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Abstract

The immune checkpoint ligand PD-L1 and the transmembrane

mucin MUC1 are upregulated in triple-negative breast cancer

(TNBC), where they contribute to its aggressive pathogenesis. Here,

we report that genetic or pharmacological targeting of the onco-

genic MUC1 subunit MUC1-C is sufficient to suppress PD-L1

expression in TNBC cells. Mechanistic investigations showed that

MUC1-C acted to elevate PD-L1 transcription by recruitment of

MYC and NF-kB p65 to the PD-L1 promoter. In an immunocom-

petent model of TNBC in which Eo771/MUC1-C cells were

engrafted into MUC1 transgenic mice, we showed that targeting

MUC1-C associated with PD-L1 suppression, increases in tumor-

infiltratingCD8þ T cells and tumor cell killing.MUC1expression in

TNBCs also correlated inversely with CD8, CD69, and GZMB, and

downregulation of these markers associated with decreased surviv-

al. Taken together, our findings show how MUC1 contributes to

immune escape inTNBC, and theyoffer a rationale to targetMUC1-

C as a novel immunotherapeutic approach for TNBC treatment.

Significance: These findings show how upregulation of the

transmembrane mucin MUC1 contributes to immune escape in

an aggressive form of breast cancer, with potential implications

for a novel immunotherapeutic approach.Cancer Res; 78(1); 205–15.

�2017 AACR.

Introduction

Triple-negative breast cancer (TNBC) typically has an aggressive

clinical course (1). Additionally, treatment of TNBC has been

limitedby availability of actionable targets (1).Most patientswith

operable disease therefore receive adjuvant chemotherapy (1).

Moreover, patients with newly diagnosed stage II or III disease are

often treated with neoadjuvant chemotherapy (1). Interestingly,

the presence of tumor-infiltrating lymphocytes (TIL) is associated

with improved survival in TNBC patients treated with adjuvant or

neoadjuvant chemotherapy (1, 2). In addition, the programmed

death ligand 1 (PD-L1) is overexpressed in TNBC (3–5) and is

associated with high tumor grades and poor clinical outcomes

(6–9), further indicating that evasion of immune destruction

contributes to TNBC pathogenesis. Indeed, several phase I trials

performed with antibodies targeting the programmed death 1

(PD-1)/PD-L1 axis have demonstrated objective and durable

responses in patients with heavily pretreated, metastatic TNBC

(10, 11). These findings have supported the importance of PD-L1

as a target for the immunotherapy of TNBC; however, little is

known about the regulation of PD-L1 expression in TNBC cells.

Mucin 1 (MUC1) is a heterodimeric protein that is overex-

pressed in approximately 90% of TNBCs in association with

amplification of the MUC1 gene and the activation of auto-

inductive transcriptional circuits (12). The MUC1 C-terminal

(MUC1-C) transmembrane subunit functions as an oncoprotein

by interacting with diverse effectors that have been linked to

hallmarks of the cancer cell (12). MUC1-C includes an intrinsi-

cally disordered cytoplasmic domain, which acts as a node for

integratingmultiple signaling pathways at the cell membrane and

in the nucleus (12, 13). In this way,MUC1-C activates PI3K!AKT

and MEK!ERK signaling in TNBC and other breast cancer

cells (14, 15). MUC1-C also directly activates the

b-catenin!TCF4!MYC and NF-kB p65 pathways and thereby

the induction of their target genes (16, 17). In concert with these

findings, MUC1-C has been linked to induction of the epithelial–

mesenchymal transition (EMT), epigenetic reprogramming, stem-

ness, and self-renewal of basal B TNBC cells (18–22). Other

studies have shown that overexpression ofMUC1, and specifically

the oncogenic MUC1-C subunit, by cancer cells is associated with

protection fromkilling by (i) TRAIL, (ii) Fas ligand, and (iii) T-cell

perforin/granzyme B-mediated lysis (23, 24), supporting the

notion that MUC1-C contributes to immune evasion.

The present work demonstrates that MUC1-C activates the

CD274/PD-L1 gene in basal B TNBC cells. The results show that

(i) MUC1-C drives PD-L1 transcription by MYC- and NF-kB p65-

mediated mechanisms and (ii) targeting MUC1-C with genetic

and pharmacologic approaches results in the suppression of

PD-L1. Targeting MUC1-C in MUC1.Tg mice harboring mouse

Eo771/MUC1-C tumors further showed suppression of PD-L1

expression by tumor cells and activation of the tumor immune
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microenvironment. These results and those from analysis of

TNBC datasets provide evidence for involvement of MUC1-C in

immune evasion of these cancers. Our findings further support a

model in which MUC1-C integrates the induction of PD-L1

expression with the EMT program, cancer stem cell (CSC) state,

and epigenetic programming in basal B TNBC cells.

