23), which 

encodes a transcriptional repressor that promotes EMT (47). In turn, MUC1-C forms a 

complex with ZEB1 and confers ZEB1 occupancy on miR-200c promoter and thereby its 

suppression (23). The present results further demonstrate that MUC1-C/ZEB1 complexes 

occupy the CRB3 promoter and, like miR-200c, inhibit CRB3 transcription (Fig. 7B, left). A 

similar mechanism of suppression applies to the HUGL2 promoter, linking MUC1-C/ZEB1 

complexes to the downregulation of the CRB3 and HUGL2 genes. ZEB1 also plays a role in 

suppressing expression of the Pals1-associated tight junction protein (39); however, further 

studies will be needed to assess whether MUC1-C is also involved in this pathway. Indeed 

and as mentioned above, the present work has focused on MUC1-C-induced downregulation 

of CRB3 as a potential mechanism by which MUC1-C integrates loss of polarity and EMT 

with the Hippo pathway. By extension, the Hippo pathway regulates proliferation, apoptosis 

and differentiation (4, 5, 48), all of which have also been ascribed to MUC1-C signaling (16, 

17). In concert with CRB3 functioning as an activator of the Hippo pathway, we found that 

targeting MUC1-C in TNBC cells is associated with increases in p-LATS1. In further 

support of MUC1-C as an inhibitor of the Hippo pathway, ectopic expression of MUC1-C in 

MCF-7 cells decreased p-LATS1. These findings support a model in which MUC1-C 

constitutively suppresses CRB3 and the Hippo pathway in mesenchymal TNBC cells. In 

addition, overexpression of MUC1-C in luminal MCF-7 cells is necessary for induction of 

these responses, indicating that this MUC1-C function is at least in part dependent on cell 

context. In this regard, MUC1-C activates the inflammatory NF-κB pathway in 
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mesenchymal breast cancer cells, which also have increased YAP activity (49). By contrast, 

in luminal MCF-7 cells, ectopic MUC1-C expression is necessary for activating the NF-κB 

pathway (21, 23). These findings and the present results provide evidence that MUC1-C 

links the NF-κB inflammatory response to loss of polarity and suppression of the Hippo 

pathway (Figs. 7B, left).

One outcome of an activated Hippo pathway is p-LATS1-mediated phosphorylation of YAP, 

resulting in the retention of p-YAP in the cytoplasm (10). By contrast, activated YAP 

localizes to the nucleus, where it functions by associating with transcription factors, such as 

TEAD (TEA domain family member) and β-catenin/TCF4, to activate genes involved in 

tumor induction and progression (4, 10). Another mechanism by which CRB3 can direct 

Hippo pathway function is by sequestering p-YAP at cell junctions through formation of 

complexes with certain cell polarity proteins, such as PALS, PATJ and AMOT. This 

sequestration also prevents access of p-YAP to phosphatases that counter the effect of the 

Hippo pathway kinases on YAP phosphorylation (4, 6). The present studies demonstrate that 

MUC1-C downregulates the Hippo pathway and thereby induces the nuclear localization of 

activated YAP (Figs. 7B, right). In the nucleus, YAP functions as a co-activator involved in 

the regulation of transcriptional programs that determine organ size and promote cellular 

proliferation (10). YAP has also been linked to transformation by activating transcription of 

mitogenic and anti-apoptotic genes through interactions with TEAD or with β-catenin/TCF4 

(10, 11, 13–15). MUC1-C activates the WNT/β-catenin pathway by stabilizing β-catenin 

and driving WNT target genes, such as CCND1 and MYC (25–28). The present work 

extends this interaction by demonstrating that the MUC1-C cytoplasmic domain binds 

directly to YAP and promotes the in vitro formation of YAP/β-catenin complexes. In 

addition, we found that (i) MUC1-C associates with β-catenin and YAP on the MYC 
promoter, and (ii) targeting MUC1-C decreases occupancy of both β-catenin and YAP (Fig. 

