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Abstract 

Background: Mucin1 (MUC1) is a highly glycosylated transmembrane protein that has gained attention 
because of its overexpression in various cancers. However, MUC1-targeted therapeutic antibodies 
have not yet been approved for cancer therapy. MUC1 is cleaved to two subunits, MUC1-N and 
MCU1-C. MUC1-N is released from the cell surface, making MUC1-C a more reasonable target for 
cancer therapy. Therefore, we produced a monoclonal antibody (anti-hMUC1) specific to the 
extracellular region of MUC1-C and evaluated its effects in vitro and in vivo.  
Methods: We produced a monoclonal antibody (anti-hMUC1) using a purified recombinant human 
MUC1 polypeptide and our novel immunization protocol. The reactivity of anti-hMUC1 was 
characterized by ELISA, western blotting and immunoprecipitation analyses. The localization of the 
antibody in the breast cancer cells after binding was determined by confocal image analysis. The effects 
of the antibody on the growth of cells were also investigated. We injected anti-hMUC1 and performed 
in vivo tracing analysis in xenograft mouse models. In addition, expression of MUC1 in tissue sections 
from patients with breast cancer was assessed by immunohistochemistry with anti-hMUC1. 
Results: The anti-hMUC1 antibody recognized recombinant MUC1 as well as native MUC1-C protein 
in breast cancer cells. Anti-hMUC1 binds to the membrane surface of cells that express MUC1 and is 
internalized in some cancer cell lines. Treatment with anti-hMUC1 significantly reduced proliferation of 
cells in which anti-hMUC1 antibody is internalized. Furthermore, the anti-hMUC1 antibody was 
specifically localized in the MUC1-expressing breast cancer cell-derived tumors in xenograft mouse 
models. Based on immunohistochemistry analysis, we detected significantly higher expression of MUC1 
in cancer tissues than in normal control tissues. Conclusion: Our results reveal that the anti-hMUC1 
antibody targets the extracellular region of MUC1-C subunit and may have utility in future applications 
as an anti-breast cancer agent. 
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Introduction 
Mucins are high-molecular-weight glycoproteins 

prominently expressed in the respiratory, 
gastrointestinal, and reproductive tracts. The human 

mucin (MUC) family contains mostly secreted and 
transmembrane mucins, both of which function as 
physical barriers [1-4]. MUC1, a type I 
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transmembrane mucin, is a heterodimer and is 
cleaved at the sea-urchin sperm protein, enterokinase, 
and agrin (SEA) domain to form two subunits. The 
MUC1 N-terminal subunit (MUC1-N) has an 
extracellular domain containing 20 to 125 tandem 
repeats of 20 amino acids that are O-glycosylated on 
serine and threonine residues. The MUC1 C-terminal 
subunit (MUC1-C) is composed of a 58-amino-acid 
extracellular domain, 28-amino-acid transmembrane 
domain, and 72-amino-acid cytoplasmic tail [4-7]. 
MUC1 is expressed at the apical border of healthy 
epithelial cells and facilitates their protection. MUC1 
is overexpressed in a wide range of human epithelial 
malignancies including breast, prostate, ovarian, 
pancreatic, and colon cancers and also in malignant 
plasma cells in multiple myeloma. In these conditions, 
the MUC1-overexpressing cells lose their polarity and 
MUC1 is aberrantly distributed throughout the entire 
surface of the cancerous cells [3, 4, 8]. MUC1 
modulates the metabolic program and is involved in 
survival and proliferation of tumor cells in hypoxic 
condition. MUC1 interacts with hypoxia-inducible 
factor-1α (HIF-1α) and p300, resulting in the aberrant 
regulation of glucose and amino acid metabolic 
pathways [9, 10]. 

Breast cancer is the leading cause of death in 
women worldwide and the second most common 
cancer after lung cancer [11]. Breast cancer has a poor 
prognosis; therefore, even with the modern methods 
of treatment, breast cancer fatally claims almost half a 
million women per year worldwide [12]. More than 
90% of breast tumors have aberrant overexpression of 
MUC1 [13]. As a result, MUC1 has been studied as a 
potential candidate for tumor-specific therapies [14]. 
The cytoplasmic tail of MUC1 is associated with its 
oncogenic effects, and this tail binds to various 
cancer-related proteins including c-Src [15, 16] and the 
epidermal growth factor receptor (EGFR) family 
proteins [17]. MUC1-C interacts with EGFR and 
promotes EGFR-mediated signaling via recruitment 
of c-Src, phosphatidylinositol 3-kinase (PI3K), and 
GRB2 [18]. Interaction of the Src homology 2 (SH2) 
domain of PI3K with MUC1-C activates the PI3K-AKT 
pathway [19-21]. Furthermore, the association of 
MUC1-C with the GRB2 SH2 domain and son of 
sevenless (SOS) leads to Ras activation, followed by 
stimulation of mitogen activated protein kinase 
(MAPK) signaling, which leads to the 
phosphorylation of extracellular signal-regulated 
kinases (ERK)1/2 [17, 22, 23].  

Monoclonal antibodies have strong potential as 
anti-cancer therapeutic agents because of their ability 
to specifically target cancer cells, unlike the 
non-specific effects of chemotherapy and 
radiotherapy [24]. Most of the therapeutic MUC1 

antibodies produced so far target tandem repeats in 
MUC1-N [25, 26]. However, MUC1-N is shed from the 
cellular surface and exists freely in the extracellular 
matrix and peripheral circulation [3, 27]. Therefore, 
free MUC1-N domains can sequester most of the 
antibodies, which limits the amount of antibodies 
reaching the MUC1 proteins at the cell surface. To 
overcome this problem, antibodies targeting the 
extracellular region of MUC1-C are emerging as a 
promising line of therapeutics for the treatment of 
various cancers. 

In this study, we developed a monoclonal 
antibody specific to the extracellular region of 
MUC1-C using a novel immunization protocol that 
we established [28]. We found that the anti-hMUC1 
monoclonal antibody (anti-hMUC1) could target 
overexpressed MUC1 in breast cancer cells in vitro and 
in vivo. 

