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ABSTRACT
Background The MUC1- C protein evolved in mammals to 
protect barrier tissues from loss of homeostasis; however, 
MUC1- C promotes oncogenesis in association with chronic 
inflammation. Aberrant expression of MUC1- C in cancers 
has been linked to depletion and dysfunction of T cells 
in the tumor microenvironment. In contrast, there is no 
known involvement of MUC1- C in the regulation of natural 
killer (NK) cell function.
Methods Targeting MUC1- C genetically and 
pharmacologically in cancer cells was performed to assess 
effects on intracellular and cell surface expression of 
the MHC class I chain- related polypeptide A (MICA) and 
MICB ligands. The MICA/B promoters were analyzed for 
H3K27 and DNA methylation. Shedding of MICA/B was 
determined by ELISA. MUC1- C interactions with ERp5 and 
RAB27A were assessed by coimmunoprecipitation and 
direct binding studies. Exosomes were isolated for analysis 
of secretion. Purified NK cells were assayed for killing of 
cancer cell targets.
Results Our studies demonstrate that MUC1- C represses 
expression of the MICA and MICB ligands that activate 
the NK group 2D receptor. We show that the inflammatory 
MUC1- C→NF-κB pathway drives enhancer of zeste 
homolog 2- mediated and DNMT- mediated methylation of 
the MICA and MICB promoter regions. Targeting MUC1- C 
genetically and pharmacologically with the GO- 203 
inhibitor induced intracellular and cell surface MICA/B 
expression but not MICA/B cleavage. Mechanistically, 
MUC1- C regulates the ERp5 thiol oxidoreductase that is 
necessary for MICA/B protease digestion and shedding. 
In addition, MUC1- C interacts with the RAB27A protein, 
which is required for exosome formation and secretion. As 
a result, targeting MUC1- C markedly inhibited secretion 
of exosomes expressing MICA/B. In concert with these 
results, we show that targeting MUC1- C promotes NK cell- 
mediated killing.
Conclusions These findings uncover pleotropic 
mechanisms by which MUC1- C confers evasion of cancer 
cells to NK cell recognition and destruction.

BACKGROUND
MUC1 evolved in mammals to protect epithe-
lial niches from loss of homeostasis as a result 
of exposure to the external environment.1 2 

MUC1 encodes a heterodimeric complex at 
the epithelial cell apical membrane consisting 
of: (1) an extracellular N- terminal (MUC1- N) 
subunit that extends beyond the glycoc-
alyx into a protective mucous barrier and 
(2) a C- terminal (MUC1- C) transmem-
brane subunit that, when activated, induces 
inflammatory and repair pathways associated 
with the wound healing response.1 2 The 
MUC1- N/MUC1- C non- covalent complex is 
poised to play a role in protecting epithelia 
from viral and bacterial infections, as well as 
damage induced by toxins and other types 
of stress.1 2 This protective function of the 
MUC1- N/MUC1- C complex has been misap-
propriated in settings of chronic inflamma-
tion with the induction of carcinogenesis.1 
In this way, prolonged and irreversible acti-
vation of the MUC1- C subunit contributes 
to the epithelial- mesenchymal transition, 
epigenetic reprogramming, pluripotency 
and the cancer stem cell (CSC) state.1–3 
Dedifferentiation endows cancer cells with 
capacity for evasion of immune recogni-
tion and destruction.4 5 Along these lines, 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ MUC1- C suppresses anticancer cytotoxic T lympho-
cyte functions; however, there is no known involve-
ment of MUC1- C in regulating innate immunity.

WHAT THIS STUDY ADDS
 ⇒ Our results demonstrate that MUC1- C regulates 
MHC class I chain- related polypeptide A/B expres-
sion, shedding and secretion on exosomes in asso-
ciation with suppression of natural killer (NK) cell 
killing.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLIC

 ⇒ These findings identify MUC1- C as a target for po-
tentiating NK cell- mediated antitumor activity.
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MUC1- C induces the inflammatory NF-κB p65 pathway 
and thereby PD- L1/CD274 expression. MUC1- C→NF-κB 
p65 signaling also represses genes, such as IFNG, that 
activate the immune tumor microenvironment (TME). 
Analysis of human tumor gene expression datasets has 
further demonstrated that upregulation of MUC1 asso-
ciates with immune cell- depleted TMEs and poor clinical 
outcomes.6–8 MUC1- C promotes depletion and dysfunc-
tion of anti- tumor CD8+ T cells in the TME in association 
with expression of immunosuppressive effectors.7–9 These 
findings have collectively supported involvement of the 
MUC1- C subunit in promoting the CSC state and evasion 
of adaptive antitumor immunity.3

Natural killer (NK) cells recognize tumor cells 
expressing ligands that are upregulated by activation 
of proliferative, oncogenic, genotoxic and other stress- 
induced signaling pathways.10 11 The NK group 2D 
(NKG2D) receptor, which is present on NK cells, CD8+ T 
cells and gamma/delta T cells, is stimulated by expression 
of: (1) MHC class I chain- related polypeptide A (MICA) 
and MICB and (2) six members of the UL- 16- binding 
protein (ULBP)/retinoic acid early transcripts (RAETs) 
family on the surface of tumor cells.12 13 MICA and MICB 
are induced at the transcriptional level by genomic 
damage and activation of the replicative stress and cyto-
solic DNA sensing pathways.11 Tumor cells suppress 
expression of the MICA/B genes as one mechanism to 
evade NK cell recognition.10 11 MICA and MICB are epige-
netically repressed by: (1) histone deacetylases,14 (2) 
the polycomb repressor complex 2 (PRC2) component 
enhancer of zeste homolog 2 (EZH2), which catalyzes 
H3K27 trimethylation,15 and (3) DNMT- mediated DNA 
methylation.16 MICA and MICB are also cleaved by ADAM 
proteases at the surface of tumor cells as an additional 
mechanism to evade NK cell destruction.17 18 Release of 
soluble MICA/B cleavage products into the TME chron-
ically engages the NKG2D receptor and promotes NK 
cell exhaustion.17–20 Along these lines, antibody- mediated 
targeting of MICA/B shedding potentiates NK cell- 
induced antitumor immunity.21 Tumor cell production 
of extracellular vesicles (EVs) expressing NKG2D ligands 
and immunosuppressive effectors has also been identi-
fied as a mechanism associated with NK cell exhaustion, 
immune evasion and cancer progression.22

There is no known involvement of MUC1- C in the regu-
lation of NK cells. The present studies demonstrate that 
MUC1- C represses activation of the MICA/B genes by 
mechanisms involving PRC2- mediated H3K27 trimethyl-
ation and DNMT- induced DNA methylation. Consistent 
with these results, we show that targeting MUC1- C genet-
ically and pharmacologically with the GO- 203 inhibitor 
induces MICA/B expression and suppresses MICA/B 
cleavage. We also show that targeting MUC1- C with 
GO- 203: (1) suppresses release of exosomes expressing 
MICA/B and (2) enhances NK cell- mediated killing of 
cancer cells. These findings identify a previously unrec-
ognized master role for MUC1- C in the regulation of 

NKG2D ligands, exosome secretion and evasion of NK 
cell function in cancer.