Materials and Methods

Cell culture

Human BT-549, SUM-159, and mouse Eo771 TNBC cells

were propagated in RPMI1640 medium (ATCC). Human

MDA-MB-468 and MDA-MB-231 TNBC cells were cultured in

DMEM (Corning). Human BT-20 TNBC cells were cultured in

Eagle'sMinimumEssentialMedium(EMEM; ATCC). Media were

supplemented with 10% heat-inactivated fetal bovine serum,

100 units/mL penicillin, and 100 mg/mL streptomycin. Authen-

tication of the cells upon thawing of stocks was performed by

short tandem repeat (STR) analysis. Cells were monitored every

3 months for mycoplasma contamination by the MycoAlert

Mycoplasma Detection Kit (Lonza). Cells were passaged for

3 months and then replaced with fresh stocks. BT-549 and

MDA-MB-231 cells were infected with lentiviral vectors to

stably express a scrambled control shRNA (CshRNA; Sigma)

and a NF-kB p65 shRNA (Sigma). Human BT-20 and mouse

Eo771 cells were infected to express an empty vector or one

encoding MUC1-C and selected for growth in the presence of

puromycin. Cells were treated with the IkB inhibitor BAY-11-

7085 (Sigma), the BET bromodomain inhibitor JQ-1 or DMSO

as the vehicle control. Cells were also treated with empty

nanoparticles (NP) or GO-203/NPs (25).

Tetracycline-inducible MUC1 and MYC silencing

MUC1shRNAs (shRNA TRCN0000122938 and shRNA#2

TRCN0000122937; MISSION shRNA; Sigma), MYCshRNA

(TRCN0000039642;MISSIONshRNA, Sigma) or a control scram-

bled CshRNA (Sigma) were cloned into the pLKO-tetpuro vector

(Addgene; Plasmid #21915). The viral vectors were cotransfected

with the lentivirus packaging plasmids into 293T cells, and the

supernatantwas collected at 48 hours after transfection. BT-549or

MDA-MB-231 cells were incubated with the supernatant for 12

hours in the presence of 8 mg/mL polybrene. Tet-inducible cells

were selected for growth in 1 to 2 mg/mL puromycin and treated

with doxycycline (DOX; Sigma).

Quantitative real-time, RT-PCR

Whole-cell RNA was isolated with TRIzol reagent (Invitrogen)

following the manufacturer's protocol. The High Capacity cDNA

Reverse Transcritpion Kit (Life Technologies) was used to synthe-

size cDNAs from 2 mg RNA. cDNA samples were then amplified

using the Power SYBR Green PCR Master Mix (Applied Biosys-

tems) and ABI Prism Sequence Detector (Applied Biosystems).

Primers used for qRT-PCR are listed in Supplementary Table S1.

Immunoblot analysis

Whole-cell extracts were obtained using NP-40 buffer com-

posed of 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1%

NP-40, protease inhibitor cocktail andDTT. Immunoblottingwas

performed with anti–MUC1-C (Thermo Fisher Scientific), anti–

PD-L1, anti-MYC, anti–phospho-p65(Ser-536; Cell Signaling

Technology), anti–NF-kB p65 (Santa Cruz Biotechnology),

mouse PD-L1 (Bio-Techne), and anti–b-actin (Sigma). Immuno-

reactive complexes were detected using horseradish peroxidase–

conjugated secondary antibodies (GE Healthcare Life Sciences)

and an enhanced chemiluminescence (ECL) detection reagents

(Perkin Elmer Health Sciences).

Promoter-reporter assays

Cells were transfectedwith 1.5 mg of PD-L1 promoter-luciferase

reporter (pPD-L1-Luc) or control vector (Active Motif) in the

presence of Superfect (Qiagen). After 48 hours, the cells were

lysed in passive lysis buffer. Lysates were analyzed using the

Lightswitch Luciferase Assay Kit (Active Motif).

Chromatin immunoprecipitation assays

Soluble chromatin was prepared from 3 � 106 cells and

precipitated with anti-MYC, anti–NF-kB p65 (Santa Cruz Bio-

technology), anti–MUC1-C or a control nonimmune IgG.

Power SYBR Green PCR Master Mix (Applied Biosystems) and

ABI Prism Sequence Detector (Applied Biosystems) were used

for amplification of chromatin immunoprecipitation (ChIP)

qPCRs. Primers used for qPCR of the PD-L1 promoter and

GAPDH control region are listed in Supplementary Table S2.

Relative fold enrichment was calculated as described (26).

Mouse model studies

Eo771/MUC1-C cells (0.5 � 106 cells) were subcutaneously

injected into the flanks of 6-week-old human MUC1.Tg mice.

After reaching a tumor size of�150mm3,micewere pair-matched

into twogroups and treatedwith emptyNPsor 15mg/kgGO-203/

NPs once a week for 2 weeks. At the end of the treatment, mice

were sacrificed for harvesting of the tumors. In an additional

experiment, mice bearing Eo771/MUC1-C tumors were treated

with vehicle control (PBS) or 10mg/kg anti–PD-L1 (BioXCell) on

days 1 and 5 as described (27). Animal studies were performed

with approval from theDana-Farber Cancer Institute Animal Care

and Use Committee.

FACS analysis

Eo771/MUC1-C tumors were harvested, cut into small pieces

and incubated in dissociation medium containing 100 units/mL

Collagenase IV (Thermo Fisher Scientific) and 50 mg/mL DNase I

(Roche) for 30 minutes at 37�C. Tumor cell suspensions were

passed through 70-mm strainers (Thermo Fisher Scientific). After

lysis of red blood cells with ACKbuffer (Thermo Fisher Scientific),

tumor cells were counted, and an aliquot of each sample was

analyzed by FACS staining for CD69 and granzymeB (BioLegend)

expression on CD8þ T cells (BD LSR II Flow Cytometer, BD

Pharmingen). Spleen cells were used for adjusting compensation

during the analysis. After Ficoll separation, 3 � 106 cells were

incubated with Leucocyte Activation Cocktail (BD Pharmingen)

and Alexa 488 labeled anti-mouse CD107a antibody (Bio-

Legend) for 6 hours at 37�C. Cells were processed for FACS analysis

of IFNg (Thermo Fisher Scientific), granzyme B, and CD107a.