7B, right). In concert with these findings, targeting MUC1-C resulted in the downregulation 

of MYC, which in turn affects multiple pathways involved in cell growth, proliferation and 

survival (50).

In summary, our findings provide convincing evidence for a previously unidentified role for 

MUC1-C in promoting loss of apical-basal polarity and linking this response to regulation of 

the Hippo pathway and YAP activation (Fig. 7B). These studies have largely focused on 

TNBC cells; however, we note that the results may be more broadly applicable to other types 

of carcinomas with overexpression of MUC1-C and downregulation of CRB3. Our findings 

also provide support for the notion that MUC1-C is an attractive therapeutic target. In this 

regard, GO-203 has completed Phase I clinical evaluation and has been formulated in 

polymeric nanoparticles for the treatment of patients with TNBC and other MUC1-C-

expressing cancers (51).
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Abbreviations

MUC1 mucin 1

MUC1-C MUC1 C-terminal transmembrane subunit

CRB3 mammalian homolog 3 of Drosophila Crumbs (Crb)

TNBC triple-negative breast cancer

YAP Yes-associated protein

TAZ the transcriptional co-activator with PDZ-binding motif

TSG Tumor Suppressor Gene

ChIP chromatin immunoprecipitation

DOX doxycycline

TEAD transcriptional enhancer activator domain family of transcription factors
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Figure 1. MUC1-C downregulates CRB3 expression
A, BT-549 cells infected with lentiviruses to stably express a control scrambled shRNA 

(CshRNA) or a MUC1shRNA were analyzed for MUC1, CRB3, HUGL2, PATJ and CDC42 

mRNA levels by qRT-PCR (left). The results are expressed as relative mRNA levels (mean

±SD of three determinations) as compared with that obtained for BT-549/CshRNA cells 

(assigned a value of 1). Lysates from the BT-549/CshRNA and BT-549/MUC1shRNA cells 

were immunoblotted with the indicated antibodies (right). B, MDA-MB-231/CshRNA and 

MDA-MB-231/MUC1shRNA cells were analyzed for MUC1, CRB3, HUGL2, PATJ and 

CDC42 mRNA levels by qRT-PCR (left). The results are expressed as relative mRNA levels 

(mean±SD of three determinations) as compared with that obtained for MDA-MB-231/

CshRNA cells (assigned a value of 1). Lysates from the MDA-MB-231/CshRNA and MDA-

MB-231/MUC1shRNA cells were immunoblotted with the indicated antibodies (right). C, 

BT-20 cells stably expressing an empty vector or MUC1-C were analyzed for CRB3 mRNA 

levels by qRT-PCR (left). The results are expressed as relative CRB3 mRNA levels (mean

±SD of three determinations) as compared to that obtained for BT-20/vector cells (assigned a 

value of 1). Lysates from the BT-20/vector and BT-20/MUC1-C cells were immunoblotted 

with the indicated antibodies (right). D, Schematic showing the MUC1-C subunit and the 

Alam et al. Page 13

Mol Cancer Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



amino acid (aa) sequence of the cytoplasmic domain (CD). ED, extracellular domain; TM, 

transmembrane domain. The CQC motif is necessary and sufficient for MUC1-C 

homodimerization. D-amino acid sequences are shown for GO-203 and CP-2. E, BT-549 

cells were treated with 5 μM GO-203 or CP-2 each day for 3 days and then analyzed for 

CRB3 mRNA levels by qRT-PCR (left). Lysates from BT-549 cells treated as above were 

immunoblotted with the indicated antibodies (right). F, MDA-MB-231 cells were treated 

with 5 μM GO-203 or CP-2 each day for 3 days and then analyzed for CRB3 mRNA levels 

by qRT-PCR (left), while lysates from similarly treated cells were immunoblotted with the 

indicated antibodies (right).
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Figure 2. MUC1-C suppresses CRB3 expression by a ZEB1-dependent mechanism
A, BT-549 cells infected with lentiviruses to stably express a control scrambled shRNA 