METHODS
Cell culture
RKO cells (American Type Culture Collection (ATCC), 
Manassas, Virginia, USA) were cultured in EMEM 
medium (Thermo Fisher Scientific, Waltham, Massachu-
setts, USA) supplemented with 10% fetal bovine serum 
(FBS; GEMINI Bio- Products, West Sacramento, Cali-
fornia, USA). HCT116 cells (ATCC) were cultured in 
McCoy’s modified Medium (Thermo Fisher Scientific) 
containing 10% FBS. BT- 549 cells (ATCC) were cultured 
in RPMI1640 medium (Thermo Fisher Scientific) 
containing 10% FBS, 100 μg/mL streptomycin, 100 U/
mL penicillin and 10 μg/mL insulin. COLO 201, H1975 
and DU145 cells (ATCC) were cultured in RPMI1640 
medium supplemented with 10% FBS. Authentication of 
the cells was performed by short tandem repeat analysis. 
Cells were monitored for mycoplasma contamination 
using the MycoAlert Mycoplasma Detection Kit (Lonza, 
Rockland, Massachusetts, USA). Cells were maintained 
for 3 months for performing experiments.

Primary NK cells were isolated from different anony-
mous healthy donors as described.23 Briefly, to expand 
NK cells, CD3- depleted peripheral blood mononuclear 
cells (Stem Cell Kit, Lymphoprep) were cultured for 
10–14 days in NK culture media (SCGM media with 10% 
FBS, 10 ng/mL IL- 2, 1% Glutamax and penicillin/strep-
tomycin) with a target density of 0.5×106 cells/mL. The 
purity of the NK cells culture was determined by flow 
cytometry, using anti- CD56- APC (#130- 113- 872 1:100; 
Miltenyi Biotec, Waltham, Massachusetts, USA) and anti- 
CD3- FITC (#130- 098- 162,1:100; Miltenyi Biotec).

Gene silencing and overexpression
MUC1shRNA (MISSION shRNA TRCN0000122938; 
Sigma) was inserted into the pLKO- tet- puro vector 
(Plasmid #21915; Addgene, Cambridge, Massachusetts, 
USA) as described.24 The MUC1shRNA#2 (MISSION 
shRNA TRCN0000430218) and NF-κBshRNA (MISSION 
shRNA TRCN0000014687) were produced in HEK293T 
cells as described.25 pIRESpuro2 vector and pIRE-
Spuro2- MUC1 were generated as described26 and trans-
fected into HCT116 cells with Lipofectamine. Cells 
transduced with the vectors were selected for growth 
in 1–2 μg/mL puromycin. Cells were treated with 0.1% 
DMSO as the vehicle control or 500 ng/mL DOX (Milli-
pore Sigma, St. Louis, Missouri, USA).

RNA-seq
Total RNA from cells cultured in triplicates was isolated 
using the RNeasy Plus Mini Kit (Qiagen). TruSeq Stranded 
mRNA (Illumina, San Diego, California, USA) was used 
for library preparation as described.27 Raw sequencing 
reads were aligned to the human genome (GRCh38.74) 
with STAR. Raw feature counts were normalized, and 
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differential expression analysis was performed using 
DESeq2. Differential expression rank order was used for 
subsequent GSEA, performed using the fgsea (V.1.8.0) 
package in R. Gene sets queried included those available 
through the Molecular Signatures Database (MSigDB) as 
described.27

qRT-PCR
Total RNA from cells was isolated using Trizol reagent 
(Thermo Fisher Scientific). cDNAs were synthesized 
using the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Grand Island, NY, USA). The cDNA 
samples were amplified using the Power SYBR Green 
PCR Master Mix (Applied Biosystems) and the CFX96 
Real- Time PCR System (BIO- RAD, Hercules, CA, USA) 
as described.24 Primers used for qRT- PCR are listed in 
online supplemental table S1.

Immunoblot analysis
Total protein lysates from cultured cells were subjected 
to immunoblot analysis using anti- MUC1- C (HM- 1630- 
P1ABX, 1:100 dilution; Thermo Fisher Scientific), anti- 
MICA (ab150355, 1:1000 dilution; Abcam), anti- MICB 
(77 296S, 1:1000 dilution; Cell Signaling Technology 
(CST)), anti-β-actin (A5441, 1:5000 dilution; Sigma- 
Aldrich), anti- CD9 (13 174S, 1:1000 dilution; CST), anti- 
CD63 (ab59479, 1:1000 dilution; Abcam), anti- CD81 
(56 039S, 1:1000 dilution; CST), anti- ERp5 (1:2500; 
18 233–1- AP, Proteintech, Rosemont, Illinois, USA) and 
anti- RAB27A (69 295S, 1:1000 dilution; CST).

Flow cytometry
Cells were washed with ice cold phosphate buffered saline 
(PBS) and incubated with: (1) Alexa Fluor 488 conjugated 
MICA antibody (FAB1300G, R&D Systems, Minneapolis, 
Minnesota, USA), Alexa Fluor 488 conjugated MICB anti-
body (FAB1599G, R&D Systems) or IgG2B isotype control 
antibody (IC0041G, R&D systems) and (2) anti- HLA- E 
(342603; BioLegend, San Diego, California, USA), anti- 
HLA- ABC (555552; BD Biosciences, San Jose, California, 
USA) or an IgG1 isotype control antibody (555748; BD 
Biosciences) for 30 min on ice. Antibodies were diluted 
in 1% BSA/PBS. Dead cells were stained with eBiosci-
ence 7- AAD viability staining solution (00- 6993- 50, Invi-
trogen). Cells were analyzed by MACSQuant Analyzer 
10 Flow Cytometer (Miltenyi Biotec). Measurement of 
geometric MFI was performed with FlowJo V.10.6.2 (BD 
Biosciences) software.

Chromatin immunoprecipitation (ChIP) studies
ChIP was performed on cells crosslinked with 1% form-
aldehyde for 5 min at 37°C, quenched with 2 M glycine, 
washed with PBS and then sonicated in a Covaris E220 
sonicator to generate 300–600 bp DNA fragments as 
described.28 Immunoprecipitation was performed using 
a control IgG (3900S, CST) and antibodies against 
EZH2 (#5246S, CST) and H2K27me3 (#9733S, CST). 
Precipitated DNAs were detected by PCR using primers 
listed in online supplemental table S2. Quantitation was 

performed on immunoprecipitated DNA using SYBR- 
green and the CFX384 real- time PCR machine (Bio- Rad, 
USA). Data are reported as fold enrichment relative to 
IgG.27

Immunocytochemistry
BT- 549 cells were stained as described.9 Briefly, cells 
were fixed in 4% paraformaldehyde and were incubated 
with 0.1% Triton X- 100 at room temperature for 10 min. 
The samples were blocked with 3% Normal Goat Serum 
(Gibco), incubated with anti- MICA (PA5- 35346, 1:20 
dilution; Thermo Fisher Scientific) or anti- MICB (NBP2- 
56506, 0.9 μg/mL; Novus Biologicals, Centennial, Colo-
rado, USA) at 4°C overnight and incubated with goat 
antirabbit IgG H and L labeled with Alexa Fluor 488 
(Abcam). Invitrogen ProLong Gold Antifade Mountant 
with DAPI (Invitrogen) was used to stain the nuclei. The 
cells were analyzed by a Leica THUNDER Imager 3D Cell 
Culture microscope as described.9

Tumorsphere culture
Cells (3000) were seeded per well in 6- well ultra- low attach-
ment culture plates (Corning Life Sciences) in DMEM/
F12 50/50 medium (Corning Life Sciences) with 20 ng/
mL EGF (Millipore Sigma), 20 ng/mL bFGF (Millipore 
Sigma) and 1% B27 supplement (Gibco) as described.24

Detection of soluble MICA/B by ELISA
Supernatants from cells cultured for 3 days were analyzed 
using Human MICA DuoSet ELISA (DY1300, R&D 
Systems) and Human MICB DuoSet ELISA (DY1599, 
R&D Systems).