CTL assays

The day before mice sacrifice, Eo771/MUC1-C cells (6 � 103

per well) were plated in 96-well plates and incubated overnight.

Lymph nodes were digested with ACK lysis buffer (GIBCO) and

rinsed with PBS. Cells (effector cells) were incubated with

Eo771/MUC1-C cells (target cells) in 96-well plates for 6 hours.

The percentage cytotoxicity was assayed measuring LDH release
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following the manufacturer's recommendations (CytoTox 96

Non-Radioactive Cytotoxicity Assay; Promega) and calculated

using the formula: (Experimental � Effector spontaneous �

Target spontaneous)/(Target maximum � Target spontaneous)

� 100.

Bioinformatic analyses

Datasets of TNBC patients were downloaded from the Gene

Expression Omnibus (GEO) under the accession number

GSE25066 (28). Raw signal intensities were RMA normalized

across patients (29). Multiple probe sets corresponding to the

same gene were averaged. Expression values of MUC1, CD8,

CD69, andGZMB in TNBC samples were assessed for correlations

using the Spearman coefficient. The prognostic value of CD8,

CD69, andGZMB expression in TNBC datasets was determined as

described (30). Expression values were averaged and TNBC

patientswere segregatedbymedian expression. TheKaplan–Meier

survival probability plot with the hazard ratio (95% confidence

interval) and log-rank P value were calculated and plotted in R.

Statistical analysis

Analyses were performed using GraphPad Prism version 7.0

(GraphPad Software Inc.) and P values <0.05 were considered

statistically significant differences.

Results

MUC1 drives PD-L1 expression in TNBC cells

MUC1-C induces the EMT state, CSC characteristics, and epi-

genetic reprogramming in basal B TNBC cells (14, 18–20, 26, 31).

To investigate the potential relationships between MUC1-C and

PD-L1,wefirst performed immunoblot analysis of TNBCcell lines

and found readily detectable PD-L1 levels in the mesenchymal

basal B BT-549,MDA-MB-231, and SUM159 cells, as compared to

that in basal AMDA-MB-468 and BT-20 cells (Fig. 1A). The results

further showed that, in contrast toNF-kBp65,MYC is upregulated

in basal B, but not basal A, TNBC cells (Fig. 1A). We therefore

established BT-549, MDA-MB-231, and SUM159 cells with stable

expression a tetracycline-inducible control shRNA (tet-CshRNA)

or MUC1 shRNA (tet-MUC1shRNA) to determine whether

MUC1-C contributes to the regulation of PD-L1 expression. As

a control, doxycycline (DOX) treatment of BT-549/tet-CshRNA

cells had no effect onMUC1or PD-L1 expression (Supplementary

Fig. S1A). By contrast, treatment of BT-549/tet-MUC1shRNA cells

with DOX was associated with slowing of proliferation (Supple-

mentary Fig. S1B) and downregulation of MUC1-C and PD-L1

mRNA (Fig. 1B) and protein (Fig. 1C). In addition, DOX treat-

ment of BT-549/tet-MUC1shRNA#2 cells expressing a different

MUC1 shRNA resulted in downregulation of PD-L1 expression

(Supplementary Fig. S1C and S1D). Similar results were obtained

Figure 1.

MUC1-C induces PD-L1 expression.A, Lysates from thedesignated basal A andbasal B TNBCcellswere immunoblottedwith the indicated antibodies.B andC,BT-549

cells were transduced to stably express a tetracycline-inducible MUC1 shRNA (tet-MUC1shRNA). Cells treated with or without 500 ng/mL DOX for 4 days were

analyzed for MUC1 (left) and PD-L1 mRNA levels (right) by qRT-PCR. The results (mean�SD of 3 determinations) are expressed as relative mRNA levels compared

with that obtained for control DOX-untreated cells (assigned a value of 1; B). Lysates from cells treated with or without 500 ng/mL DOX for 7 days were

immunoblotted with the indicated antibodies (C).D and E,MDA-MB-231/tet-MUC1shRNA cells treated with or without 200 ng/mL DOX for 4 dayswere analyzed for

MUC1 (left) and PD-L1 mRNA levels (right) by qRT-PCR (mean � SD of 3 determinations; D). Lysates from cells treated with or without 200 ng/mL DOX for

7 days were immunoblotted with the antibodies (E).

MUC1-C Drives PD-L1 in TNBC
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withDOX-treated (i)MDA-MB-231/tet-CshRNA (Supplementary

Fig. S1E) and MDA-MB-231/tet-MUC1shRNA (Figs. 1D and E)

cells, and (ii) SUM-159/tet-MUC1shRNA (Supplementary Figs.

S1F and S1G) cells, further supporting the premise that MUC1-C

promotes the induction of PD-L1 expression.