Materials and Methods 
Purification of recombinant human MUC1 
C-terminal protein  

The human cDNA encoding a peptide sequence 
of 192 amino acids of MUC1 (from alanine 961 to 
serine 1152; GenBank Accession No. P15941) was 
obtained from MCF7 cells and amplified by RT-PCR 
using the following primer sets: sense 5ʹ-CC ATG 
GCC TCA GGC TCT GCA TC-3ʹ and anti-sense 
5ʹ-CTC GAG AGA CTG GGC AGA GAA AGG AAA 
T-3ʹ. Using the Nco I and Xho I restriction enzyme 
sites, the amplified cDNA fragments were cloned into 
the expression vector pET-22b (Novagen, Darmstadt, 
Germany) containing a C-terminal His-tag. The 
plasmids were transformed into Escherichia coli 
RosettaTM (Invitrogen, Carlsbad, CA, USA) competent 
cells and protein expression was induced with 1 mM 
isopropyl β-D-1-thioglactopyranoside (IPTG, 
Sigma-Aldrich, Saint Louis, MO, USA) for 8 h at 37°C. 
Cells were lysed by sonication in lysis buffer (50 mM 
Tris-HCl, 100 mM NaCl, 5 mM EDTA, 0.5% Triton 
X100, 1 μg/mL lysozyme, and proteinase inhibitor 
cocktail) on ice. After centrifugation, the inclusion 
body fraction was mixed with buffer B (100 mM 
NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 8.0), and 
purified using a Ni-NTA agarose (Qiagen, Valencia, 
CA, USA) system. The mixture was loaded onto the 
Ni-NTA column and washed with wash buffer C (100 
mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 6.3). 
The bound proteins were eluted with elution buffer 
(100 mM NaH2PO4, 10 mM Tris-HCl, 8 M urea, pH 
4.5) and analyzed by SDS-PAGE. The resultant 
recombinant human (rh) protein including 
extracellular region of MUC1-C was named 
rhMUC1-EC192. 
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Mice and immunization 
Female BALB/c and BALB/c nu/nu mice 

(four-week-old) were purchased from Nara Biotech, 
Inc. (Seoul, Korea). Mice were maintained under 
specific-pathogen free conditions in the Experimental 
Animal Center of Hallym University. All animal use 
and relevant experimental procedures were approved 
by the Institutional Animal Care and Use Committee 
of Hallym University (Permit Number: 
Hallym2015-81). BALB/c mice were immunized 
intraperitoneally (i.p.) with liposome complex 
comprised of 50 μg rhMUC1-EC192 protein and 50 μg 
CpG-DNA 4531(O) co-encapsulated with 
phosphatidyl-β-oleoyl-γ-palmitoyl ethanolamine: 
cholesterol hemisuccinate (DOPE: CHEMS) complex 
[called Lipoplex (O)], three times at 10-day intervals, 
as previously described [28, 29]. 

Antigen-specific Ig enzyme-linked 
immunosorbent assay (ELISA) 

The rhMUC1-EC192-specific total IgG amount 
was measured by ELISA as previously described [28, 
29]. Immunoplates (96-well) were coated with 1 
μg/mL rhMUC1-EC192 protein and blocked with 
0.5% bovine serum albumin (BSA) in 0.2% Tween-20 
in phosphate-buffered saline (PBS-T). The mouse sera, 
hybridoma cell culture supernatants, or purified 
antibody were diluted with PBS-T and incubated for 2 
h at room temperature. The plates were washed three 
times with PBS-T and incubated with goat anti-mouse 
IgG horseradish peroxidase (HRP)-conjugated 
secondary antibody for 1 h. To measure the IgG 
isotype, 96-well immunoplates were coated with 
rhMUC1-EC192, incubated with purified antibody, 
followed by incubation with HRP-conjugated 
anti-mouse IgG (each isotype) antibody. 

Production of the mouse anti-human MUC1 
monoclonal antibody 

The splenocytes were prepared from the 
immunized mice producing high titers of anti- 
rhMUC1-EC192 antibody and used for fusion with 
SP2/0 myeloma cells using polyethylene glycol 
(Sigma-Aldrich). The fused cells were cultured and 
selected with hypoxanthine-aminopterin-thymidine 
(Sigma-Aldrich) medium. The obtained hybridoma 
clone was cultured in hypoxanthine-thymidine 
medium. For production of monoclonal antibody, 
mice were i.p. injected with pristine and inoculated 
with hybridoma cells 10 days later. The ascitic fluid 
was collected after 10 days and centrifuged at 1,000 × 
g for 30 min. The supernatant was purified using 
IgG-bound Protein-A chromatography (GE 
Healthcare Life Sciences, Buckinghamshire, UK). 
Hereafter, we refer to this antibody as the 

anti-hMUC1 monoclonal antibody. 

Surface plasmon resonance (SPR) analysis 
Binding affinity of the anti-hMUC1 monoclonal 

antibody (hMUC1-1H7 clone) to rhMUC1-EC192 
protein was measured using a Reichert SPR system 
SR7500DC (Buffalo, New York, USA) at 25°C. The 
rhMUC1-EC192 protein was captured on individual 
flow cell surface of a sensor chip. The anti-hMUC1 
monoclonal antibody was injected at a flow rate of 50 
µL/min. Data were evaluated using Reichert SPR 
evaluation software. 

Cell culture 
Human breast cancer cell lines MCF-7 

(ATCC® HTB-22™) and MDA-MB-231 (ATCC® CRM- 
HTB-26™) were purchased from American Type 
Culture Collection (ATCC, Manassas, VA, USA). 
ATCC characterized the cell lines with tests for 
morphology, post-freeze viability, interspecies 
determination (isoenzyme analysis), cytogenetic 
analysis, mycoplasma contamination, and bacterial 
and fungal contamination. T47D and ZR75-1 were 
purchased from Korean Cell Line Bank (Seoul, Korea). 
The cell lines were characterized by the cell bank 
using DNA fingerprinting analysis, species 
verification test, mycoplasma contamination test, and 
viral contamination test. MCF-7 cells were cultured in 
Eagle’s Minimum Essential Medium (ATCC) 
supplemented with 0.01 mg/mL human recombinant 
insulin; MDA-MB-231 cells were cultured in 
Leibovitz’s L-15 medium (Thermo Fisher Scientific, 
Waltham, MA, USA); and T47D and ZR75-1 cells were 
cultured with RPMI-1640 medium (Thermo Fisher 
Scientific). All media were supplemented with 10% 
fetal bovine serum (Thermo Fisher Scientific), 100 
U/mL penicillin, and 100 mg/mL streptomycin. 
MCF-7, T47D, and ZR75-1 cells were incubated at 
37°C in an atmosphere of 5% CO2 and MDA-MB-231 
cells were incubated at 37°C in the absence of CO2. 