Isolation and characterization of exosomes
Supernatants (18 mL) from cells cultured in medium 
supplemented with 10% exosome depleted FBS (Thermo 
Fisher Scientific) in a 15 cm dish for 3 days were harvested 
for purification of exosomes using the Total Exosome 
Isolation Reagent (4478359, Thermo Fisher Scientific) 
according to the manufacturer’s instruction. Exosomes 
were analyzed by: (1) transmission electron microscopy 
(TEM) using a JEOL 1400 transmission electron micro-
scope (JEOL, Peabody, Massachusetts, USA) equipped 
with a Gatan Orius SC1000 digital CCD camera (Gatan, 
Pleasanton, California, USA) and (2) dynamic light scat-
tering (DLS) on a DynaPro Plate Reader III (Wyatt Tech-
nology, Goleta, California, USA) at 10% laser power and 
0% attenuation. Total exosome yield was determined by 
protein estimation as described.29 Immunoblot analysis 
was performed on lysates of exosomes fractions from the 
same 18 mL volumes of supernatants.

NK cell killing assays
RKO and COLO 201 cells treated with or without GO- 203 
for 3 days and RKO/tet- MUC1shRNA cells treated with 
vehicle or DOX for 3 days were seeded in 384 plates 
(5000–7500 cells per well in 30 μL growth media). After 
overnight incubation, primary NK cells (cell suspension 
of 30 μL per well) were added at different NK cell:tumor 
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cell (E:T) ratios for 24 hours. Anti- NKG2D antibody 
(10 ng/mL; Thermo Fisher Scientific) was added in 
certain experiments as a control. Each plate had a set 
of wells seeded only with NK cells. Six replicates were 
included per experimental condition. Cell Titer Glow 
(10%; G9241, Promega) was then added to each well for 
30 min, and the plates were read with a microplate reader 
(BioTek Synergy 2, BioTek) as described.23 NK cytotox-
icity was calculated as follows: cytotoxicity per E:T ratio=1 
– [(bioluminescence signal – average bioluminescence 
signal of NK cells only)/(average bioluminescence signal 
of control tumor cells)].

Statistical analysis
Each experiment was repeated at least three times. 
Data are expressed as the mean±SD. The unpaired 
Student’s t- test or Wilcoxon rank- sum test were used to 
examine differences between means of two groups. A p 
value of <0.05 was considered a statistically significant 
difference.

RESULTS
MUC1-C suppresses MICA expression by human cancer cells
In assessing whether MUC1- C plays a role in innate NK cell 
immunity, we first investigated the effects of MUC1- C on 
expression of NKG2D ligands. Analysis of RNA- seq datasets 
from human colorectal cancer (CRC; RKO, COLO 201), 
triple- negative breast cancer (TNBC; BT- 549), non- small 
cell lung cancer (NSCLC; H1975) and castration- resistant 
prostate cancer (CRPC; DU- 145) cells demonstrated that 
silencing MUC1 associates with upregulation of MICA 
and MICB transcripts (figure 1A). Silencing MUC1- C was 
also associated with upregulation of ULBP3 and ULBP6/
RAET1L expression, as well as CD48, a cell surface molecule 
that modulates NK cell function30 (figure 1A). In contrast to 
MICA and MICB, the effects of MUC1- C on the ULBP ligands 
were not as consistent across different types of cancer cell 
lines (figure 1A). Accordingly, we initially focused on MICA 
and confirmed that silencing MUC1- C induces expression of 
MICA transcripts and protein in RKO (figure 1B) and COLO 
201 (figure 1C) CRC cells. In addressing potential off- target 
effects, similar effects on MICA expression were obtained 
when silencing MUC1- C with a second MUC1shRNA#2 
(online supplemental figure S1A). Moreover, we found that 
MUC1- C is necessary for MICA expression in BT- 549 TNBC 
(figure 1D), H1975 NSCLC (online supplemental figure 
S1B) and DU- 145 CRPC (online supplemental figure S1C) 
cells. Flow cytometry further demonstrated that silencing 
MUC1- C upregulates MICA expression on the surface of 
RKO (figure 1E) and COLO 201 (figure 1F) cells. Similar 
results were obtained with BT- 549 (figure 1G), H1975 
(online supplemental figure S1D) and DU- 145 (online 
supplemental figure S1E) cells, indicating that MUC1- C 
represses the MICA gene and cell surface MICA expression 
across different types of cancer cells.

Silencing MUC1-C induces MICB expression in cancer cells
As shown for MICA, we found that silencing MUC1- C 
induces MICB expression in RKO (figure 2A; online supple-
mental figure S2A) and COLO 201 (figure 2B) cells. In 
addition, silencing MUC1- C upregulated MICB expression 
on the surface of RKO (figure 2C) and, to a lesser extent, 
on COLO 201 (figure 2D) cells. In studies of BT- 549 cells, 
silencing MUC1- C also resulted in upregulation of MICB 
transcripts and protein (figure 2E) and expression on the 
cell membrane (figure 2F). Analysis of H1975 (online 
supplemental figure S2B) and DU- 145 (online supplemental 
figure S2C) cells confirmed that MUC1- C suppresses MICB 
mRNA and protein levels, as well as cell surface expression 
(figure 2G,H). These findings collectively demonstrated that 
MUC1- C represses the MICA and MICB genes.

MUC1-C represses MICA and MICB by induction of H3K27 and 
DNA methylation
MUC1- C activates EZH2/PRC2 and DNA methyltrans-
ferases (DNMTs) by NF-κB- mediated mechanisms in 
repressing tumor suppressor gene (TSG) expression.31 
We found that, like MUC1- C, silencing NF-κB p65 is asso-
ciated with induction of MICA/B expression (figure 3A). 
MUC1- C/NF-κB complexes activate the EZH2 gene with 
induction of EZH2 expression.31 32 In turn, MUC1- C 
binds directly to EZH2 and drives EZH2- mediated H3K27 
trimethylation and gene repression.31 32 Consistent with 
this functional interaction between MUC1- C and EZH2, 
ChIP studies of the MICA and MICB promoter region 
in RKO cells demonstrated that silencing MUC1- C 
suppresses EZH2 occupancy and H3K27me3 levels 
(figure 3B). As confirmation of these results, studies in 
BT- 549 cells demonstrated that MUC1- C is necessary for 
EZH2 occupancy and the H3K27me3 mark on the MICA 
and MICB promoter regions (figure 3C). By extension, 
targeting EZH2 with the GSK343 inhibitor induced 
MICA and MICB expression (figure 3D), supporting 
involvement of the MUC1- C→NF-κB→EZH2 pathway.31 
In conferring gene repression, EZH2- mediated H3K27 
trimethylation intersects with the recruitment of DNMTs 
and thereby DNA hypermethylation.31 Here, we found 
that MUC1- C is necessary for expression of DNMT1, 
DNMT3a and DNMT3b (figure 3E). Moreover, treatment 
with the DNMT inhibitor decitabine (DEC) induced 
MICA and MICB transcripts, protein and cell surface 
expression (figure 3F,G). These findings indicated that 
the MUC1- C→NF-κB pathway, which represses TSGs,31 
also suppresses MICA/B expression by inducing: (1) 
EZH2- mediated H3K27me3 and (3) DNMT- dependent 
DNA methylation of their respective promoter regions.