Targeting the MUC1-C cytoplasmic domain downregulates

PD-L1 expression

The MUC1-C subunit consists of a 58-amino acid (aa) ecto-

domain, a 28-aa transmembrane domain, and a 72-aa intrinsi-

cally disordered cytoplasmic domain (Fig. 2A). Enforced expres-

sion of MUC1-C has been linked to the induction of EMT (26). In

concert with these and the above findings, we found that BT-20

cells transducedwith an empty orMUC1-C vector and selected for

growth in the presence of puromycin exhibit (i) modest upregula-

tion of constitutive PD-L1 expression in BT-20/vector cells asso-

ciated with the selective pressure, and (ii) more pronounced

increases in PD-L1 mRNA and protein levels in BT-20/MUC1-C

cells (Fig. 2B, left and right; an underexposed blot is shown to

document MUC1-C upregulation). These results demonstrate

that MUC1-C, and not the shed MUC1-N subunit, is sufficient

for the induction of PD-L1 expression. Of note, the MUC1-C

cytoplasmic domain includes a CQC motif (Fig. 2A), which is

essential for the formation of MUC1-C homodimers and their

Figure 2.

TargetingMUC1-C suppresses PD-L1 expression.A, Schema ofMUC1-Cwith the 58 amino acid (aa) extracellular domain (ED), the 28 aa transmembrane domain (TM),

and the 72 aa cytoplasmic domain (CD). The CQC motif of the CD domain is indispensable for MUC1-C homodimerization and is targeted by the cell-penetrating

GO-203 peptide. Highlighted are interactions of the MUC1-C cytoplasmic domain with the NF-kB p65 and MYC pathways. B, BT-20 cells stably transduced to

express a control or MUC1-C vector were analyzed for PD-L1 mRNA levels by qRT-PCR. The results (mean� SD of 3 determinations) are expressed as relative PD-L1

mRNA levels compared with that obtained for vector cells (assigned a value of 1; left). Lysates were immunoblotted with the indicated antibodies (right).

C, BT-549 cells were transfected to stably express an empty vector or MUC1-C(AQA) mutant. Lysates were immunoblotted with the indicated antibodies. D–F,

BT-549 (D), MDA-MB-231 (E), and BT-20/MUC1-C (F) cells treated with empty NPs or 2.5 mmol/L GO-203/NPs for 5 days were analyzed for PD-L1 mRNA

levels by qRT-PCR. The results (mean� SDof 3 determinations) are expressed as relative PD-L1mRNA levels comparedwith that obtained for emptyNPs (assigned a

value of 1; left). Lysates from cells treated with empty NPs or 2.5 mmol/L GO-203/NPs for 7 days were immunoblotted with the indicated antibodies (right).
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import into the nucleus (12, 32). In this regard, mutation of the

CQC motif to AQA abrogates MUC1-C function (33) and, in the

present studies, expression of the MUC1-C(AQA) mutant in BT-

549 cells (20) resulted in downregulation of PD-L1 expression

(Fig. 2C). The findings that the CQC motif is of importance to

MUC1-C signaling provided the basis for developing the cell-

penetrating GO-203 peptide to target this site (Fig. 2A; refs. 33,

34). In addition, GO-203 has been encapsulated in polymeric

nanoparticles (GO-203/NPs) for sustained delivery in vitro and in

animalmodels (25). Treatment of BT-549 (Fig. 2D, left and right)

andMDA-MB-231 (Fig. 2E, left and right) cells withGO-203/NPs,

but not emptyNPs, was associatedwith downregulation of PD-L1

expression. Moreover, studies in BT-20 cells with MUC1-C over-

expression (BT-20/MUC1-C) further demonstrated that targeting

MUC1-C with GO-203 results in suppression of PD-L1 mRNA

and protein (Fig. 2F, left and right). These findings thus demon-

strated that MUC1-C is sufficient for the induction of PD-L1

expression and that this pathway is inhibited by targeting the

MUC1-C CQC motif.

MUC1-C drives PD-L1 by a MYC-dependent mechanism

MUC1-C is associated with the upregulation of MYC (29, 35)

and drives MYC-mediated epigenetic reprogramming (20); how-

ever, there is no known relationship between MUC1-C!MYC

signaling and PD-L1. In searching for evidence, we found

that DOX treatment of BT-549/tet-MUC1shRNA (Fig. 3A) and

MDA-MB-231/tet-MUC1shRNA (Fig. 3B) cells results in the

downregulation of MYC expression. Treatment of BT-549

(Fig. 3C) and MDA-MB-231 (Fig. 3D) cells with GO-203, but

not the control CP-2 peptide, was also associated with the sup-

pression of MYC, supporting the premise that MUC1-C induces

MYC expression in TNBC cells. To determine if MYC drives PD-L1

in TNBC cells, we established BT-549 andMDA-MB-231 cells with

stable expression of a tet-MYCshRNA. DOX treatment of BT-549/

tet-MYCshRNA was associated with suppression of MYC and

PD-L1mRNA (Fig. 3E, left and right) andprotein (Fig. 3F). Similar

results were obtained in DOX-treated MDA-MB-231/tet-

MYCshRNA cells (Fig. 3G, left and right; and Fig. 3H). Treatment

of BT-549 cells with JQ1, a BET bromodomain inhibitor, was also

associated with downregulation of PD-L1 expression in BT-549

(Supplementary Fig. S2A) and BT-20/MUC1-C (Supplementary

Fig. S2B) cells, providing further support for a

MUC1-C!MYC!PD-L1 pathway in basal B TNBC cells.