Antibodies 
For detection of MUC1 protein in cells by 

western blotting and immunoprecipitation, 
commercially-available anti-MUC1-cytoplasmic tail 
(CT) (anti-MUC1-CT Ab, Catalog No. ab109185, rabbit 
monoclonal antibody to MUC1) and anti-MUC1-CT2 
(anti-MUC1-CT2 Ab, Catalog No. ab80952, Armenian 
hamster monoclonal antibody to MUC1) antibodies 
were obtained from Abcam (Cambridge, UK). These 
antibodies recognize the cytoplasmic tail region of 
MUC1. Anti-β-actin antibody was purchased from 
Sigma-Aldrich. 

Western blotting analysis 
Cells were lysed with lysis buffer and 
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centrifuged at 16,000 × g at 4°C for 20 min. Equal 
amount of proteins were resolved in a 4-12% Bis-Tris 
gradient gel (Thermo Fisher Scientific), and 
transferred onto nitrocellulose membranes, which 
were blocked with 3% BSA in PBS-T for 1 h at room 
temperature. Membranes were incubated with 
anti-MUC1-CT, anti-MUC1-CT2, monoclonal 
anti-hMUC1, or anti-β-actin antibodies overnight at 
4°C. Immuno-reactive protein band intensities were 
measured after visualization using a HRP-conjugated 
secondary antibody (donkey anti-mouse IgG for 
anti-hMUC1 monoclonal antibody, goat anti-rabbit 
IgG for anti-MUC1-CT Ab, rabbit anti-Armenian 
hamster IgG for anti-MUC1-CT2 Ab, Jackson 
ImmunoResearch, West Grove, PA, USA) and an 
enhanced chemiluminescence reagent (Thermo Fisher 
Scientific). 

Immunoprecipitation analysis 
Cell lysates were incubated with mouse 

anti-hMUC1 monoclonal antibody overnight at 4ºC. 
Protein A bead was added to the mixture and 
incubated at 4oC for 1 h. The immunocomplexes 
collected by centrifugation were washed and 
analyzed by western blotting. Membranes were 
incubated with anti-MUC1-CT antibody, 
anti-MUC1-CT2 antibody, anti-hMUC1 monoclonal 
antibody, or anti-β-actin antibody. 

Deglycosylation assay 
Cell lysates from T47D cells were extracted with 

lysis buffer (0.5% SDS, 1% β-mercaptoethanol) and 
boiled at 100°C for 10 min. The samples were then 
incubated with peptide-N-glycosidase (PNGase) F 
(Elpis Biotech, Taejeon, Korea) at 37°C for 2 h and 
boiled at 100°C for 10 min. The samples were diluted 
with lysis buffer and immunoprecipitation was 
performed with the anti-hMUC1 monoclonal 
antibody. The immunocomplex was analyzed by 
western blotting with anti-MUC-CT or 
anti-MUC1-CT2 antibodies. 

Confocal microscopy 
Cells were cultured on poly-L-lysine-coated 

glass cover slips in 12-well culture plates. After cells 
were cultured for 48 h, cells were fixed with 4% 
paraformaldehyde for 10 min. For detection of cell 
surface MUC1-C, mouse anti-hMUC1 monoclonal 
antibody, anti-MUC1-CT2 antibody, or mouse normal 
IgG were treated for 2 h on ice. For intracellular 
staining, cells were fixed with 4% paraformaldehyde, 
permeabilized with 0.1% Triton X-100, blocked with 
3% BSA, and stained with anti-hMUC1 monoclonal 
antibody for 2 h at room temperature. After washing 
in PBS-T containing 1% BSA, the samples were 
incubated with Alexa Flour-conjugated secondary 

antibody such as Alexa Flour 488-conjugated goat 
anti-mouse IgG antibody (for anti-hMUC1 
monoclonal antibody, Invitrogen) or Alexa Flour 
594-conjugated goat anti-Armenian hamster IgG 
antibody (for anti-MUC1-CT2 antibody, Invitrogen) 
for 1 h. Nuclei were stained with Hoechst 33258. All 
samples were mounted and observed using the 
confocal laser scanning microscope system (CLSM 
system; LSM 710, Carl Zeiss, Jena, Germany) [30].  

Internalization assay 
The monoclonal anti-hMUC1 antibody was 

labeled with DyLight 488 according to the 
manufacturer’s instructions (Thermo Fisher 
Scientific). The human breast cancer cells were treated 
with DyLight 488-labeled anti-hMUC1 antibody and 
incubated at 37°C for the indicated time periods. 
Fluorescence signals from the internalized cells were 
detected with CLSM (LSM 710, Carl Zeiss). 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetraz
olium bromide (MTT) assay 

The growth of cancer cells treated with 
anti-hMUC1 monoclonal antibody was monitored 
with an MTT (Sigma-Aldrich) assay solution as 
described previously [28]. The MTT solution was 
added to each well at the indicated time and the plates 
were incubated for an additional 4 h at 37°C. After the 
removal of the medium, the formazan crystals were 
solubilized in dimethyl sulfoxide. The color 
development at 595 nm was monitored using a 
spectrophotometer, with a reference wavelength of 
650 nm. 