Targeting MUC1-C with the GO-203 inhibitor induces MICA/B 
expression
The MUC1- C cytoplasmic domain (CD) is an intrin-
sically disordered protein that lacks kinase activity.33 
The Achilles heel of MUC1- C is a CQCRRK motif in 
the CD that is necessary for MUC1- C dimerization, 
nuclear import and oncogenic function.1 Based on this 
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dependency, cell- penetrating peptides were developed 
to target the CQCRRK motif, which included the second 
generation GO- 203 inhibitor that phenocopies the effects 
of silencing MUC1- C genetically.1 GO- 203 treatment of 
RKO (figure 4A) and COLO 201 (figure 4B) cells resulted 
in the induction of MICA/B transcripts and protein. As 
confirmation of these results, we overexpressed MUC1- C 
with a CQC→AQA mutation, which acts as a dominant 
negative inhibitor of endogenous MUC1- C,34 35 and found 
induction of MICA/B expression (figure 4C). In assessing 
the distribution of MICA by confocal microscopy, we 
found that expression at the cell membrane is increased 
by GO- 203 treatment (online supplemental figure S3A). 
In addition, MICB was upregulated in discrete intracel-
lular bodies and on the cell surface (online supplemental 

figure S3B). By extension, flow cytometry studies demon-
strated that GO- 203 treatment is associated with induction 
of cell surface MICA/B expression (figure 4D,E). We also 
found that treatment with GO- 203 in combination with 
DEC increases expression of MICA and MICB on the cell 
surface to a greater extent than that obtained with either 
agent alone (figure 4F). CSCs evade NK cell- mediated 
killing by suppression of MICA and MICB on their cell 
surface.5 36 Accordingly, we studied RKO CSC populations 
as evidenced by their capacity for self- renewal in forming 
tumorspheres (figure 4G, left). Treatment of RKO CSCs 
with GO- 203 resulted in the upregulation of cell surface 
MICA and MICB expression (figure 4G, right). HLA- E 
is a non- classical MHC class I molecule that binds to 
the NK- inhibitory receptor NKG2A.37 Unlike MICA/B, 

Figure 1 Silencing MUC1 induces MICA expression. (A) RNA- seq was performed in triplicate on the RKO/tet- MUC1shRNA, 
COLO 201/tet- MUC1shRNA, BT- 549/tet- MUC1shRNA, H1975/tet- MUC1shRNA and DU- 145/tet- MUC1shRNA cells treated with 
vehicle or 500 ng/mL DOX for 7 days. The heatmap depicts the effects of MUC1 silencing on expression of the indicated genes. 
(B–D) RKO/tet- MUC1shRNA (B), COLO- 201/tet- MUC1shRNA (C) and BT- 549/tet- MUC1shRNA (D) cells treated with vehicle 
or DOX for 7 days were analyzed for MICA mRNA levels by qRT- PCR (left). The results (mean±SD of four determinations) are 
expressed as relative mRNA levels compared with that obtained for vehicle- treated cells (assigned a value of 1) (left). Lysates 
were immunoblotted with antibodies against the indicated proteins (right). (E–G.) RKO/tet- MUC1shRNA (E), COLO 201/tet- 
MUC1shRNA (F) and BT- 549/tet- MUC1shRNA (G) treated with vehicle or Dox for 7 days were analyzed for cell surface MICA 
expression by flow cytometry. The red profile depicts reactivity with an isotype control antibody. Geometric MFI values for each 
histogram are indicated in the table (right). MICA, MHC class I chain- related polypeptide A.  on M
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treatment with GO- 203 had no apparent effect on HLA- E 
(online supplemental figure S4A) and HLA- ABC (online 
supplemental figure S4B) cell surface expression.

MUC1-C regulates shedding of MICA/B from the cancer cell 
membrane
In extending these effects of targeting MUC1- C with 
a gain- of- function model, we studied MICA/B expres-
sion in HCT116 CRC cells, which are null for MUC1 
expression. As compared with HCT116 cells expressing 
an empty vector (HCT116/vector), MICA/B transcripts 
(figure 5A) and protein (figure 5B) were downregu-
lated in HCT116 cells stably overexpressing MUC1- C 
(HCT116/MUC1). In concert with these results, 
MUC1- C suppressed cell surface MICA/B expres-
sion (figure 5C). Moreover, we found that treatment 

of HCT116/MUC1 cells with GO- 203 increased cell 
surface MICA/B expression (figure 5D). Shedding of 
soluble MICA/B into the TME contributes to NK cell 
exhaustion.18 38 Based on the findings that targeting 
MUC1- C induces MICA/B expression, we asked if these 
effects are associated with increases in MICA/B shed-
ding. Interestingly, measurement of soluble MICA/B 
shedding by ELISA demonstrated that GO- 203 treat-
ment of HCT116/MUC1 cells has no significant effect 
on MICA and decreases MICB levels in the culture 
supernatant (online supplemental figure S5A). MICA 
was undetectable in the supernatants of control and 
GO- 203- treated RKO cells. Moreover, we found that 
treatment of RKO cells with GO- 203 has no significant 
effect on soluble MICB levels (online supplemental 

Figure 2 MUC1- C suppresses MICB expression. (A and B) RKO/tet- MUC1shRNA (A) and COLO 201/tet- MUC1shRNA (B) cells 
treated with vehicle or DOX for 7 days were analyzed for MICB mRNA levels by qRT- PCR (left). The results (mean±SD of four 
determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells (assigned a value 
of 1) (left). Lysates were immunoblotted with antibodies against the indicated proteins (right). (C and D) RKO/tet- MUC1shRNA 
(C) and COLO 201/tet- MUC1shRNA (D) cells treated with vehicle or DOX for 7 days were analyzed for cell surface MICB 
expression by flow cytometry (left). Geometric MFI values for each histogram are indicated in the table (right). (E.) BT- 549/tet- 
MUC1shRNA cells treated with vehicle or DOX for 7 days were analyzed for MICB mRNA levels by qRT- PCR (left). The results 
(mean±SD of four determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells 
(assigned a value of 1) (left). Lysates were immunoblotted with antibodies against the indicated proteins (right). (F–H) BT- 549/tet- 
MUC1shRNA (F), H1975/tet- MUC1shRNA (G) and DU145/tet- MUC1shRNA (H) cells treated with vehicle or DOX for 7 days were 
analyzed for cell surface MICB expression by flow cytometry. MICB, MHC class I chain- related polypeptide B.
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figure S5B). In COLO 201 cells, targeting MUC1- C 
with GO- 203 also had little if any effect on shedding 
of soluble MICA or MICB (online supplemental figure 
S5C). In addition, GO- 203 treatment of BT- 549 cells 
was associated with significant decreases in MICA 
and MICB shedding into the supernatant (online 
supplemental figure S5D). These results suggested 
that targeting MUC1- C induces MICA/B expression, 
but not MICA/B shedding. MUC1- C is activated by 
proteolytic cleavage in the endoplasmic reticulum 