MUC1-C induces PD-L1 expression by the NF–kB p65 pathway

MUC1-C activates the proinflammatory TAK1!IKK!NF-kB

p65 pathway in cancer cells (Fig. 2A; refs. 17, 36, 37). MUC1-C

also binds directly to NF-kB p65 and thereby drives its down-

stream target genes, including (i)MUC1 itself in an autoinductive

loop (17) and (ii) ZEB1 with activation of the EMT program in

basal B TNBC cells (26). To investigate whetherMUC1-C activates

PD-L1 by an NF-kB p65–mediated pathway, we first showed that

downregulation of MUC1-C in DOX-treated BT-549/tet-

MUC1shRNA (Supplementary Fig. S3A) and MDA-MB-231/tet-

MUC1shRNA (Supplementary Fig. S3B) cells results in the sup-

pression of phospho-p65, but not p65, levels. To extend this

analysis, we established BT-549 and MDA-MB-231 cells expres-

sing a p65shRNA. Targeting NF-kB p65 in BT-549/p65shRNA

Figure 3.

MUC1-C!MYC signaling induces PD-L1 expression. A and B, Lysates from BT-549/tet-MUCshRNA (A) and MDA-MB-231/tet-MUCshRNA (B) cells treated

with orwithout DOX for 7 dayswere immunoblottedwith the indicated antibodies.C andD, Lysates fromBT-549 (C) andMDA-MB-231 (D) cells treatedwith 5mmol/L

CP-2 or 5 mmol/L GO-203 for 3 days were immunoblotted with the indicated antibodies. E and F, BT-549/tet-MYCshRNA cells treated with or without 200 ng/mL

DOX for 1 daywere analyzed forMYCandPD-L1 levels byqRT-PCR. The results (mean�SDof 3determinations) are expressed as relativemRNA levels comparedwith

that obtained for control DOX-untreated cells (assigned a value of 1; E). Lysates from cells treated with or without 200 ng/mL DOX for 3 days were immunoblotted

with the indicated antibodies (F). G and H, MDA-MB-231/tet-MYCshRNA cells treated with or without 200 ng/mL DOX for 1 day were analyzed for MYC and PD-L1

levels by qRT-PCR (mean� SD of 3 determinations;G). Lysates from cells treatedwith or without 200 ng/mLDOX for 3 dayswere immunoblottedwith the indicated

antibodies (H).
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(Supplementary Fig. S3C, left and right) and MDA-MB-231/

p65shRNA (Supplementary Fig. S3D, left and right) cells was

associated with decreases in PD-L1mRNA and protein, indicating

thatMUC1-Cdrives PD-L1 expression by theNF-kBp65pathway.

In support of this contention, treatment of BT-549 (Supplemen-

tary Fig. S3E, left and right) and BT-20/MUC1-C (Supplementary

Fig. S3F, left and right) cells with BAY-11-7085, an irreversible

inhibitor of IkB phosphorylation, resulted in suppression of

PD-L1 expression.

MUC1-C enhances MYC and NF-kB p65 occupancy on the

PD-L1 promoter

The PD-L1 promoter contains (i) an E-box sequence (CAGCTT)

for MYC binding at positions �164 to �159, and (ii) an NF-kB

p65 binding site (GGGGGACGCC) at positions �387 to �378

upstream to the transcription start site (Fig. 4A; ref. 35). To

determine whether MUC1-C activates the PD-L1 promoter, we

transfected DOX-treated BT-549/tet-MUC1shRNA cells with a

PD-L1 promoter-luciferase reporter (pPD-L1-Luc). The results

demonstrated that silencing MUC1-C suppresses pPD-L1-Luc

activity (Fig. 4B). Targeting MUC1-C in BT-549 cells with GO-

203/NP treatment also decreased activity of the pPD-L1-Luc

reporter (Fig. 4C), indicating that MUC1-C activates the PD-L1

promoter. Toour knowledge, it is not known ifMYCorNF-kBp65

occupies the PD-L1 promoter in TNBC cells. Accordingly, we

performed ChIP studies of chromatin from BT-549/tet-

MUC1shRNA cells, which demonstrated that MYC is detectable

on the PD-L1 promoter (Fig. 4D, left) and that silencing MUC1-C

decreases MYC occupancy (Fig. 4D, right). In a similar way, we

found that NF-kB p65 also occupies the PD-L1 promoter by a

MUC1-C–dependent mechanism (Fig. 4E, left and right). Nota-

bly,MUC1-Coccupancy on the PD-L1promoterwas substantially

greater in basal B BT-549 cells as compared with that found in

basal AMDA-MB-468 cells, which have low to undetectable levels

of PD-L1 expression (Fig. 4F). In addition, therewas no significant

detection of MYC or NF-kB p65 occupancy on the PD-L1 pro-

moter in MDA-MB-468 cells (Fig. 4G, left and right), providing

mechanistic evidence for the findings that MUC1-C drives PD-L1

in basal B, and not basal A, TNBC cells.

MUC1-C drives PD-L1 expression in mouse Eo771 TNBC cells

To extend this line of investigation, we studied mouse Eo771

TNBC cells stably expressing humanMUC1-C (Eo771/MUC1-C).

Notably, Eo771/MUC1-C cells exhibited increased levels of PD-

L1mRNA (Supplementary Fig. S4A) and protein (Supplementary

Fig. S4B) relative to that in control cells expressing an empty vector

(Eo771/vector). In concertwith the above studies inhumanTNBC

cells, we also found that the MUC1-C!PD-L1 response is inhib-

ited by treatment with JQ1 (Supplementary Fig. S4C, left and

right) and BAY-11 (Supplementary Fig. S4D, left and right). In

addition, treatment of the Eo771/MUC1-C cells with GO-203/

NPs was associated with downregulation of PD-L1 mRNA and

protein (Supplementary Fig. S4E, left and right), confirming that

MUC1-C drives PD-L1 expression in mouse Eo771 cells by MYC-

and NF-kB p65-mediated mechanisms.