(CshRNA) or a ZEB1shRNA were analyzed for CRB3 mRNA levels by qRT-PCR (left). The 

results are expressed as relative CRB3 mRNA levels (mean±SD of three determinations) as 

compared with that obtained for BT-549/CshRNA cells (assigned a value of 1). Lysates from 

the BT-549/CshRNA and BT-549/ZEB1shRNA cells were immunoblotted with the indicated 

antibodies (right). B, MDA-MB-231 cells stably expressing a control scrambled shRNA 

(CshRNA) or a ZEB1 shRNA were analyzed for CRB3 mRNA levels by qRT-PCR (left). 

The results are expressed as relative CRB3 mRNA levels (mean±SD of three 

determinations) as compared with that obtained for MDA-MB-231/CshRNA cells (assigned 

a value of 1). Lysates from the MDA-MB-231/CshRNA and MDA-MB-231/ZEB1shRNA 

cells were immunoblotted with the indicated antibodies (right). C, MCF-7/MUC1-C cells 

stably expressing a control scrambled shRNA (CshRNA) or a ZEB1 shRNA were analyzed 

for CRB3 mRNA levels by qRT-PCR (left). Lysates from MCF-7/MUC1-C/CshRNA and 

MCF-7/MUC1-C/ZEB1shRNA cells were immunoblotted with the indicated antibodies 

(right). D, Lysates from MDA-MB-231/CshRNA and MDA-MB-231/MUC1shRNA (left) 

and from MDA-MB-231/CshRNA and MDA-MB-231/SNAIL1shRNA (right) cells were 

immunoblotted with the indicated antibodies. E, Lysates from MCF-7/vector and MCF-7/

MUC1-C cells (left) were immunoblotted with the indicated antibodies. Lysates from 

MCF-7/MUC1-C cells infected with lentiviruses to stably express a control scrambled 

shRNA (CshRNA) or a SNAIL1shRNA were immunoblotted with the indicated antibodies 

(right).
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Figure 3. MUC1-C represses CRB3 promoter activation by a ZEB1-dependent mechanism
A, Schema of CRB3 luciferase reporter plasmid. B, MDA-MB-231/CshRNA and MDA-

MB-231/MUC1shRNA cells (left), BT-549/CshRNA and BT-549/MUC1shRNA cells 

(middle) and MCF-7/Vector and MCF-7/MUC1-C cells (right) were transfected with the 

empty Luc vector or pCRB3-Luc. Cells were also transfected with the SV-40-Renilla-Luc 

plasmid as an internal control. Luciferase activity was measured at 48 h following 

transfection. The results are expressed as relative luciferase activity (mean±SD of three 

determinations) compared with that obtained from cells transfected with the empty Luc 

vector (assigned a value of 1). C (left), Soluble chromatin from the indicated MDA-MB-231 

cells was precipitated with anti-ZEB1 or a control IgG. The final DNA precipitates were 

amplified by qPCR with pairs of primers for the ZEB1 binding region in CRB3 promoter 

region. Results are expressed as the relative fold enrichment (mean±SD of three 

determinations) compared with that obtained for the IgG control (assigned a value of 1). For 

re-ChIP analysis, soluble chromatin from MDA-MB-231 cells (right) was first precipitated 

with anti-ZEB1, then released and reimmunoprecipitated with anti-MUC1-C. The results are 

expressed as the relative fold enrichment (mean±SD of three determinations) compared with 

that obtained with the IgG control (assigned a value of 1). D, MDA-MB-231 cells were 

treated with 5 μM GO-203 or CP-2 each day for 3 days. Soluble chromatin was precipitated 

with anti-ZEB1 or a control IgG (left). For re-ChIP analysis, complexes were released and 

re-immunoprecipitated with anti-MUC1-C (right). Results are expressed as the relative fold 

enrichment (mean±SD of three determinations) compared with that obtained for the IgG 

control (assigned a value of 1). E, Soluble chromatin from MCF-7/vector and MCF-7/