Biodistribution imaging in vivo  
Four-week-old female BALB/c nu/nu mice were 

implanted subcutaneously with a 17β-estradiol pellet 
(0.72 mg/pellet, 60-day release; Innovative Research 
of America, Sarasota, FL, USA). Next day, 5 × 106 cells 
(MCF-7, T47D, or ZR75-1) in 50% Matrigel were 
inoculated subcutaneously into right flank of the 
mice. When tumor volumes reached an average of 
about 100 mm3, mouse normal IgG-DyLight 755 (5 
mg/kg) or anti-hMUC1 monoclonal 
antibody-DyLight 755 (5 mg/kg) was intravenously 
injected into the mice. Subsequently, the 
tumor-targeting efficacy of the antibody was 
monitored using an in vivo imaging system (IVIS 200; 
Xenogen Corporation, MA, USA) at 0, 24, and 48 h. 
For detection of intracellular localization of the 
anti-hMUC1 monoclonal antibody in vivo, the mice 
were intravenously injected with DyLight 488-labeled 
anti-hMUC1 monoclonal antibody (5 mg/kg). After 2 
days, the tumor tissues were collected, and then 
frozen tissue sections were prepared. Internalization 
of the antibody was detected in the tumor sections 
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with CLSM (LSM 710, Carl Zeiss). 

Tissue array and immunohistochemistry 
Paraffin-embedded human breast cancer tissue 

sections were purchased from ISU ABXIS (Seoul, 
Korea). The tissue sections were deparaffinized with 
xylene for 30 min, and rehydrated with graded 
ethanol, and then incubated with 3% hydrogen 
peroxide solution for 10 min. Antigen retrieval was 
performed in citrate solution (pH 6.0). The sections 
were blocked with normal horse serum for 30 min, 
and then incubated with anti-hMUC1 monoclonal 
antibody (1 µg/slide) or anti-MUC1-CT2 antibody (1 
µg/slide) for 2 h at room temperature. The sections 
were washed and incubated with biotinylated 
anti-mouse IgG antibody (Vector Laboratories, 
Burlingame, CA, USA) or biotinylated anti-Armenian 
hamster IgG antibody (Vector Laboratories) for 1 h. 
This was followed by washing and incubation with 
HRP-streptavidin for 30 min. The immunoreactivities 
were detected with 3,3ʹ-diaminobenzidine (DAB, 
Thermo Fisher Scientific) and the samples were then 
counterstained with hematoxylin (Muto Pure 
Chemicals, Tokyo, Japan). All images were captured 
using a microscope (Eclipse E-200; Nikon, and Tokyo, 
Japan). 

Statistical analysis 
Results are presented as mean ± standard 

deviation. Statistical significance of comparisons of 

differences between two samples was evaluated using 
the Student’s t-test; differences were considered to be 
significant for values of P <0.05.  

Results 
Production and purification of anti-hMUC1 
monoclonal antibody 

To generate a monoclonal antibody against the 
extracellular region of the MUC1 C-terminal subunit, 
expression of His-tagged rhMUC1-EC192 protein was 
induced in E. coli using IPTG. The recombinant 
protein was purified from bacterial lysates using a 
Ni-NTA column and examined by western blotting 
using anti-His tag antibody. Then we immunized 
mice with PBS or rhMUC1-EC192 and Lipoplex (O). 
After the third boosting immunization, mouse sera 
were collected and the presence of antibody against 
rhMUC1-EC192 was verified using ELISA. The results 
showed significant induction of rhMUC1-specific IgG 
(Fig. 1A). Next, we isolated hybridoma cells 
producing the rhMUC1-EC192-specific monoclonal 
antibody, purified the anti-hMUC1 monoclonal 
antibody from mouse ascites, and analyzed the 
purified antibody using SDS-PAGE and Coomassie 
staining (Fig. 1B). ELISA against several IgG isotypes 
revealed that the isotype of the anti-hMUC1 
monoclonal antibody was IgG1 (Fig. 1C). The binding 
affinity of the antibody to rhMUC1-EC192 protein 
was determined by SPR analysis and the equilibrium 

dissociation constant (Kd) of the 
antibody was 15 nM (Fig. 1D). Thus, 
we can conclude that the monoclonal 
antibody produced using our 
procedure efficiently recognizes 
rhMUC1-EC192 protein. 

Examination of the specificity of 
anti-hMUC1 monoclonal 
antibody in various breast 
cancer cells 

To evaluate whether the 
anti-hMUC1 monoclonal antibody 
recognizes intact MUC1 protein, 
western blotting using lysates of 
MCF-7, MDA-MB-231, T47D, and 
ZR75-1 breast cancer cells was 
carried out. The results showed that 
the commercially-available anti- 
MUC1-CT antibody detected MUC1 
protein bands in MCF-7, T47D and 
ZR75-1, but not in MDA-MB-231 cell 
lysates, but the anti-hMUC1 
monoclonal antibody was unable to 
recognize MUC1 protein in any of 

 

 
Figure 1. Production and characterization of the human anti-hMUC1 monoclonal antibody. 
(A) Mice were immunized with PBS or rhMUC1-EC192 plus Lipoplex (O) and sera were analyzed for the 
presence of rhMUC1-EC192-specific antibody using ELISA. (B) Anti-hMUC1 monoclonal antibody was 
purified from ascites and analyzed using SDS-PAGE followed by Coomassie blue staining. HC: heavy chain; 
LC: light chain. (C) Isotype of IgG in the purified antibody fraction was determined using ELISA. (D) 
Determination of binding affinity for the rhMUC1-EC192 protein using an SPR system. The 
rhMUC1-EC192 protein was immobilized on a sensor chip, and increasing amounts of antibody were 
applied. Kinetic parameters are shown in the right panel. 
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the samples (Fig. 2A). Since no MUC-1 protein was 
detected in MDA-MB-231cells, this cell line was used 
as a negative control in all of our subsequent studies. 
Considering the molecular weight of the detected 
MUC1 protein bands, we surmised that the multiple 
bands represent variously glycosylated MUC1-C. To 
investigate whether the anti-hMUC1 monoclonal 
antibody could recognize the endogenous MUC1 
protein in its native state, we performed 
immunoprecipitation from various breast cancer cell 

lysates, followed by immunoblotting using the 
anti-MUC1-CT antibody. The data showed that the 
anti-hMUC1 monoclonal antibody efficiently 
immunoprecipitates native-state MUC1 protein in 
MCF-7, T47D, and ZR75-1 cell lysates (Fig. 2B). As it 
appears that the antibody detects conformational 
antigen in MUC1 protein, we performed SDS-free 
native PAGE and western blotting and confirmed that 
the anti-hMUC1 antibody recognized native MUC1 
protein in T47D cell lysates (Fig. S1). 

