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Abstract
Biomarkers for early diagnosis of pancreatic cancer are greatly needed, as the high fa-
tality of this cancer is in part due to delayed detection. α1,4- linked N- acetylglucosamine 
(αGlcNAc), a unique O- glycan specific to gastric gland mucus, is biosynthesized by 
α1,4- N- acetylglucosaminyltransferase (α4GnT) and primarily bound at the terminal 
glycosylated residue to scaffold protein MUC6. We previously reported that αGlcNAc 
expression decreases at early stages of neoplastic pancreatic lesions, followed by 
decreased MUC6 expression, although functional effects of these outcomes were 
unknown. Here, we ectopically expressed α4GnT, the αGlcNAc biosynthetic en-
zyme, together with MUC6 in the human pancreatic cancer cell lines MIA PaCa- 2 and 
PANC- 1, neither of which expresses α4GnT and MUC6. We observed significantly 
suppressed proliferation in both lines following coexpression of α4GnT and MUC6. 
Moreover, cellular motility decreased following MUC6 ectopic expression, an effect 
enhanced by cotransduction with α4GnT. MUC6 expression also attenuated invasive-
ness of both lines relative to controls, and this effect was also enhanced by additional 
α4GnT expression. We found αGlcNAc- bound MUC6 formed a complex with trefoil 
factor 2. Furthermore, analysis of survival curves of patients with pancreatic ductal 
adenocarcinoma using a gene expression database showed that samples marked by 
higher A4GNT or MUC6 mRNA levels were associated with relatively favorable prog-
nosis. These results strongly suggest that αGlcNAc and MUC6 function as tumor sup-
pressors in pancreatic cancer and that decreased expression of both may serve as a 
biomarker of tumor progression to pancreatic cancer.
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1  |  INTRODUC TION

In 2020, the number of deaths from pancreatic cancer was almost 
comparable to the number of cases, namely, 466 003 deaths ver-
sus 495 773 cases, making it the seventh leading cause of cancer 
death in both men and women worldwide.1 Despite advances in di-
agnostic tools, including various imaging modalities and echo- guided 
fine- needle aspiration biopsy, early diagnosis, which could lead to 
effective treatment, remains difficult, leading to poor prognosis. 
Therefore, novel biomarkers with specificity for precursor pancre-
atic cancer lesions are greatly needed.

Aberrant expression of gastric- type mucin in the pancreatic 
epithelium is an important process in the early stages of pancre-
atic tumor progression.2- 7 Mucins secreted from the gastroduode-
nal mucosa are classified into surface mucins and gland mucins,8 
which contain MUC5AC and MUC6, respectively.9 Gland mucin 
characteristically contains unique O- linked oligosaccharides (O- 
glycans) exhibiting terminal α1,4- linked N- acetylglucosamine 
residues (αGlcNAc) which are primarily bound to scaffold pro-
tein MUC6.10- 12 In normal gastric mucosa, αGlcNAc and MUC6 
are coexpressed in gland mucous cells such as pyloric glands and 
mucous neck cells.11 Previously, we used expression cloning to 
identify α1,4- N- acetylglucosaminyltransferase (α4GnT), which 
catalyzes αGlcNAc biosynthesis.13 When we generated mice de-
ficient in A4gnt, which encodes α4GnT, αGlcNAc gland mucin was 
completely lost and mice spontaneously developed differentiated 
gastric adenocarcinoma.14 Moreover, our previous analyses of 
αGlcNAc and MUC6 expression in human gastric lesions suggested 
that αGlcNAc might suppress development of malignancy.15- 18 
Furthermore, various studies of αGlcNAc and MUC6 expression 
in gastric mucin- producing tumors arising in extra gastric organs, 
such as Barrett's esophagus,18,19 pancreas,18,20 uterine cervix,21,22 
biliary tract23 and ovary,24 suggest that αGlcNAc may inhibit devel-
opment of malignancy in those contexts.18- 24