MUC1-C cells was precipitated with anti-ZEB1 or a control IgG (left). For re-ChIP analysis, 

complexes were released and re-immunoprecipitated with anti-MUC1-C (right). Results are 
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expressed as the relative fold enrichment (mean±SD of three determinations) compared with 

that obtained for the IgG control (assigned a value of 1).
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Figure 4. MUC1-C-mediated CRB3 repression increases nuclear accumulation of YAP
A, Lysates from MDA-MB-231/CshRNA and MDA-MB-231/MUC1shRNA cells (left), 

BT-549/CshRNA and bt-549/MUC1shRNA (middle) and MCF-7/Vector and MCF-7/

MUC1-C (right) were immunoblotted with the indicated antibodies. B, Cytosolic fraction 

from MDA-MB-231/CshRNA and MDA-MB-231/MUC1shRNA cells (left), BT-549/

CshRNA and BT-549/MUC1shRNA (middle) and MCF-7/Vector and MCF-7/MUC1-C 

(right) were immunoblotted with the indicated antibodies. C, Nuclear fraction lysates from 

MDA-MB-231/CshRNA and MDA-MB-231/MUC1shRNA cells (left), BT-549/CshRNA 

and BT-549/MUC1shRNA (middle) and MCF-7/Vector and MCF-7/MUC1-C (right) were 

immunoblotted with the indicated antibodies. D, Nuclear fraction lysates from MDA-

MB-231/CshRNA and MDA-MB-231/MUC1shRNA cells (left), BT-549/CshRNA and 

BT-549/MUC1shRNA (middle) and MCF-7/Vector and MCF-7/MUC1-C (right) were 

immunoblotted with the indicated antibodies.

Alam et al. Page 18

Mol Cancer Res. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Binding of MUC1-C and YAP
A, Lysates from MDA-MB- 231 (left), BT-549 (middle) and MCF-7/MUC1-C (right) cells 

were precipitated with anti-MUC1-C or a control IgG. The precipitates were immunoblotted 

with the indicated antibodies. B, GST and GST-YAP were incubated with purified MUC1-C 

cytoplasmic domain (MUC1-CD). The adsorbates were immunoblotted with anti-MUC1-C. 

Input of the GST proteins was assessed by Coomassie blue staining. C, GST-YAP(1–160) 

and GST-YAP(161–504) were incubated with purified MUC1-CD. The adsorbates were 

immunoblotted with anti-MUC1-C. Input of the GST proteins was assessed by Coomassie 

blue staining. D, GST and GST-YAP were incubated with MUC1-CD(1–45) (left) or MUC1-

CD(46–72) (right). The adsorbates and purified MUC1-CD proteins were immunoblotted 

with anti-MUC1-CD (CD1, left; CT2, right) antibodies. Input of the GST proteins was 

assessed by Coomassie blue staining. E, GST and GST-YAP were incubated with purified 

MUC1-CD and/or with purified β-catenin. The adsorbates were immunoblotted with anti-

MUC1-CD. Input of the GST proteins was assessed by Coomassie blue staining.
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Figure 6. MUC1-C associates with YAP and β-catenin on the MYC promoter
A, The indicated MDA-MB-231 cells were analyzed for CTGF and CYR61 mRNA levels by 

qRT-PCR. The results are expressed as relative mRNA levels (mean±SD of three 

determinations) as compared with that obtained for MDA-MB-231/CshRNA cells (assigned 

a value of 1). B, Soluble chromatin from the indicated MDA-MB-231 cells was precipitated 

with anti-β-catenin or a control IgG (left). The final DNA precipitates were amplified by 

qPCR with pairs of primers for the β-catenin binding region in the MYC promoter region. 