(ER) and plays a role the response to ER stress.1 In the 
ER, MUC1 is upregulated by the anterior gradiant- 2 
(AGR2) stress signaling effector, which is a protein 
disulfide isomerase (PDI) involved in ER homeo-
stasis.39 The related disulfide- isomerase ER protein 5 
(ERp5; PDIA6) is necessary for ADAM10/17- mediated 
MICA/B shedding.17 Unlike AGR2, there is no known 
interaction between ERp5 and MUC1- C. The MUC1- C 
CD CQC motif represents a site for interactions with 
reactive Cys residues in PDIs.1 39 Along these lines, we 

Figure 3 MUC1- C represses MICA/B expression by driving EZH2- mediated H3K27 and DNMT- mediated DNA methylation. (A) 
RKO/CshRNA and RKO/NF-κBshRNA cells were analyzed for NF-κB, MICA and MICB mRNA levels by qRT- PCR. The results 
(mean±SD of four determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells 
(assigned a value of 1). (B and C) Soluble chromatin from RKO/tet- MUC1shRNA (B) and BT- 549/tet- MUC1shRNA (C) cells 
treated with vehicle or DOX for 7 days was precipitated with a control IgG, anti- EZH2 or anti- H3K27me3. The DNA samples 
were amplified by qPCR with primers for the MICA and MICB promoter regions. The results (mean±SD of three determinations) 
are expressed as fold enrichment relative to that obtained with the IgG control (assigned a value of 1). (D.) RKO cells treated 
with 5 μM GSK343 for 6 days were analyzed for MICA and MICB mRNA levels by qRT- PCR (left). The results (mean±SD of 
four determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells (assigned 
a value of 1). Lysates were immunoblotted with the indicated antibodies (right). (E) RKO/tet- MUC1shRNA cells treated with 
vehicle or DOX for 7 days were analyzed for the indicated DNMT mRNA levels by qRT- PCR (left). The results (mean±SD of 
four determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells (assigned 
a value of 1). Lysates were immunoblotted with antibodies against the indicated proteins (right). (F) RKO cells treated with 
vehicle or 5 μM DEC for 5 days were analyzed for MICA and MICB mRNA levels by qRT- PCR (left). The results (mean±SD of 
four determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells (assigned 
a value of 1). Lysates were immunoblotted with the indicated antibodies (right). (G) RKO cells treated with vehicle or 5 μM 
DEC for 5 days were analyzed for cell surface MICA and MICB expression by flow cytometry. DEC, decitabine; DNMT, DNA 
methyltransferase; MICA, MHC class I chain- related polypeptide A; MICB, MHC class I chain- related polypeptide B.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-006238 on 8 F

ebruary 2023. D
ow

nloaded from
 

https://dx.doi.org/10.1136/jitc-2022-006238
https://dx.doi.org/10.1136/jitc-2022-006238
https://dx.doi.org/10.1136/jitc-2022-006238
https://dx.doi.org/10.1136/jitc-2022-006238
https://dx.doi.org/10.1136/jitc-2022-006238
http://jitc.bmj.com/


8 Morimoto Y, et al. J Immunother Cancer 2023;11:e006238. doi:10.1136/jitc-2022-006238

Open access 

found that GST- MUC1- CD binds directly to purified 
ERp5 and that the CQC→AQA mutation attenuates 
this interaction (figure 5E). Treatment of HCT116/
MUC1 cells with GO- 203 had no apparent effect on 
ERp5, but as expected increased MICA/B, expres-
sion (figure 5F). We also found that: (1) ERp5 asso-
ciates with MUC1- C in HCT116/MUC1 cells and 
(2) GO- 203 inhibits that interaction (figure 5G). As 
confirmation, similar results were obtained in COLO 
201 cells (online supplemental figures S5D,E). ERp5 
interacts with MICA/B in promoting conformational 
changes necessary for their proteolytic processing and 
shedding.17 Of interest in this regard, we found that 

GO- 203 also attenuates the interactions between ERp5 
and MICA/B (figure 5G). These findings and those 
demonstrating that GO- 203 inhibits the MUC1- C/
ERp5 interaction and MICA/B shedding support a 
mechanism in which MUC1- C contributes to the ERp5- 
mediated conformational change in MICA/B that is 
necessary for their proteolysis.

Targeting MUC1-C inhibits secretion of exosomes expressing 
MICA/B
MUC1 is transported from the ER to the cell membrane, 
where it undergoes endocytosis, recycling and then 
release through trafficking to exosomes.40 Tumor cell 