In normal human pancreas, αGlcNAc and MUC6 are coexpressed 
in accessory gland mucous cells of the pancreaticobiliary tract.11 
Others have reported that αGlcNAc is expressed in intraductal 
papillary mucinous neoplasia (IPMN)6,25 and pancreatic intraepi-
thelial neoplasia (PanIN).6 Previously, we evaluated expression pat-
terns of the gastric mucin markers MUC5AC, MUC6, and αGlcNAc 
in pancreatic precursor lesions and invasive carcinomas by immu-
nohistochemistry.20 We found that in both PanIN– invasive ductal 
adenocarcinoma of the pancreas (IDAC) and IPMN– IPMN with 
associated invasive carcinoma (IPMNAIC) sequences, αGlcNAc ex-
pression levels relative to MUC6 begin to decrease early in tumor 
progression, and then MUC6 expression subsequently decreases or 
is lost.20 On the other hand, we observed no changes in MUC5AC ex-
pression throughout disease stages.20 Others have reported higher 
MUC6 expression in IPMN than in IDAC and that MUC6 expression 
is an early event in PanIN,6 and MUC6 overexpression occurs early 
in development of pancreatic adenocarcinoma.3,7 These studies sug-
gest that reduced levels of αGlcNAc and MUC6 may serve as useful 
biomarkers in early diagnosis of pancreatic cancer. However, direct 

effects of αGlcNAc and MUC6 on malignant phenotypes of pancre-
atic cancer cells have been elusive.

Here, we ectopically expressed α4GnT and MUC6 in the human 
pancreatic cancer cell lines MIA PaCa- 2 and PANC- 1, neither of 
which expresses α4GnT or MUC6, and assessed phenotypes asso-
ciated with malignancy. We also investigated whether A4GNT or 
MUC6 mRNA expression levels are associated with prognosis of 
pancreatic ductal adenocarcinoma patients using the GEO database.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies and reagents

Anti- Myc- tag antibody (clone My3, mouse IgG2) was purchased 
from MBL. Antibodies against MUC6 (clone CLH5, mouse IgG), 
β- actin (clone C4, mouse IgG), and normal mouse IgG were pur-
chased from Santa Cruz. Anti- αGlcNAc (clone HIK1083, mouse IgM) 
was purchased from Kantokagaku. Rabbit polyclonal antibodies 
against α4GnT11 and core 2 β- 1,6- N- acetylglucosaminyltransferase 
(C2GnT)26 were prepared as described previously. Anti- trefoil fac-
tor 2 (TFF2), rabbit polyclonal antibodies, was purchased from 
Proteintech.

2.2  |  Cell culture

The human pancreatic cancer cell line MIA PaCa- 2 was obtained 
from JCRB Cell Bank (Osaka, Japan), and the human pancreatic 
ductal carcinoma cell line PANC- 1 was obtained from the RIKEN 
BRC Cell Bank. MIA PaCa- 2 or PANC- 1 was maintained in DMEM/
high glucose (FUJIFILM Wako) or RPMI- 1640 (FUJIFILM Wako), re-
spectively, supplemented with 10% heat- inactivated fetal bovine 
serum (FBS; Hyclone) and penicillin/streptomycin (FUJIFILM Wako) 
at 37°C in a humidified 5% CO2 atmosphere. The retroviral packag-
ing cell line, 293T (ATCC), was maintained in DMEM/high glucose 
containing 10% FBS at 37°C in a 5% CO2 humidified atmosphere.