Targeting MUC1-C in Eo771/MUC1-C tumors suppresses

PD-L1 expression and activates the tumor immune

microenvironment

We next performed studies in the human MUC1 transgenic

(MUC1.Tg) mouse model. The immune competent MUC1.Tg

mice express the MUC1 transgene in normal tissues in a pattern

and at levels consistent with that in humans (38). In addition,

MUC1.Tg mice are tolerant to MUC1, thereby providing an

experimental setting for engraftment of Eo771/MUC1-C cells.

MUC1.Tg mice with established Eo771/MUC1-C tumors were

treated with GO-203/NPs to assess the effects of targeting MUC1-

C on the tumor microenvironment. GO-203/NP, but not anti–

PD-L1, treatment was associated with inhibition of Eo771/

MUC1-C tumor growth as compared with that obtained with

respective controls (Fig. 5A, left and right). Analysis of the GO-

203/NP-treated tumors on day 16 showed that targetingMUC1-C

results in the downregulation of PD-L1 mRNA and protein (Fig.

5B, left and right). In addition, GO-203/NP treatment decreased

PD-L1 expression on the Eo771/MUC1-C cell surface (Fig. 5C, left

and right). Analysis of the TIL population also revealed that

expression of the CD69 activation marker and granzyme B is

upregulated in CD8þ T cells after GO-203/NP treatment (Figs.

5D, left and right; Supplementary Fig. S5A and S5B). Moreover,

and consistent with these results, in vitro stimulation assays

demonstrated that tumor-infiltrating CD8þ T cells from GO-

203/NP-treated mice exhibit increases in expression of IFNg (Fig.

5E, left; Supplementary Fig. S6A), the degranulation marker

CD107a (Fig. 5E,middle; Supplementary Fig. S6B) and granzyme

B (Fig. 5E, right; Supplementary Fig. S6C). In support of these

findings indicative of enhanced function, TILs from the GO-203/

NP-treated mice were more effective in killing Eo771/MUC1-C

tumor cells (Fig. 5F).

Correlation of MUC1 with T-cell activation in TNBC

To further understand the relationship between MUC1-C and

T-cell activation in TNBCs, we performed bioinformatics ana-

lyses on the microarray dataset from the GEO (GSE25066). The

results demonstrated thatMUC1 expression correlates inversely

with that obtained for CD8 (Fig. 6A), CD69 (Fig. 6B), and

GZMB (Fig. 6C). Additionally, we found that higher levels of

CD8 (Fig. 6D), CD69 (Fig. 6E), and GZMB (Fig. 6F) expression

are associated with significant increases in disease-free survival

of TNBC patients.

Discussion

Evidence is accumulating that immunotherapy may represent

an option for the treatment of TNBC. Inhibition of the PD-1/

PD-L1 axis has been associated with responses in patients with

advanced TNBC, indicating that immune evasion contributes to

the pathogenesis of this refractory disease (10, 11). In addition,

the overexpression of PD-L1 in TNBCs, albeit by unclear mechan-

isms, has been linked tomore aggressive disease and poor clinical

outcomes (6–8). The present studies demonstrate that MUC1-C

drives (i) constitutive PD-L1 expression in basal B BT-549, MDA-

MB-231 and SUM-159 TNBC cells, which display mesenchymal

and CSC characteristics (Fig. 7; refs. 39–41), and (ii) inducible

PD-L1 expression in basal A BT-20 TNBC cells. The results support

a model in which MUC1-C activates the PD-L1 promoter in part

by a MYC-dependent pathway. MUC1-C has been shown to

activate MYC-mediated BMI1 expression and epigenetic altera-

tions in basal B TNBC cells (Fig. 7; ref. 20). Here, we show that

targeting MUC1-C results in the downregulation of MYC,

decreased occupancy of MYC on the PD-L1 promoter and sup-

pression of pPD-L1-Luc reporter activation, all in support of a

transcriptional mechanism. A MUC1-C!MYC!PD-L1 pathway
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Figure 4.

MUC1-C enhances MYC and NF-kB p65 occupancy on the PD-L1 promoter. A, Schema of the pPD-L1 promoter with highlighting of the E-box at �164 to �159

andNF-kB binding site at�387 to�378 upstream to the transcription start site (TSS). B,BT-549/tet-MUC1shRNA cells culturedwith or without DOX for 5 dayswere

transfected with the pPD-L1-Luc reporter for 48 hours and then assayed for luciferase activity. The results (mean � SD of 3 determinations) are expressed

as the relative luciferase activity comparedwith that obtained for control DOX-untreated cells (assigned avalue of 1).C,BT-549 cells treatedwithNPs orGO-203/NPs

for 4 days were transfected with pPD-L1-Luc reporter for 48 hours and then assayed for luciferase activity. The results (mean � SD of 3 determinations) are

expressed as the relative luciferase activity compared with that obtained with empty NP-treated cells (assigned a value of 1).D, Soluble chromatin from BT-549/tet-

MUC1shRNA cells was precipitated with anti-MYC or a control IgG (left). The final DNA samples were amplified by qPCR with primers for the PD-L1 promoter

MYC binding region or GAPDH as a control. 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). Soluble chromatin from 549/tet-MUC1shRNA cells cultured with or without DOX for 5 days was

precipitated with anti-MYC or a control IgG. The final DNA samples were amplified by qPCR. The results (mean � SEM of 3 determinations) are expressed as the

relative fold enrichment compared with that obtained for control DOX-untreated cells (assigned a value of 1; right). E, Soluble chromatin from BT-549/tet-