 

 
Figure 2. Specificity of anti-hMUC1 monoclonal antibody. (A) Lysates from MCF-7, MDA-MB-231, T47D, and ZR75-1 breast cancer cell lines were resolved 
by SDS-PAGE and western blotting was performed with anti-MUC1-CT, anti-hMUC1 monoclonal antibody (anti-hMUC1), and anti-β-actin antibodies. (B) Cell lysates 
from MCF-7, MDA-MB-231, T47D, and ZR75-1 cells were immunoprecipitated with mouse normal IgG or anti-hMUC1 monoclonal antibody and immunoblotted 
using the anti-MUC1-CT antibody. (C) T47D lysates were treated with PBS (-) or PNGase F (+) and analyzed by western blotting using anti-MUC1-CT, 
anti-MUC1-CT2, anti-hMUC1, or anti-β-actin antibodies. (D) T47D cell lysates, with or without PNGase F treatment, were immunoprecipitated with the 
anti-hMUC1 monoclonal antibody and then immunoblotted with anti-MUC1-CT or anti-MUC1-CT2 antibodies. HC: heavy chain. 
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There are five potential sites of N-linked 
glycosylation in MUC1 (asparagine residues) and one 
such site is in the extracellular region of MUC1-C [41]. 
PNGase F removes the N-linked glycans. Depending 
on the N-glycosylation extent, the size of MUC1-C is 
estimated to be between 23 and 25 kDa. Without 
N-glycosylation, MUC1-C may have a molecular 
weight of 17 kDa. Therefore, we then explored 
whether the anti-hMUC1 monoclonal antibody could 
recognize MUC1-C when the protein is 
deglycosylated at the asparagine residue. After 
treatment with PNGase F, the size of the MUC1 
protein band became homogeneous and smaller than 
20 kDa, suggesting that this protein band represents 
deglycosylated MUC1-C. Western blotting of the 
PNGase-treated T47D cell lysate showed that the 
anti-hMUC1 monoclonal antibody was unable to 
detect the MUC1 protein (Fig. 2C). However, the 
antibody was able to immunoprecipitate MUC1 
protein from T47D cells, irrespective of the 
N-glycosylation status (Fig. 2D). It suggests that the 
N-linked glycosylation in the MUC1-C is not required 
for the reactivity of the antibody.  

To further investigate whether the anti-hMUC1 
monoclonal antibody recognizes mouse MUC1-C, we 
produced recombinant mouse MUC1 C-terminal 
protein named rmMUC1-EC187 (Supplementary 
information). The sequences of the two proteins have 
58% identity. Then, immunoprecipitation and western 
blotting using purified mouse and human MUC1 
C-terminal proteins were carried out. The 
anti-hMUC1 monoclonal antibody recognized human 
MUC1 C-terminal protein but not mouse MUC1 
C-terminal protein (Fig. S2). These results 
demonstrate that the anti-hMUC1 monoclonal 
antibody can successfully recognize human MUC1-C 
in its native state. 

Anti-hMUC1 monoclonal antibody recognizes 
cell-surface and intracellular MUC1 protein 

The specificity and binding affinity of an 
antibody to the antigen is a key determinant of its 
efficiency [31, 32]. To determine whether the 
anti-hMUC1 monoclonal antibody is able to recognize 
and bind to MUC1 protein in the intact cells, 
immunofluorescence staining of MCF-7, 
MDA-MB-231, T47D, and ZR75-1 was performed. The 
confocal microscopy images show that the 
anti-hMUC1 monoclonal antibody prominently stains 
MUC1 in MCF-7, T47D, and ZR75-1 cells, both on the 
cell surface and in intracellular locations (Fig. 3A), 
suggesting that the antibody recognizes the 
extracellular region of MUC1-C. We also used 
anti-MUC1-CT2 antibody to compare the ability of the 
anti-hMUC1 antibody and anti-MUC1-CT2 antibody 

to recognize MUC1. As the anti-MUC1-CT2 antibody 
recognizes intracellular domain of MUC1, it was not 
able to recognize and bind to MUC1 protein in the 
intact cells (Fig. S3). We could see staining of the 
antibody only when we permeabilized the cells before 
staining.  

The potency of antibodies for therapeutics 
further depends on internalization. Therefore, we 
conjugated the anti-hMUC1 monoclonal antibody 
with DyLight 488, an amine-reactive fluorescent label, 
and stained the cells with the conjugated antibody. 
Confocal imaging data showed that the anti-hMUC1 
monoclonal antibody was most effectively 
internalized in T47D cells (Fig. 3B and Fig. S4). Based 
on these data, we suggest that the anti-hMUC1 
monoclonal antibody can be used to target MUC1 
protein in live cells for internalization. 

Effect of the anti-hMUC1 monoclonal antibody 
on proliferation of breast cancer cells  

MUC-1 is overexpressed in various types of 
cancerous tissues and promotes cell growth [4]. To 
investigate the anti-hMUC1 monoclonal antibody as 
an agent for anti-breast cancer therapy, we analyzed 
its impact on breast cancer cell growth. Treatment of 
cells with the antibody significantly delayed the 
proliferation of T47D cells in comparison to control 
IgG-treated cells. The antibody treatment slightly 
suppressed growth of ZR75-1 cells only at high 
concentration. In contrast, the anti-hMUC1 
monoclonal antibody did not alter the proliferation of 
MCF-7 and MDA-MB-231 cells (Fig. 4). Considering 
that the antibody can bind to the cell surface to 
MCF-7, T47D, and ZR-75-1 cells but the 
internalization was most prominent in T47D cells (Fig. 
3), this result suggests that internalization capability 
of anti-MUC1 antibody may be related with its 
anti-proliferative effect in breast cancer cells 
expressing MUC1. To understand the mechanism of 
action, we treated T47D cells with anti-hMUC1 
antibody and investigated its influence on the 
phosphorylation levels of AKT, ERK, and p38 in T47D 
cells. However, there was no effect (Figure S5). There 
was no change in binding of Annexin V and 
expression of Caspase-3 and PARP suggesting that 
the antibody did not induce apoptosis of the cells 
(Figure S6). Therefore, we speculate that the antibody 
may inhibit the signal transduction of MUC1 but the 
change is very weak to be detected by western 
blotting or other signaling pathways are operating in 
the cells after antibody treatment. Furthermore, the 
antibody did not induce drastic change in the cell 
cycle, either (Figure S7). These data suggest that the 
anti-hMUC1 monoclonal antibody has an 
anti-proliferative effect on some of MUC1-expressing 
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human breast cancer cells even though the 
mechanisms are not defined yet.  