2.3  |  Establishment of α4GnT-  and/or MUC6- 
expressing cells

The human A4GNT open reading frame (ORF) was PCR- amplified 
from pcDNA I containing full- length A4GNT cDNA13 as template 
with primers flanked by an EcoRI site on the 5’ end and an XhoI 
site on the 3’ end. The amplicon was inserted into the EcoRI- 
XhoI site of the pMXs- IRES- Puro retroviral vector (Cell Biolabs). 
The human MUC6 ORF was excised from the TrueClone ORF 
Collection MUC6 (RC219711; OriGene Technologies) and sub-
cloned into the pMXs- IRES- Bsd retroviral vector (Cell biolabs) 
by inserting an in- flame C- terminal Myc- tag sequence. Empty 
vectors served as negative controls. 293T cells cultured in 
DMEM/high glucose containing 10% FBS and 4 mM L- glutamine 
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(FUJIFILM Wako) were incubated with recombinant retrovi-
ral vectors, VSV- G inserted plasmid (Add gene), gag/pol car-
rying plasmid (Add gene), and Linear polyethyleneimine MAX 
(Polysciences, Inc) for 6- 8 hours at 37°C 5% CO2. Thereafter, 
cells were cultured in fresh medium. Supernatants containing 
retroviral particles were harvested 2- 3 days post transfection, 
filtered through a 0.45- µm filter, concentrated by centrifu-
gation at 8000 g for 16 hours, and used to infect target cells. 
Concentrated virus supernatant carrying MUC6 or control virus 
was added to 12- well plates coated with 50 µg/mL RetroNectin 
(Takara Bio), which were centrifuged at 1080 g for 4 hours at 
32°C. The viral supernatants were then removed, and MIA 
PaCa- 2 or PANC- 1 cells (2 × 104 cells per well) were seeded and 
incubated at 37°C for 24 hours. Then, MUC6- transduced MIA 
PaCa- 2 or PANC- 1 cells were infected with retrovirus carrying 
A4GNT or control virus using the procedure described above and 
incubated for 48 hours at 37°C. Infected MIA PaCa- 2 cells were 
subcultured in fresh DMEM/high glucose containing 5 µg/mL 
puromycin (FUJIFILM Wako) and 20 µg/mL blasticidin (FUJIFILM 
Wako). Infected PANC- 1 cells were subcultured in fresh RPMI- 
1640 containing 5 µg/mL puromycin/40 µg/mL blasticidin. 
Puromycin-  and blasticidin- resistant cell pools were readily es-
tablished within 10 days. Three kinds of cells were generated 
from each line; MUC6- transduced MIA PaCa- 2- MUC6 or PANC- 
1- MUC6 cells, A4GNT/MUC6- transduced MIA PaCa- 2- MUC6/
A4GNT or PANC- 1- MUC6/A4GNT cells, and control MIA PaCa- 
2- Control or PANC- 1- Control cells.

2.4  |  Immunoprecipitation and Western blotting

Cultured cells to be analyzed were harvested, sonicated, and ho-
mogenized in immunoprecipitation (IP) buffer (50 mmol/L Tris- HCl 
[pH 8.0], 150 mmol/L NaCl, 1 mmol/L MgCl2, 0.5% Nonidet P- 40, 
10 mmol/L NaF, 1 mmol/L Na3VO4, 1 mmol/L phenylmethylsul-
fonylfluoride, and 1 unit of complete protease inhibitor cocktail 
EDTA- free [Roche]). Protein concentrations in whole- cell lysates 
(WCLs) were determined using a BCA protein assay (Thermo 
Fisher Scientific). WCL proteins were incubated with anti- Myc- 
tag antibody with gentle rocking overnight at 4°C. Products were 
then incubated with protein G Sepharose (GE Healthcare) for an 
additional 1 hour at 4°C. For IP of culture supernatant, confluent 
cells were cultured in the serum- free medium for 48 hours, and 
supernatant was incubated with anti- Myc- tag antibody or nor-
mal mouse IgG overnight followed by incubation with Dynabeads 
Protein G (Veritas) for 1 hour. Beads were then washed with IP 
buffer or PBS three times and heated to 98°C for 5 minutes in 
Laemmli sample buffer (50 mmol/L Tris- HCl [pH 6.8], 2.5% SDS, 
2.5% 2- mercaptoethanol, 0.005% bromophenol blue, and 5% glyc-
erol). Protein samples were separated by SDS- PAGE and electro-
phoretically transferred to PVDF membranes, which were blocked 
for 1 hour with 5% nonfat dry milk in TBS buffer (50 mmol/L Tris- 
HCl [pH 7.5] and 150 mmol/L NaCl) at room temperature and 