MUC1shRNA cells was precipitated with anti–NF-kB p65 or a control IgG (left). The final DNA samples were amplified by qPCR with primers for the PD-L1 promoter

NF-kB binding region or GAPDH as a control. 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). Soluble chromatin from BT-549/tet-MUC1shRNA cells cultured with or without DOX for 5 days was

precipitated with anti–NF-kB p65 or a control IgG (right). The final DNA samples were amplified by qPCR. The results (mean � SEM of 3 determinations) are

expressed as the relative fold enrichment compared with that obtained for control DOX-untreated cell chromatin (assigned a value of 1). F, Soluble chromatin from

BT-549 and MDA-MB-468 cells was precipitated with anti–MUC1-C or a control IgG. The final DNA samples were amplified by qPCR with primers for the

PD-L1 promoter or GAPDH as a control. The results (mean� SD of 3 determinations) are expressed as the relative fold enrichment comparedwith that obtained with

the IgG controls (assigned a value of 1). � , P < 0.05. G, Soluble chromatin from MDA-MB-468 cells was precipitated with anti-MYC (left), anti–NF-kB p65 (right), or a

control IgG. The final DNA samples were amplified by qPCR with primers for the PD-L1 promoter or GAPDH as a control. The results (mean � SD of

three determinations) are expressed as the relative fold enrichment compared with that obtained with the IgG controls (assigned a value of 1). #, P > 0.05.

MUC1-C Drives PD-L1 in TNBC

www.aacrjournals.org Cancer Res; 78(1) January 1, 2018 211

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

8
/1

/2
0
5
/2

7
6
2
8
4
8
/2

0
5
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g

u
s
t 2

0
2
2



was further supported by the findings that targeting MYC with

inducible silencing or the JQ1 inhibitor suppresses PD-L1 expres-

sion. In concert with studies in NSCLC cells (30), the present

results also demonstrate that MUC1-C induces PD-L1 by an NF-

kB p65-mediated mechanism. Along these lines, MUC1-C acti-

vates the inflammatory NF-kB p65 pathway in basal B TNBC cells

Figure 5.

Targeting MUC1-C in Eo771/MUC1-C tumors activates the immune microenvironment. A, Eo771/MUC1-C cells were injected subcutaneously into the flanks of

MUC1.Tgmice. Left, mice with established tumors of approximately 150mm3were pair-matched and then treated with empty NPs (diamonds) or 15 mg/kg GO-203/

NPs (squares). The results are expressed as tumor volume (mean � SEM; 5 mice per group). One of the tumors in the GO-203/NP-treated group was

undetectable at the timeof harvest. � ,P<0.05. Tumorswere harvested onday 16when the controls showed signs of necrosis. Right, in a subsequent experiment,mice

were treated with PBS or 10 mg/kg anti–PD-L1 on days 1 and 6. Tumors in the control group showed signs of necrosis on day 17 when the study was terminated

according to the animal protocol. B, Tumor cells were analyzed for PD-L1 mRNA levels by qRT-PCR. The results (mean� SD of 4 determinations) are expressed as

relative mRNA levels compared with that obtained for empty NP-treated tumors (assigned a value of 1; left). Lysates were immunoblotted with the indicated

antibodies (right). C–E, Single cell suspensions were prepared for FACS analysis. C, In a representative histogram, tumor cells from NP-treated (profile #1)

and GO-203/NP-treated (profile #2) mice were analyzed for PD-L1 expression (left). An isotype identical antibody was used as a control (profile #3; left). The

percentage of PD-L1–positive tumor cells is expressed as the mean � SD (4 tumors per group; right). D, Tumor-infiltrating CD8þ T-cells were analyzed for

CD69 and granzyme B expression. The results are expressed as the percentage (mean� SD; n¼ 4) of CD69 (left)- and granzyme B (right)–positive cells. E, Tumor-

infiltrating immune cells were isolated by Ficoll separation and stimulated with the Leucocyte Activation Cocktail. CD8þ T-cells were analyzed for expression

of IFNg (left), the CD107a degranulation marker (middle), and granzyme B (right). The results are expressed as the percentage (mean � SD; n ¼ 4) of positive

cells. F, Lymph nodes obtained from NP- and GO-203/NP-treated mice were disrupted into cell single suspensions. Effectors were plated in 96-well plates

with Eo771/MUC1-C target cells at a 3:1 ratio. After 6 hours, T-cell–mediated cytotoxicity was assayed measuring LDH release. The results are expressed as

percentage cytotoxicity (mean � SD; n ¼ 4).
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(17, 26, 37). MUC1-C binds directly to NF-kB p65 and promotes

NF-kB p65 occupancy on its target gene, ZEB1, which in turn

drives theZEB1!miR-200c loopand the inductionofEMT(Fig. 7;

refs. 17, 26). By extension, we show here that targeting MUC1-C

decreases NF-kB p65 occupancy on the PD-L1 promoter and

suppresses activation of the pPD-L1-Luc reporter. Targeting NF-

kB p65 also resulted in downregulation of PD-L1 expression,

supporting activation of a MUC1-C!NF-kB p65!PD-L1 path-

way. Of note, the MUC1-C!MYC and MUC1-C!NF-kB p65

pathways both have significant roles in driving PD-L1 expression

in the basal B TNBC cells (Fig. 7), supporting potential cross-talk

of these two transcription factors in activating the PD-L1 promot-

er. Further studies will thus be needed to determine whether

MUC1-C occupancy the PD-L1 promoter is conferred by MYC-

and/or NF-kB p65-dependent mechanisms.