Localization of the injected anti-hMUC1 
monoclonal antibody in MCF-7-, T47D- and 
ZR75-1-derived tumors in vivo  

To demonstrate the effectiveness of the 
anti-hMUC1 monoclonal antibody in vivo, we 
administered DyLight 755-labeled normal IgG or 
anti-hMUC1 monoclonal antibody into breast 
tumor-bearing mice, in a mouse xenograft model 
established with MCF-7, T47D and ZR75-1 cells. The 
distribution of the labeled antibody was quantified by 
measuring the total flux (photons/s) of the 
fluorescence at 0, 24, and 48 h. The results showed 
that the anti-hMUC1 monoclonal antibody was 

localized specifically in the tumor region (Fig. 5A and 
B, Fig. 6A and B, and Fig. 7A and B). When the tumor 
and other organs were isolated, the anti-hMUC1 
monoclonal antibody was detected only in tumor 
tissues, without affecting other vital organs (Fig. 5C, 
Fig. 6C, and Fig. 7C). The binding of the anti-hMUC1 
monoclonal antibody to the tumor was further 
confirmed by confocal microscopy of sections of the 
MCF-7-, T47D-, and ZR75-1-derived tumors. DyLight 
488-labeled anti-hMUC1 antibody staining was 
prominent in the sections of T47D- and 
ZR75-1-derived tumors (Fig. 6D and 7D) and 
comparatively weak in the MCF-7-derived tumors 
(Fig. 5D), whereas DyLight 755-labeled normal IgG 
was not detected in tumors (Fig. 5, Fig. 6, and Fig. 7). 
These results suggest that the anti-hMUC1 

monoclonal antibody can be used to 
specifically target breast cancer cells 
in the animal model. 

Expression of MUC1 protein in 
human breast cancer tissues  

Previous studies have shown 
significantly enhanced expression of 
MUC1 in breast cancer cells [4]. We 
investigated the expression of MUC1 
protein in human breast cancer 
tissues by immunostaining with 
anti-hMUC1 monoclonal antibody 
and compared that with MUC1 
expression in normal breast tissues. 
Here, MUC1 expression was detected 
in most of the breast cancer tissues, 
while no expression was detected in 
normal breast tissues (Fig. 8A). 
Analysis of 21 breast cancer 
specimens indicated that 24% of the 
samples displayed positive 
expression of MUC1 in ≥75% of 
tumor cells, and that 24% and 29% of 
the cancer tissue samples were 
positive for MUC1 expression in 
50-74% and 11-49% of tumor cells, 
respectively (Fig. 8B, Table 1 and 
Table S1). However, 5% of the breast 
cancer specimens showed no 
expression of MUC1. We also 
performed immunostaining with 
anti-MUC1-CT2 antibody using the 
same tissue sections with sequential 
cuts. As shown in Fig. 8C and D, 
MUC1 expression was similarly 
detected by anti-hMUC1 monoclonal 
antibody and anti-MUC1-CT2 
antibody. These findings suggest that 

 

 
Figure 3. Binding of anti-hMUC1 monoclonal antibody to MUC-1 protein localized on the 
cell surface and in intracellular regions. (A) MCF-7, MDA-MB-231, T47D, and ZR75-1 cells were 
surface-stained or stained in the intracellular region with anti-hMUC1 antibody (anti-hMUC1) or mouse 
normal IgG. The samples were then stained using Alexa 488-conjugated secondary antibody. (B) 
Internalization of the anti-hMUC1 monoclonal antibody in breast cancer cells. MCF-7, MDA-MB-231, 
T47D, and ZR75-1 cells were treated with DyLight 488-labeled anti-hMUC1 monoclonal antibody and 
incubated at 37°C for 6 h. The nuclei were stained with Hoechst 33258. Images were visualized by 
confocal microscopy. Scale bar, 10 μm. 
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MUC1 expression may have utility as a marker for 
breast cancer diagnostics and that the anti-hMUC1 
monoclonal antibody can efficiently recognize MUC1 
protein in tissue samples from patients with breast 
cancer. 

 

Table 1. Immunohistochemical analysis of MUC1 expression in 
breast cancer tissues 

Breast cancer 
tissue sections 
(AccuMax 
Array) 

n MUC1 
positive 
(%) 

Number (%) of cases expressing MUC1 
≥75% 74-50% 49-11% ≤10% Negative 

(%) 

A312(II) 21 76.2 5 
(23.8) 

5 (23.8) 6 (28.6) 4 (19) 1(4.8) 

Percentages in parentheses were calculated as the number of MUC1-psoitive 
samples for each quartile, divided by the total number of samples in each tumor 
type. 

 

Discussion 
MUC1 is overexpressed in most cancer cells, 

including breast cancer, and MUC1 expression is 
correlated with disease progression and poor 
prognosis [3, 4]. In this study, we generated a 
monoclonal antibody against human MUC1 and 
investigated the characteristics of the antibody in the 
milieu of breast cancer cells and tissues to evaluate its 
potential in anti-cancer therapeutics. 