thereafter incubated with primary antibodies overnight at 4°C. 
After incubation, membranes were washed in TBS containing 
0.01% Tween 20 three times and incubated at room temperature 
for 1 hour with horseradish peroxidase (HRP)– conjugated second-
ary antibodies (DAKO). For anti- αGlcNAc, HRP– conjugated anti- 
mouse IgM (Jackson ImmunoResearch) was used as the secondary 
antibody. Detection was carried out using the enhanced chemi-
luminescence detection system Immobilon Western chemilumi-
nescent HRP substrate (Merck Millipore). All data were processed 
and analyzed using Cool Saver AE- 6955 (ATTO) and CS Analyzer 
software (ATTO).

2.5  |  Cell proliferation analysis

We used 96- well tissue culture plates to assess anchorage- 
dependent cell proliferation and 96- well plates coated with poly- 
(2- hydroxymethyl methacrylate) (poly- HEMA) (Sigma) to analyze 
anchorage- independent cell proliferation. For both, 1 × 103 cells 
were seeded in each 96- well plate and 0, 24, 48, and 72 hours later 
CellTiter96®AQueousOneSolution (MTS solution; Promega) was 
added. Two hours later, color density was measured at 490 nm using 
a microplate reader (Dainippon Pharmaceutical).

2.6  |  Transwell migration assay

MIA PaCa- 2 cells (5 × 104) in serum- free DMEM/high glucose or 
PANC- 1 cells (7.5 × 104) in serum- free RPMI- 1640 were seeded on 
the top of Transwell inserts with an 8.0- µm- pore- size membrane 
(BD Falcon). The bottom chamber contained DMEM/high glucose 
or RPMI- 1640 with 10% FBS, respectively, as chemoattractant. 
After incubation for 24 (MIA PaCa- 2) or 6 (PANC- 1) hours, cells on 
the upper membrane surface were removed with a cotton swab. 
MIA PaCa- 2 cells that had migrated to the lower surface of the 
membranes were fixed with 70% ethanol and then treated with 
methanol. PANC- 1 cells that had migrated to the lower surface 
were fixed with methanol, and both were stained with 0.2% crys-
tal violet. Migrated cells were observed by light microscopy (×200 
magnification) and counted in five randomly selected fields from 
triplicate wells.

2.7  |  Matrigel invasion assay

Transwell cell culture inserts (membrane pore size: 8.0 µm; BD 
Falcon) were coated with 25 µg or 50 µg Matrigel (BD Biosciences), 
respectively, to analyze MIA PaCa- 2 or PANC- 1 cells. One hundred 
thousand each of MIA PaCa- 2 cells in serum- free DMEM/high glu-
cose or PANC- 1 cells in serum- free RPMI- 1640 were seeded in the 
upper chamber of inserts. The lower chamber contained DMEM/
high glucose or RPMI- 1640, respectively, with 10% FBS as chemoat-
tractant. After a 24- hour incubation, cells were fixed, stained, and 
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analyzed using the procedure described in the section “Transwell 
migration assay.”

2.8  |  Prognostic analysis using a database

An online database was utilized to evaluate potential correlation 
between A4GNT or MUC6 expression and prognosis of pancreatic 
ductal adenocarcinoma patients. The GSE dataset (GSE28735) was 
downloaded from the NCBI Gene Expression Omnibus (GEO) da-
tabase (https://www.ncbi.nlm.nih.gov/geo/). This dataset contains 
cDNA microarray gene- expression profiles of pancreatic tumors and 
adjacent nontumor tissues from pancreatic ductal adenocarcinoma 
patients. For this study, we used only tumor tissue data. A4GNT or 
MUC6 expression levels were normalized to GAPDH, and the rela-
tionship to prognosis was analyzed using the Kaplan- Meier Plotter 
(https://kmplot.com/analy sis/).