Figure 4 Pharmacologic inhibition of MUC1- C with GO- 203 induces MICA/B expression. (A and B) RKO (A) and COLO 201 
(B) cells treated with 5 μM GO- 203 for 3 days were analyzed for MICA and MICB mRNA levels by qRT- PCR (left). The results 
(mean±SD of four determinations) are expressed as relative mRNA levels compared with that obtained for vehicle- treated cells 
(assigned a value of 1) (left). Lysates were immunoblotted with antibodies against the indicated proteins (right). (C) RKO cells 
expressing a tet- MUC1- C(AQA) vector and treated with vehicle or DOX for 7 days were analyzed for MUC1- C(AQA), MICA and 
MICB mRNA levels by qRT- PCR (left). The results (mean±SD of four determinations) are expressed as relative mRNA levels 
compared with that obtained for vehicle- treated cells (assigned a value of 1). (D and E) RKO (D) and COLO 201 (E) cells treated 
with 5 μM GO- 203 for 3 days were analyzed for cell surface MICA (left) and MICB (right) expression by flow cytometry. (F) RKO 
cells treated with 5 μM GO- 203 and/or 5 μM DEC for 5 days were analyzed for cell surface MICA and MICB expression by flow 
cytometry. The red profile depicts reactivity with the isotype control antibody. (G) RKO cells grown as tumorspheres (left) and 
treated with 5 μM GO- 203 for 3 days were analyzed for cell surface MICA and MICB expression by flow cytometry (right). MICA, 
MHC class I chain- related polypeptide A; MICB, MHC class I chain- related polypeptide B.
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Figure 5 MUC1- C regulates shedding of MICA/B from the cancer cell membrane. (A and B) HCT116/vector and HCT116/
MUC1 cells were analyzed for the indicated mRNA levels by qRT- PCR. The results (mean±SD of four determinations) are 
expressed as relative mRNA levels compared with that obtained for vector cells (assigned a value of 1) (A). Lysates were 
immunoblotted with antibodies against the indicated proteins (B). (C) HCT116/vector and HCT116/MUC1 cells were analyzed 
for cell surface MICA and MICB expression by flow cytometry. (D) HCT116/MUC1 cells treated with vehicle or 5 μM GO- 203 
for 3 days were analyzed for cell surface MICA and MICB expression by flow cytometry. (E.) GST, GST- MUC1- CD and GST- 
MUC1- CD(AQA) were incubated with purified ERp5. The adsorbates to glutathione beads were immunoblotted with antibodies 
against the indicated proteins. Input of the GST proteins was assessed by Coomassie blue staining. (F.) Lysates from HCT116/
MUC1 cells treated with vehicle or 5 μM GO- 203 for 3 days were immunoblotted with antibodies against the indicated proteins. 
(G) Lysates from HCT116/MUC1 cells treated with vehicle or 5 μM GO- 203 for 3 days were precipitated with a control IgG or 
anti- ERp5. The precipitates were immunoblotted with antibodies against the indicated proteins. ERp5, ER protein 5; MICA, 
MHC class I chain- related polypeptide A; MICB, MHC class I chain- related polypeptide B.
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secretion of exosomes, such as those expressing MICA/B, 
has been identified as a mechanism that promotes NK cell 
exhaustion, immune evasion and cancer progression.22 
Notably, there is no known involvement of MUC1- C in 
the regulation of exosome secretion. Based on compar-
isons conducted for different methods,29 isolation of 
exosomes from culture supernatants was performed 
using the Invitrogen Total Exosome Isolation Reagent. 
Using this approach, we found by TEM that the exosomes 
isolated from RKO cell supernatants have the character-
istic morphology and size range (Rh ~50 nm)(figure 6A). 
These findings were extended by DLS, which demon-
strated a prominent peak in the 25–100 nm Rh range that 
was markedly decreased by GO- 203 treatment (figure 6B). 
As further evidence for inhibition of exosome secre-
tion, we found marked loss of the CD9, CD63 and CD81 
markers in the purified exosome fractions from GO- 203- 
treated as compared with control RKO cells (figure 6C). 
In contrast, GO- 203 had no apparent effect on CD9, CD63 
and CD81 expression in total RKO cell lysates (online 
supplemental figure S6). MICA/B were also detectable 
in the RKO exosome fraction, although at low levels, 
which were decreased by GO- 203 treatment (figure 6C). 
Similar effects on exosome secretion and MICA/B were 
observed by targeting MUC1- C in COLO 201 (figure 6D) 
and BT- 549 (figure 6E), indicating that these effects are 
not cell type dependent. Moreover, MUC1- C was detect-
able in the BT- 549 exosome fraction (figure 6E). In gain 
of function studies, low levels of the CD9, CD63 and 
CD81 markers were detectable in exosomes purified from 
HCT116/vector cells, whereas exosome secretion was 
markedly increased in HCT116/MUC1 cells (figure 6F). 
In addition, GO- 203 treatment of HCT116/MUC1 cells 
decreased CD9, CD63 and CD81 in the exosome fraction 
(figure 6F), further indicating that MUC1- C is of func-
tional importance in promoting exosome secretion. The 
RAB27A GTPase plays a role in docking and fusion of 
exosomes at the cell membrane.41 42 In this way, RAB27A 
is necessary for exosome secretion.41 42 To our knowledge, 
there is no reported interaction between MUC1- C and 
RAB27A. Here, we found that MUC1- C forms a complex 
with RAB27A (figure 6G). Targeting MUC1- C with 
GO- 203 had no effect on RAB27A expression (online 
supplemental figure S6B) but inhibited the association 
of MUC1- C and RAB27A (figure 6G). In vitro binding 
studies further showed that the MUC1- C CD binds 
directly to purified RAB27A and that the MUC1- C CQC 
motif is necessary for that interaction (figure 6H). These 
findings collectively demonstrate that MUC1- C interacts 
with RAB27A in association with driving exosome secre-
tion and that this pathway is disrupted by the GO- 203 
inhibitor.

MUC1-C inhibits NK cell-mediated killing of cancer cells
The increase of MICA/B proteins on the surface of tumor 
cells enhances the cytotoxic activity of NK cells.43 In 
addressing whether GO- 203 treatment activates this func-
tion of NK cells, we performed killing assays using NK 

cells derived from two different human donors. Targeting 
MUC1- C with GO- 203 significantly induced NK cell 
specific killing of RKO cells (figure 7A) that was blocked 
with an anti- NKG2D antibody (online supplemental 
figure S7A), confirming that this response is mediated by 
NK cell activation. By extension, we found that silencing 
MUC1- C in RKO cells (online supplemental figure S7B) 
and treatment of COLO 201 cells with GO- 203 (figure 7B) 
enhance their killing by NK cells, supporting a role for 
MUC1- C in the evasion of NK- mediated cancer cell recog-
nition and destruction.

DISCUSSION
Aberrant activation of MUC1- C in cancer cells drives lineage 
plasticity and dedifferentiation,1–3 44 which contribute to 
immune evasion.4 45 46 Along these lines, MUC1- C integrates 
induction of the CSC state with depletion and dysfunction 
of T cells in the TME.3 7 8 47 The present studies provide 
support for involvement of MUC1- C in evading innate NK 
cell- mediated immunity. Cancer cells incorporate pleotropic 
mechanisms to suppress NK cell recognition, including 
the repression of NKG2D ligands, such MICA/B, that are 
upregulated by stress- induced signaling pathways.11 Our 
results demonstrate that MUC1- C represses the MICA and 
MICB genes (figure 7C), as well as potentially others, such 
as ULBP3 and ULBP6/RAET1L, encoding NKG2D receptor 
ligands. MUC1- C binds directly to the proinflammatory 
NF-κB p65 TF and activates NF-κB target genes,48 which 
encode the EZH2 and SUZ12 components of the PRC2 
complex.31 32 In addition, MUC1- C binds to EZH2 and 
induces H3K27 trimethylation.31 32 We found that MUC1- C 
drives EZH2 occupancy and H3K27me3 on the MICA and 
MICB promoters and thereby suppresses their expression 
(figure 7C). We also found that: (1) MUC1- C is necessary 
for induction of DNMT1, DNMT3a and DNMT3b and (2) 
the MICA and MICB genes are repressed by DNA methyla-
tion (figure 7C). Activation of the MUC1- C→NF-κB pathway 
with induction of EZH2 and DNMTs in cancer cells has been 
associated with repression of the CDH1, CDKN2A, PTEN and 
BRCA1 TSGs.31 The MUC1- C→NF-κB pathway has also been 
linked to induction of PD- L1 and repression of genes, such 
as IFNG, which are of importance for adaptive antitumor 
responses.47 These and the present results indicate that 
MUC1- C integrates the CSC state and epigenetic reprogram-
ming with evasion of innate and adaptive immunity.