We produced a polypeptide, rhMUC1-EC192, 
which includes 192 amino acids corresponding to the 
extracellular region of MUC1 adjacent to the 

transmembrane domain, and successfully obtained an 
anti-MUC1-C specific monoclonal antibody, 
anti-hMUC1, by immunizing mice with 
rhMUC1-EC192 and Lipoplex (O) complex. Our 
previous study showed that immunization of mice 
with peptide and Lipoplex (O) is sufficient to produce 
high antibody titers against the peptide [28-30, 33]. 
The anti-hMUC1 monoclonal antibody was unable to 
detect MUC1 protein in western blotting analysis, but 
efficiently immunoprecipitated MUC1-C from lysates 
from MCF-7, T47D, and ZR75-1 breast cancer cells, 
suggesting that the antibody effectively identified 
MUC1-C protein in the native state. Further 
investigation revealed that the anti-hMUC1 
monoclonal antibody also recognizes MUC1-C 
protein on the cell surface and in intracellular regions 
of breast cancer cells, as assessed using confocal 
microscopy of MCF-7, T47D, and ZR75-1 cells.  

Based on the literature, expression of MUC1-C in 
MDA-MB-231 cells is controversial. While some 
papers reported expression of MUC1-C [34-36], there 
was a paper showing no expression of MUC1 in these 
cells [37]. When we cultured MDA-MB-231 cells in 
different conditions, the results were clearly different. 
The cells barely expressed MUC1-C when we cultured 
the cells as ATCC recommended without CO2 

injection. When we cultured the cells in a regular CO2 

incubator, MUC1-C expression was evident (data not 
shown).  

Besides the binding affinity and specificity of the 
anti-hMUC1 monoclonal antibody, we tested 
whether anti-hMUC1 monoclonal antibody can be 
internalized after treatment. Internalization was 
monitored by staining cells with anti-hMUC1 
conjugated with DyLight 488. Confocal 
microscopy imaging analysis indicated that 
anti-hMUC1 monoclonal antibody is most 
effectively internalized in T47D breast cancer 
cells. 

The principle behind therapeutic targeting of 
MUC1 is to block the MUC1-mediated signaling 
pathway. A therapeutic advancement in targeting 
MUC-1 is based on generating peptides that 
imitate the MUC1 domain, for example, the PTD-4 
MUC1 inhibitory peptide (PMIP). Treatment with 
PMIP decreases breast cancer metastasis [38, 39]. 
Another peptide, GO-201, inhibits MUC1-C 
dimerization by targeting the MUC1-C-CQC 
motif, which causes breast and prostate cancer cell 
death [3, 40]. In our study, treatment with the 
anti-hMUC1 monoclonal antibody resulted in a 
significant reduction of the proliferative capacity 
in T47D breast cancer cells. Therefore, we suggest 
that the internalization of the antibody is 
somehow associated with growth suppression. 

 

 
Figure 4. Effect of anti-hMUC1 monoclonal antibody on proliferation of 
human breast cancer cells. MDA-MB-231 (A), MCF-7 (B), T47D (C), and ZR75-1 
(D) cells were treated with the anti-hMUC1 monoclonal antibody or normal IgG, and 
cell proliferation was evaluated using an MTT assay on the fifth day after treatment. The 
results are representative of data from 3 independent trials. *** p < 0.001, ** p < 0.01, 
* p < 0.05 indicate statistical significance compared to normal IgG group.  
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Figure 5. Biodistribution of the anti-hMUC1 monoclonal antibody in MCF-7 cell-derived breast tumor tissue. BALB/C nu/nu mice were 
subcutaneously injected with MCF-7 cells to induce tumor formation. (A) The mice were injected intravenously with DyLight 755-labeled normal IgG (5 mg/kg) or 
anti-hMUC1 monoclonal antibody (5 mg/kg), and whole-body fluorescent imaging was performed at 0, 24, and 48 h. (B) The localization of the antibody in dissected 
mice. (C) Various organs and tumors were isolated and examined for antibody distribution. Scale bars, 2.5 cm (A-C). (D) The mice were injected intravenously with 
the DyLight 488-labeled anti-hMUC1 antibody. After 48 h, tumor sections were stained with 4',6-diamidino-2-phenylindole (DAPI) for visualizing nuclei and evaluated 
using confocal microscopy. Scale bars, 10 μm (D). The images are representative of data from 3 sets of mice. 

 

 
Figure 6. Biodistribution of the anti-hMUC1 monoclonal antibody in T47D cell-derived breast tumor tissue. BALB/C nu/nu mice were 
subcutaneously injected with T47D cells to induce tumor formation. (A) The mice were injected intravenously with DyLight 755-labeled normal IgG (5 mg/kg) or 
anti-hMUC1 monoclonal antibody (5 mg/kg), and whole-body fluorescent imaging was performed at 0, 24, and 48 h. (B) The localization of the antibody in dissected 
mice. (C) Antibody distribution in various organs and tumors. Scale bars, 2.5 cm (A-C). (D) The mice were injected intravenously with the DyLight 488-labeled 
anti-hMUC1 antibody. Tumor sections were stained with DAPI and evaluated using confocal microscopy. Scale bars, 10 μm (D). The images are representative of data 
from 3 sets of mice. 
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Figure 7. Biodistribution of the anti-hMUC1 monoclonal antibody in ZR75-1 cell-derived breast tumor tissue. BALB/c nu/nu mice were 
subcutaneously injected with ZR75-1 cells to induce tumor formation. (A) The mice were injected intravenously with DyLight 755-labeled normal IgG (5 mg/kg) or 
anti-hMUC1 monoclonal antibody (5 mg/kg), and whole-body fluorescent imaging was performed at 0, 24, and 48 hours. (B) The localization of the antibody in 
dissected mice. (C) Antibody distribution in various organs and tumors. Scale bars, 2.5 cm (A-C). (D) The mice were injected intravenously with the DyLight 
488-labeled anti-hMUC1 monoclonal antibody. Tumor sections were stained with DAPI and evaluated using confocal microscopy. Scale bars, 10 μm (D). The images 
are representative of data from 3 sets of mice. 