As an extension of the studies in human TNBC cells, we

established mouse Eo771 TNBC cells that stably express human

MUC1-C and confirmed that MUC1-C induces PD-L1 expression

in this model. The results further indicate that, as observed in

human TNBC cells, MUC1-C–induced increases in PD-L1 in

Eo771/MUC1-C cells are mediated by MYC and NF-kB. The

Eo771/MUC1-C cells also provided an opportunity to assess the

effects of targeting MUC1-C in immune competent MUC1.Tg

mice bearing established Eo771/MUC1-C tumors. Notably, and

in contrast to GO-203/NPs, anti–PD-L1 treatment had little if any

effect on growth of the Eo771/MUC1-C tumors. Importantly,

GO-203/NP treatment of Eo771/MUC1-C cells growing in vitro

and as tumors in MUC1.Tg mice was associated with down-

regulation of PD-L1 expression. We also found that targeting

MUC1-C and thereby suppression of PD-L1 in Eo771/MUC1-C

tumors is associated with activation of the CD8þ T-cell popula-

tion. In support of that contention and in concert with studies in

NSCLC cells (42), we found that GO-203/NP treatment results

in upregulation of IFNg , the CD107a degranulation marker,

and granzyme B in the CD8þ T-cell population. The CD8þ T

cells obtained from GO-203/NP-treated mice were also more

effective in killing Eo771/MUC1-C cells. In patients with

TNBCs treated with adjuvant or neoadjuvant chemotherapy,

the presence of TILs is associated with improved clinical out-

comes (2, 43, 44). Noteworthy, however, is the lack of infor-

mation regarding whether the TILs were activated or not in

these trials. For these reasons, we analyzed datasets obtained

from basal A and B TNBC patients and, interestingly, found that

MUC1 expression predicts for decreases in mRNA levels of

intratumoral (i) CD8 and (ii) the CD69 and granzyme B

markers of T-cell activation. In addition, our analysis of the

databases showed that decreases in CD8, CD69, and GZMB

expression each correlated with more aggressive disease. A

more detailed analysis will be of interest as larger datasets that

distinguish between basal A and B TNBCs become available.

Nonetheless, these findings and those in our in vitro and mouse

model studies collectively support a previously unreported role

Figure 6.

Correlation between MUC1 and T-cell activation in TNBCs. A–C, Gene expression data of TNBCs was obtained from GSE25066 datasets. Correlation

between MUC1 and CD8A/B (A), CD69 (B), and GZMB (C) expression was assessed using the Spearman correlation coefficient, where P < 0.05 was considered as

statistically significant. D–F, Kaplan–Meier plots comparing the relapse-free survival of TNBC patients. Patients were stratified with high (red) or low

(black) expression of CD8 (D), CD69 (E), and GZMB (F) against the median. The survival curves were compared using the log-rank test. HR, hazard ratio.
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for MUC1-C in suppressing immune recognition and

destruction.

Upregulation of PD-L1 has been linked to EMT and poor

clinical outcomes in breast, lung, and other types of cancers

(45–47), suggesting that immune evasion contributes to the

invasive and metastatic phenotype. The present studies provide

new insights into the integration of increased PD-L1 expression

with the EMT process. In this way, MUC1-C drives EMT in basal

B TNBC cells by activation of the inflammatory NF-kB p65

pathway and thereby induction of the EMT transcription factor

ZEB1 (Fig. 7; ref. 26). In turn, ZEB1 (i) promotes loss of polarity

by suppression of polarity factors, such as CRB3, and (ii)

activates the HIPPO/YAP pathway with induction of MYC in

TNBC cells (19). ZEB1 also decreases expression of the miR-

200c tumor suppressor, which is a negative regulator of PD-L1

(26). In this regard, recent work has demonstrated that MUC1-

C increases PD-L1 expression in NSCLC cells by an NF-kB–

mediated mechanism (30, 42) and in AML cells by suppression

of miR-200c (48), supporting the premise that MUC1-C reg-

ulates PD-L1 by transcriptional and posttranscriptional

mechanisms, which are dependent on cell context. The

MUC1-C!NF-kB p65 and MUC1-C!MYC pathways also have

the capacity to induce epigenetic modifications needed for the

associated changes in gene expression for the EMT program and

CSC state (Fig. 7; refs. 18, 20–22). Of potential interest is why

PD-L1 and EMT would be integrated in basal B TNBC cells. One

explanation is that invasive and metastatic cancer cells require a

defense against immune recognition. Another possibility is that

the overexpression of MUC1-C with induction of PD-L1 and

EMT represents an appropriation and exploitation by cancer

cells of an epithelial stress response that evolved to repair

damaged epithelia (22).

Regarding translational relevance of targetingMUC1-C, a phase

I trial of GO-203 in patients with advanced solid tumors has

demonstrated an acceptable safety profile for this agent. Based on

these and the present findings, the formulation of GO-203 in NPs

is being advanced for more prolonged and less frequent dosing of

patientswith TNBC inphase I II studies as a potential approach for

suppressing PD-L1 in the tumor cells themselves. These trials of

GO-203/NPs will be integrated with the administration of

immune checkpoint inhibitors and other immunotherapeutic

approaches.
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