2.9  |  Statistical analysis

Statistical analysis for cellular experiments was performed using 
EZR 1.3727 (Saitama Medical Center, Jichi Medical University), a 
graphical user interface for R version 3.4.1 (The R Foundation for 
Statistical Computing). We used the Kruskal- Wallis test with Holm- 
corrected Mann- Whitney post hoc tests for cellular experiments. 
Results were expressed as the mean ± SD. P- values < .05 were con-
sidered statistically significant. Prognosis was analyzed using the 
Kaplan- Meier Plotter. Hazard ratio (HR) and P- values by log- rank 
test were determined and displayed.

3  |  RESULTS

3.1  |  Immunoprecipitation analysis of αGlcNAc- 
binding MUC6

To establish pancreatic cancer cell lines ectopically expressing 
MUC6 or MUC6/α4GnT, we used retroviral transduction of the 
pancreatic cancer cell line MIA PaCa- 2 and the pancreatic ductal 
carcinoma cell line PANC- 1 with either MUC6 alone or MUC6 plus 
α4GnT. We first assessed α4GnT expression in WCLs from trans-
duced MIA PaCa- 2- MUC6/A4GNT or PANC- 1- MUC6/A4GNT 
lines by Western blotting and detected a primary band at ~48 kDa 
representing unglycosylated α4GnT and a minor band at ~63 kDa 
representing glycosylated α4GnT in both (Figure 1, α4GnT panel of 
WCL), consistent with our previous analysis of gastric adenocarci-
noma AGS cells.11 Comparable analysis with an anti- MUC6 antibody 
of WCLs from cells either singly (MUC6) or doubly (MUC6/A4GNT) 
transduced confirmed MUC6 expression in MIA PaCa- 2- MUC6, 
PANC- 1- MUC6, MIA PaCa- 2- MUC6/A4GNT, and PANC- 1- MUC6/
A4GNT cells (Figure 1, MUC6 panel of WCL). As MUC6 constructs 
were C- terminally Myc tagged, we undertook a similar analysis using 

an anti- Myc- tag antibody and detected two bands in all samples: one 
at ~245 kDa (comparable to the anti- MUC6 antibody) and the other 
at >460 kDa (Figure 1, Myc- tag panel of WCL). Given that the anti- 
MUC6 antibody utilized here cannot detect glycosylated MUC6,24,28 
we conclude that >460- kDa bands represented glycosylated MUC6. 
As confirmation, we performed an IP of WCLs with the anti- Myc- tag 
antibody followed by immunoblotting with the anti- αGlcNAc anti-
body. That analysis conducted in both MIA PaCa- 2- MUC6/A4GNT 
and PANC- 1- MUC6/A4GNT cells revealed that the >460- kDa band 
immunoprecipitated with the anti- Myc- tag antibody was positive for 

F I G U R E  1  Immunoprecipitation (IP) and Western blotting 
analysis of αGlcNAc, α4GnT, and MUC6 expression. Whole- 
cell lysates (WCL; bottom five rows) and IP products (top three 
rows) from MIA PaCa- 2 or PANC- 1 cells transduced with MUC6, 
MUC6/A4GNT, or control, as indicated, were immunoblotted with 
antibodies shown on the left side of the figure. *, unglycosylated 
MUC6; **, glycosylated MUC6. β- actin serves as the loading control

https://www.ncbi.nlm.nih.gov/geo/
https://kmplot.com/analysis/
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anti- αGlcNAc antibody (Figure 1, αGlcNAc panel of IP), suggesting 
that it represents MUC6 glycosylated with αGlcNAc. Collectively, 
these results indicate that transduced gene products are both ex-
pressed and post- transcriptionally modified as expected.