The findings that MUC1- C represses MICA/B were 
extended by the demonstration that targeting MUC1- C 
with the GO- 203 inhibitor increases their expression on the 
surface of tumor cells (figure 7C). Of significance in this 
regard, cell surface expression of NKG2D receptor ligands 
promotes NK cell- mediated killing.11 Nonetheless, upregu-
lation of MICA/B on the surface of cancer cells is a potential 
two- edged sword that can also contribute to their proteolytic 
release into the TME and thereby inhibition of NK cell func-
tion.11 Surprisingly, despite increasing MICA/B expression, 
targeting MUC1- C with GO- 203 had no apparent effect on 
shedding of soluble MICA/B (figure 7D). These results 
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Figure 6 MUC1- C is necessary for secretion of MICA/B- expressing exosomes. (A) Exosome fractions isolated from RKO cells 
were analyzed by TEM. Shown is a representative exosome. Bar: 100 nm.(B) Exosome fractions isolated from RKO cells treated 
with vehicle or 5 μM GO- 203 for 3 days were analyzed by DLS. Highlighted are the characteristic size for exosomes isolated 
from control cells and depleted by GO- 203 treatment. (C–E) Exosome fractions isolated from RKO (C), COLO 201 (D) and BT- 
549 (E) cells treated with vehicle or 5 μM GO- 203 for 3 days were immunoblotted with antibodies against the indicated proteins. 
Included are the amounts of total protein loaded into the lanes. (F.) Exosomes isolated from (i) HCT116/vector and HCT116/
MUC1 cells (left) and (ii) HCT116/MUC1 cells treated with vehicle or 5 μM GO- 203 for 3 days (right) were immunoblotted with 
antibodies against the indicated proteins. (G) Lysates from COLO 201 cells treated with vehicle or 5 μM GO- 203 for 3 days 
were immunoprecipitated with a control IgG or anti- RAB27A. The precipitates were immunoblotted with antibodies against the 
indicated proteins. (H) GST, GST- MUC1- CD and GST- MUC1- CD(AQA) were incubated with purified RAB27A. The adsorbates to 
glutathione beads were immunoblotted with antibodies against the indicated proteins. Input of the GST proteins was assessed 
by Coomassie blue staining. DLS, dynamic light scattering; MICA, MHC class I chain- related polypeptide A; MICB, MHC class I 
chain- related polypeptide B.
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Figure 7 Targeting MUC1- C activates NK cell- mediated killing of cancer cells. (A and B) Control and GO- 203- treated RKO (A) 
and COLO 201 (B) cells were cocultured with human NK cells from two different donors. NK- specific killing was assessed in 
three different NK cell:tumor cell ratios. The results are expressed as mean±SD of six determinations. (C) Schema of MUC1- C- 
driven repression of MICA/B expression. MUC1- C activates the PRC2 complex and interacts directly with EZH2 in promoting 
H3K27 methylation.31 32 MUC1- C also induces DNMT expression with increases in DNA methylation.31 Targeting MUC1- C 
genetically and with the GO- 203 inhibitor suppresses H3K27 and DNA methylation and thereby derepresses MICA/B with 
increases in cell surface expression. Created by BioRender.com. (D) MUC1- C undergoes processing in the ER for positioning in 
the cell membrane. In the ER, MUC1- C associates with the ERp5 thiol reductase. GO- 203 inhibits that interaction and blocks 
proteolytic shedding of MICA/B. MUC1- C also interacts with RAB27A in promoting secretion of MICA/B- expressing exosomes, 
which is inhibited by GO- 203 treatment. These results support a model in which targeting MUC1- C promotes NK- mediated 
recognition and killing of tumor cells. Created by BioRender.com. DNMT, DNA methyltransferase; MICA, MHC class I chain- 
related polypeptide A; MICB, MHC class I chain- related polypeptide B; NK, natural killer.
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suggested that targeting MUC1- C contributes in some way 
to inhibition of MICA/B shedding. PDIs promote protein 
folding and assembly in the ER by catalyzing the forma-
tion of Cys disulfide bonds.49 The AGR2 PDI is essential for 
production of MUC1 and other mucins that are processed 
in the ER for trafficking to the cell membrane.1 39 The 
ERp5 PDI is necessary for MICA/B shedding.17 50 Reduc-
tion of a MICA/B alpha- 3 membrane proximal domain by 
ERp5 induces a conformational change that is necessary 
for proteolytic cleavage.17 Our results demonstrate that 
MUC1- C associates with ERp5 in cells and that the MUC1- C 
CQC motif is necessary for this interaction (figure 7D). The 
finding that targeting MUC1- C with GO- 203 disrupts the 
MUC1- C/ERp5 interaction and inhibits MICA/B shedding 
support a model in which MUC1- C contributes to ERp5- 
mediated MICA/B conformational changes and cleavage 
(figure 7D). Whereas additional experimentation will be 
needed to more precisely dissect how MUC1- C regulates 
ERp5- mediated MICA/B shedding, one potential mech-
anism is that interaction of the GO- 203 Cys residues with 
ERp5 abrogates the capacity of ERp5 to catalyze the forma-
tion of disulfide bonds. The precise mechanism notwith-
standing, targeting MUC1- C with GO- 203 could be of 
importance for enhancing cell surface MICA/B expression 
in the absence of increases in shedding.

Tumor cell secretion of EVs is widely recognized for playing 
major roles in cancer progression and immune evasion.11 
Tumor cell secreted EVs inhibit the function of NK and 
other immune cells by transfer of immunosuppressive effec-
tors.11 In addition, expression of NKG2D ligands by tumor- 
secreted exosomes downregulates the NKG2D receptor on 
NK cells and inhibits NK cell- mediated killing.51–54 MUC1 
is detectable on exosomes secreted from different types of 
cancer cells55–57; however, it was not known if MUC1- C is 
involved in the secretion of exosomes. Unexpectedly, we 
found that targeting MUC1- C genetically and pharmaco-
logically with the GO- 203 inhibitor markedly suppresses 
exosome secretion (figure 7D). In support of these findings, 
targeting MUC1- C had no apparent effect on intracellular 
CD9, CD63 or CD81 expression but markedly downregu-
lated these markers and MICA/B in purified exosome frac-
tions. These findings supported the notion that MUC1- C 
is of importance for exosome biogenesis and/or secretion. 
Along these lines, the RAB27A GTPase, which is essential for 
exosome secretion,58 59 functions in trafficking podocalyxin, 
a sialomucin of the CD34 family, to the cell membrane.60 
Conversely, there is no known involvement of RAB27A in 
the trafficking of MUC1 or other mucins. We found that 
MUC1- C forms a complex with RAB27A in cells (figure 7D). 
RAB27A has a tryptophan- phenylalanine (WF) pocket that 
functions as a region for binding of effector proteins.61 Cys 
residues flanking the WF pocket have been the focus for 
developing inhibitors of RAB27A function.61 We found that 
targeting the MUC1- C CQC motif with GO- 203 inhibits the 
MUC1- C- RAB27A interaction (figure 7D). In addition, we 
found that the MUC1- C CQC motif is necessary for direct 
binding to RAB27A in vitro. These findings are in support of 
a model in which the MUC1- C Cys residues interact with the 

RAB27A pocket and thereby promote RAB27A- mediated 
exosome secretion.