Results are expressed as the relative fold enrichment (mean±SD of three determinations) 

compared with that obtained for the IgG control (assigned a value of 1). For separate re-

ChIP analysis, soluble chromatin from MDA-MB-231 cells was first precipitated with anti-

β-catenin, then released and reimmunoprecipitated with anti-MUC1-C (middle) or anti-YAP 

(right). The results (mean±SD of three determinations) are expressed as the relative fold 

enrichment compared with that obtained with the IgG control (assigned a value of 1). C, 

MDA-MB-231 cells were treated with 5 μM GO-203 or CP-2 each day for 3 days. Soluble 

chromatin was precipitated with anti-β-catenin or a control IgG (left). For separate re-ChIP 

analysis, soluble chromatin from treated MDA-MB-231 cells was first precipitated with anti-

β-catenin, then released and reimmunoprecipitated with anti-MUC1-C (middle) or anti-YAP 

(right). The results (mean±SD of three determinations) are expressed as the relative fold 
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enrichment compared with that obtained with the IgG control (assigned a value of 1). D, 

MDA-MB-231 cells treated with 5 μM GO-203 or CP-2 each day for 3 days were analyzed 

for MYC mRNA by qRT-PCR (left). The results are expressed as relative MYC mRNA 

levels (mean±SD of three determinations) as compared with that obtained for cells treated 

with CP2 peptide (assigned a value of 1). Lysates from MDA-MB-231 cells treated with 5 

μM GO-203 or CP-2 were immunoblotted with the indicated antibodies (right). E, MDA-

MB-231 cells stably expressing a control scrambled shRNA (CshRNA) or a MUC1 shRNA 

were analyzed for MYC mRNA levels by qRT-PCR (left). The results are expressed as 

relative MYC mRNA levels (mean±SD of three determinations) as compared with that 

obtained for MDA-MB-231/CshRNA cells (assigned a value of 1). Lysates from the MDA-

MB-231/CshRNA and MDA-MB-231/MUC1shRNA cells were immunoblotted with the 

indicated antibodies (right). F, MDA-MB-231 cells were transiently transfected with a 

YAPsiRNA or a control siRNA (CsiRNA). Lysates were immunoblotted with the indicated 

antibodies.
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Figure 7. Proposed schema depicting the role of MUC1-C in repression of CRB3 expression, 
downregulation of the Hippo pathway and activation of YAP in TNBC cells
A, The MUC1-N/MUC1-C complex is positioned at the apical borders of normal polarized 

epithelial cells (16, 17). MUC1-N protects the apical surface by forming a physical mucous 

barrier (16). The inactive MUC1-C subunit is poised to respond to stress signals, such as 

those induced by inflammation, toxins and microorganisms (16). Expression of CRB3 is 

associated with maintaining polarity, activating the Hippo pathway and downregulating YAP 

by retention of p-YAP in the cytoplasm. B, With transformation and irreversible loss of 

polarity, MUC1 is upregulated at the cell membrane and MUC1-N is shed from the cell 

surface. In turn, MUC1-C forms homodimers that are transported into the nucleus by an 

importin-β-mediated mechanism (16, 17). In the nucleus, MUC1-C forms a complex with 

ZEB1 on the CRB3 promoter and represses CRB3 transcription (left). Downregulation of 

CRB3 expression is associated with suppression of the Hippo pathway and activation of 

YAP (left). Notably, MUC1-C/ZEB1 complexes also repress miR-200c expression with the 

induction of EMT (23). MUC1-C also binds directly to β-catenin, stabilizes β-catenin and 

promotes the formation of MUC1-C/YAP/β-catenin complexes in the nucleus, which 

associate with TCF4 and drive MYC expression (right). Based on this model and the present 

results, targeting MUC1-C with GO-203 in TNBC cells blocks MUC1-C homodimerization 

and thereby its nuclear import with upregulation of CRB3 and activation of the Hippo tumor 

suppressor pathway.
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