 
The tandem repeat region of the MUC1 is 

heavily decorated with O-linked mucin-type 
glycosylation. For N-linked glycosylation, there are 
five potential sites in MUC1 (asparagine residues), all 
located to the C-terminal of the tandem repeat. 
Specifically, the MUC1-N contains four sites in the 
degenerate sequence and the MUC1-C contains one 
site in the extracellular region [41]. Considering that 
the antibody was able to detect MUC1 protein from 
T47D cells irrespective of the PNGase F treatment, the 
N-linked glycosylation in the MUC1-C is not required 
for the reactivity of the antibody.  

The most fundamental feature of a therapeutic 
antibody for clinical evaluation is the capacity of the 
antibody to target tumors, while sparing normal cells. 
Our biodistribution analysis clearly showed that the 
anti-hMUC1 monoclonal antibody conjugated with 
DyLight 755 exclusively and entirely accumulated in 
breast tumors alone. In fact, the precise localization of 
the fluorescently-labeled anti-hMUC1 monoclonal 
antibody is remarkably specific to breast tumor 
tissues, given its absence of reactivity to other vital 
organs. The specification of biodistribution was 

further confirmed by confocal microscopy of tumor 
sections. Since MUC1 is heavily glycosylated and 
localized in polarized normal epithelial cells, it is 
likely that the antibody cannot access the protein core. 
However, cancer cells have dispersed and 
hypoglycosylated MUC1, with reduced O-linked 
glycosylation in the MUC1-N region [41]; therefore, 
the antibody might be able to more efficiently access 
and recognize the extracellular region of MUC1-C in 
tumor tissue. But, there is one important reason why 
we have to be careful. The homology of the 
extracellular region of human and mouse MUC1-C is 
only about 58% and our antibody can’t recognize 
recombinant mouse extracellular region of MUC1-C 
(Fig. S2). Therefore, whether the antibody interacts 
with normal human mammary epithelial cells or not 
is to be determined in the future work. Considering 
that the internalization of MUC1-C does not occur in 
normal epithelial cells [3] and that extent of 
internalization is related with suppressive effect of the 
antibody, it is still promising even when the antibody 
has background reactivity to normal cells. 
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Figure 8. Expression of MUC1 in breast cancer tissues. Immunohistochemistry of human breast cancer tissue arrays was performed with the anti-hMUC1 
monoclonal antibody (A and B) and anti-MUC1-CT2 antibody (C and D). (A, C) Normal breast tissues. (B, D) Breast cancer tissues with ≥75%, 74-50%, 49-11%, and 
≤10% of tumor cells expressing MUC1. Scale bars; left panel, 100 μm and right panel, 25 μm. 
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An antibody with high specificity can be 
conjugated with various compounds to precisely 
target tumor cells, which could improve treatment 
efficacy by more specific targeting of tumor cells 
alone. Recent studies have focused on the 
development and application of MUC1 antibodies in 
cancer. In one study, a MUC1-specific antibody, 
HMFG2, was conjugated with CpG-DNA, enabling 
the activation of natural killer cells in the tumor tissue 
and reduces the tumor burden [42]. In another study, 
a monoclonal anti-MUC1 antibody was conjugated 
with yttrium90 (90Y-mu-HMFG1), facilitating its 
binding to MUC1 epitopes and elimination of cancer 
cells using the radioactive yttrium moiety [43]. It was 
also reported that mesoporous silica nanoparticle 
platform conjugated to tumor-specific MUC1 
antibody efficiently targeted tumor-specific MUC1 
protein in vitro and in a human MUC1 transgenic 
mouse model without short-term toxicity in liver 
[44]. In addition, the anti-MUC1 antibody GP1.4 
decreased proliferation and migration of pancreatic 
cells by facilitating MUC1 internalization and 
inhibiting EGFR signaling [45]. The combined 
treatment with anti-MUC1 antibody GP1.4 and 
platinum (II) complex induced better cytotoxic and 
proapoptotic effects in breast cancer cell line [35, 46]. 
A MUC1 antibody, C595, in association with 
docetaxel, significantly decreased tumor growth in a 
xenograft model of ovarian cancer by augmenting 
apoptosis and necrosis [47]. MUC1 was also used as a 
therapeutic target for triple-negative breast cancer 
using anti-MUC1 aptamer as a drug delivery system 
for a radioactive polymeric nanoparticle [48]. Further, 
dendritic cell (DC)-based vaccine has been used as an 
alternative approach targeting MUC1 in cancer cells. 
The DC loaded with MUC1-derived peptides induced 
an antitumor immune response resulting prolonged 
survival of patients with MUC1-positive refractory 
non-small cell lung cancer (NSCLC) [49]. 

While most of these antibodies target to the 
MUC1-N terminal domain, the anti-hMUC1 antibody 
we generated and characterized in this study is 
specific to the extracellular region of MUC1-C. 
Therefore, our MUC1 antibody may offer additional 
advantages, especially in the context of tumor cell 
specificity and potency (required antibody dosage). 
Considering that the suppressive effect of the 
antibody in breast cancer cells were prominent in only 
one of four cell lines, various conjugative strategies 
should be investigated to produce a more efficient 
therapeutic agent with this new anti-hMUC1 
antibody.  

We performed immunostaining of human breast 
cancer tissue arrays with the anti-hMUC1 monoclonal 
antibody, and our data showed significant expression 

of MUC1 in various types of human breast cancers. 
These results not only confirm the expression of 
MUC1 in human breast cancer, but also suggest the 
potential of the anti-hMUC1 monoclonal antibody as 
a clinically-useful highly-specific therapeutic agent 
when combined with other drugs. Further studies on 
other types of cancers could widen the possible utility 
of the anti-hMUC1 monoclonal antibody. In this 
study, we could not test in vivo efficacy of the 
anti-MUC1 monoclonal antibody as the tumors 
established using breast cancer cell lines did not grow 
over 400 mm3 in the mice. We believe that 
patient-derived xenograft model will be a better 
choice in future evaluation. 

In conclusion, the anti-hMUC1 monoclonal 
antibody described in this study specifically 
recognizes MUC1 protein in breast cancer cells and 
tissues. Also, tumor-specific biodistribution analysis 
of this antibody supports its potential for further 
development as a therapeutic agent in breast cancer 
therapy.  
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