Strategies are underdevelopment to circumvent evasion 
of innate immunity by tumors. Along these lines, a vaccine 
targeting MICA/B has been developed that: (1) increases 
MICA/B expression on the surface of tumor cells by 
inhibiting their proteolytic shedding and (2) enhances T 
cell- mediated and NK cell- mediated killing.43 Our results 
indicate that MUC1- C is involved in pleotropic mechanisms 
that can contribute to suppression of NK cell- mediated 
innate immunity. In concert with these findings, targeting 
MUC1- C in vitro with the GO- 203 inhibitor induced NK- me-
diated killing of cancer cells (figure 7D). These findings and 
the demonstration that MUC1 expression associates with T 
cell- depleted ‘cold’ TMEs7 8 suggest that targeting MUC1- C 
could contribute to activation of the immune TME. To this 
end, antibodies generated against MUC1- C have been devel-
oped for anti- MUC1- C CAR T cells that are presently under 
clinical evaluation for the treatment of MUC1- C- expressing 
cancers (NCT05239143: P- MUC1C- ALLO1 Allogeneic 
CAR- T Cells in the Treatment of Subjects with Advanced 
or Metastatic Solid Tumors). Anti- MUC1- C antibodies 
are also under development as ADCs with the NCI NExT 
Program.62 A potential advantage of an anti- MUC1- C ADC 
is that, unlike CAR T cells, an immune cell- depleted TME is 
less of an adverse factor for ADC activity. Regarding GO- 203, 
phase I clinical evaluation of daily intravenous administra-
tion showed that this agent has an acceptable safety profile 
for combination studies.63 However, further clinical devel-
opment of GO- 203 was hampered by a short circulating 
half- life and the need for daily intravenous dosing. Accord-
ingly, GO- 203 has been formulated in nanoparticles for 
less frequent delivery and improved targeting to MUC1- C- 
expressing cancers.64 Chronic inflammation, which is prev-
alent with increasing exposure to environmental factors,65 
promotes MUC1- C- induced carcinogenesis.1 2 The present 
findings indicate that MUC1- C- associated suppression of 
innate immunity may contribute to that progression and 
support the need for development of anti- MUC1- C agents. 
Finally, the demonstration that MUC1- C promotes exosome 
secretion in cancer cells could have broader implications 
beyond innate immunity in driving immune evasion and 
cancer progression.66
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Supplemental Figure Legends

 

 

 Supplemental Figure S1. MUC1 suppresses MICA expression in human 

cancer cells. A. RKO/CshRNA and RKO/MUC1shRNA#2 cells were analyzed 

for MUC1-C and MICA mRNA levels by qRT-PCR. The results (mean±SD of 

four determinations) are expressed as relative mRNA levels compared to 

that obtained for CshRNA cells (assigned a value of 1). B and C. 

H1975/tet-MUC1shRNA (B) and DU145/tet-MUC1shRNA (C) treated with 

vehicle or 500 ng/ml DOX for 7 days were analyzed for MICA mRNA levels 

by qRT-PCR. The results (mean±SD of four determinations) are expressed 

as relative mRNA levels compared to that obtained for vehicle-treated 

cells (assigned a value of 1)(left). Lysates were immunoblotted with 

antibodies against the indicated proteins (right). D and E. H1975/tet-

MUC1shRNA (D) and DU145/tet-MUC1shRNA (E) treated with vehicle or DOX 

for 7 days were analyzed for cell surface MUC1-C and MICA expression 

by flow cytometry. The red profile depicts reactivity with an isotype 

control antibody.  
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 Supplemental Figure S2. Silencing MUC1-C induces MICB expression 

in human cancer cells. A. RKO/CshRNA and RKO/MUC1shRNA#2 cells were 

analyzed for MICB mRNA levels by qRT-PCR. The results (mean±SD of four 

determinations) are expressed as relative mRNA levels compared to that 

obtained for CshRNA cells (assigned a value of 1). B and C. H1975/tet-

MUC1shRNA (B) and DU-145/tet-MUC1shRNA (C) cells treated with vehicle 

or 500 ng/ml DOX for 7 days were analyzed for MICB mRNA levels by qRT-

PCR. The results (mean±SD of four determinations) are expressed as 

relative mRNA levels compared to that obtained for vehicle-treated 

cells (assigned a value of 1)(left). Lysates were immunoblotted with 

antibodies against the indicated proteins (right).  
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Supplemental Figure S3. Effects of targeting MUC1-C with GO-203 

on localization and expression of MICA/B. A and B. BT-549 cells left 

untreated (Control) or treated with 3 µM GO-203 for 72 h were analyzed 

by IHC for intracellular and cell membrane expression of MICA (A) and 

MICB (B) expression.  
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Supplemental Figure S4. Effects of targeting MUC1-C with GO-203 

on HLA-E expression. A and B. RKO cells treated with 5 µM GO-203 for 3 

days were analyzed for cell surface HLA-E (A) and HLA-ABC (B) 

expression by flow cytometry.  
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 Supplemental Figure S5. Effects of targeting MUC1-C with GO-203 

on MICA/B shedding and the ERp5/MUC1-C interaction. A-D. Supernatants 

from HCT116/MUC1 (A), RKO (B), COLO 201 (C) and BT-549 (D) cells 

treated with 5 µM GO-203 for 3 days were analyzed for the indicated 

MICA/B levels by ELISA. The results (mean±SD of 3 determinations) are 

expressed as pg/ml. E. Lysates from RKO cells treated with vehicle or 

GO-203 for 5 days were immunoblotted with antibodies against the 

indicated proteins. F. Lysates from HCT116/MUC1 cells treated with 

vehicle or 5 µM GO-203 for 3 days were precipitated with a control IgG 

or anti-ERp5. The precipitates were immunoblotted with antibodies 

against the indicated proteins.  
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 Supplemental Figure S6. Effects of targeting MUC1-C with GO-203 

on intracellular protein levels. Lysates from RKO cells treated with 

vehicle or 5 µM GO-203 for 3 days were immunoblotted with antibodies 

against the indicated proteins.  
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 Supplemental Figure S7. Silencing MUC1-C in RKO cells enhances NK 

cell-mediated killing. A. Control and GO-203-treated RKO cells were 

co-cultured with human NK cells in the presence of an anti-NKG2D 

antibody. NK specific killing was assessed at three different NK 

cell:Tumor cell ratios. The results are expressed as mean±SD of six 

determinations. B. Control and DOX-treated RKO/tet-MUC1shRNA cells 

were co-cultured with human NK cells. NK specific killing was assessed 

at a 2:1 NK cell:Tumor cell ratio. The results are expressed as mean±SD 

of six determinations.   
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Supplemental Table S1. Primers used for qRT-PCR 

 

Gene Forward Reverse 

MUC1-C AGACGTCAGCGTGAGTGATG GCCAAGGCAATGAGATAGAC 

β-actin GATGAGATTGGCATGGCTTT CACCTTCACCGTTCCAGTTT 

MICA CTTCAGAGTCATTGGCAGACAT TGTGGTCACTCGTCCCAACT 

MICB TCTTCGTTACAACCTCATGGTG TCCCAGGTCTTAGCTCCCAG 

NF-kB TGAGCCCACAAAGCCTTATC ACAATGCCAGTGCCATACA 
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Supplemental Table S2. Primers used for ChIP studies.  

 

Gene Forward Reverse 

MICA CCCATCCTTCCCTCTTTTCTC GCTCAGAATGCGGTGACAG 

MICB AACAGGCTGGAAAAGGGAGT CTTCGACTCAAAGCCAGGTC 
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