3.2  |  Ectopic MUC6 and α4GnT expression alters 
cell proliferation in vitro

To investigate the effects of MUC6 or MUC6/α4GnT expression 
on malignancy, we first analyzed the proliferation of MIA PaCa- 2 
or PANC- 1 cells in vitro. Ectopic expression of MUC6 alone sig-
nificantly decreased anchorage- dependent cell proliferation of 
MIA PaCa- 2- MUC6 cells, and that rate was further significantly 
decreased in doubly transduced MIA PaCa- 2- MUC6/A4GNT cells 
(Figure 2A). In PANC- 1 cells, expression of both MUC6 and α4GnT 
also attenuated anchorage- dependent cell proliferation relative to 
the PANC- 1- Control cells and singly transduced PANC- 1- MUC6 cells 
(Figure 2B). Anchorage- independent proliferation was significantly 
lower in MIA PaCa- 2- MUC6 and MIA PaCa- 2- MUC6/A4GNT cells 
compared with MIA PaCa- 2- Control cells (Figure 2C). In contrast, 
anchorage- independent proliferation was comparable in control, 

MUC6- transduced, and MUC6/α4GnT- transduced PANC- 1 cells 
(Figure 2D). These results suggest that ectopic expression of MUC6 
and α4GnT suppresses anchorage- dependent cell proliferations in 
MIA PaCa- 2 and PANC- 1 cells. On the contrary, somewhat differ-
ent mechanisms may drive anchorage- independent proliferation in 
those two cancer cell lines.

3.3  |  Ectopic MUC6 and α4GnT expression 
attenuates cell motility

We next examined effects of MUC6 and α4GnT expression on mo-
tility of both lines using a Transwell migration assay. We observed 
significantly decreased migration of MIA PaCa- 2- MUC6 relative to 
MIA PaCa- 2- Control cells, and that effect was further significantly 
reduced in doubly transduced MIA PaCa- 2- MUC6/A4GNT cells 
(Figure 3A, B). Similarly, PANC- 1 cell migration was significantly sup-
pressed relative to controls by ectopic MUC6 expression and further 
significantly attenuated in cells doubly transduced with MUC6 and 
α4GnT (Figure 3A, C). These results suggest that in both MIA PaCa- 2 
and PANC- 1 cells, ectopic MUC6 expression decreases motility and 
that MUC6 decorated with αGlcNAc has a more potent effect.

F I G U R E  2  Effects of α4GnT and MUC6 
expression on MIA PaCa- 2 and PANC- 1 
cell proliferation. A, B, Anchorage- 
dependent proliferation analysis. MIA 
PaCa- 2 (A) or PANC- 1 (B) cells transduced 
as indicated were seeded at 1 × 103 
cells per well in 96- well tissue culture 
plates, and an MTS assay was performed 
daily for 3 d. A cell proliferation ratio 
was calculated with the value on day 0 
set to 1. C, D, Anchorage- independent 
proliferation analysis. MIA PaCa- 2 (C) or 
PANC- 1 (D) cells transduced as indicated 
were seeded in poly- HEMA– coated 96- 
well plates and assayed using the same 
procedure described to assess anchorage- 
dependent proliferation. Results are 
expressed as the mean (n = 6) and error 
bars indicate SD. Representative results 
from four independent experiments are 
shown. *P < .05 and **P < .01
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3.4  |  Effect of ectopic MUC6 and α4GnT 
expression on cellular invasiveness

We next assessed effects of ectopic MUC6 and α4GnT expression 
on cellular invasiveness using a Matrigel invasion assay. In that 
analysis we observed significantly fewer invaded cells relative to 
controls in MIA PaCa- 2- MUC6 cells (Figure 3D, E). Accordingly, 
MIA PaCa- 2- MUC6/A4GNT cells showed significantly decreased 
invasiveness relative to MIA PaCa- 2- MUC6 cells (Figure 3D, E). 
We observed comparable phenotypes of decreased invasive-
ness relative to controls following analysis of PANC- 1- MUC6 and 
PANC- 1- MUC6/A4GNT cells (Figure 3D, F). These results suggest 
that in both MIA PaCa- 2 and PANC- 1 cells, ectopic MUC6 expres-
sion significantly attenuates cellular invasiveness, and that gly-
cosylation of MUC6 with αGlcNAc promotes a significantly more 
robust effect.

3.5  |  αGlcNAc- bound MUC6 formed a complex 
with TFF2

In normal gastric mucosa, TFF2 binds to MUC6 through αGlcNAc to form 
a molecular complex that increases the viscosity of mucus.29- 32 Thus, we 
focused on TFF2 expression in MIA PaCa- 2 and PANC- 1. TFF2 was ex-
pressed in both cell lines and increased by dual expression of MUC6/α4GnT 
(Figure 4A). As TFF2 binds more strongly to αGlcNAc on core 2 structure 
than to that on core 1 structure,30 we assessed C2GnT expression to clar-
ify αGlcNAc- bound structure in the two cell lines. C2GnT was expressed 
in both cell lines (Figure 4B) indicating that αGlcNAc is on core 2 structure 
in MIA PaCa- 2 and PANC- 1. Then, we analyzed secreted MUC6 and TFF2 
in the culture supernatant. Only glycosylated MUC6 was detected in the 
culture supernatant (Figure 4C, Myc- tag panel). When culture superna-
tants were immunoprecipitated with anti- Myc- tag, the products showed 
anti- TFF2– reactive bands above 460 kDa in both cell lines (Figure 4C, 

F I G U R E  3  Transwell migration and Matrigel invasion assays. A- C, Transwell migration assays. A, Representative photographs of MIA 
PaCa- 2 (upper panel) and PANC- 1 (lower panel) cells transduced as indicated. B, C, Quantification of MIA PaCa- 2 (B) and PANC- 1 (C) 
cell migration. Migrated cells were observed by light microscopy (×200 magnification) and counted in five randomly selected fields from 
triplicate wells. Results are expressed as the mean (n = 15), and error bars indicate SD. Representative results from four independent 
experiments are shown. **P < .01. D- F, Matrigel invasion assays. D, Representative photographs of MIA PaCa- 2 (upper panel) and PANC- 1 
(lower panel) cells transduced as indicated. E, F, Quantification of MIA PaCa- 2 (E) and PANC- 1 (F) cell invasiveness. Invasive cells were 
observed by light microscopy (×200 magnification) and counted in five randomly selected fields from triplicate wells. Results are expressed 
as the mean (n = 15) and error bars indicate SD. Representative results from four independent experiments are shown. *P < .05 and 
**P < .01
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TFF2 panel). This mobility was identical to that of αGlcNAc- bound MUC6, 
ie, anti- Myc- tag–  and anti- αGlcNAc– reactive bands (Figure 4C, Myc- tag 
and αGlcNAc panel). Considering that the molecular weight of TFF2 is 
14- 18 kDa, the detection of TFF2 at higher molecular weight indicates 
that it formed an SDS-  and 2- mercaptoethanol– resistant complex with 
αGlcNAc- bound MUC6. These results suggest that MIA PaCa- 2- MUC6/
A4GNT and PANC- 1- MUC6/A4GNT cells are surrounded by the highly 
viscous MUC6- TFF2 complex.

3.6  |  Prognostic value of A4GNT and 
MUC6 expression in human pancreatic ductal 
adenocarcinoma

Finally, we evaluated a potential correlation between A4GNT or 
MUC6 mRNA expression and prognosis using human pancreatic 
ductal adenocarcinoma cases in the GEO database. To do so, we 
plotted survival curves relevant to pancreatic ductal adenocar-
cinoma patients using a Kaplan- Meier plotter. The database was 
based on 45 patients with pancreatic ductal adenocarcinoma, but 
there was no survival information for three of the 45 cases. Among 
the 42 cases analyzed, the population with high A4GNT expres-
sion (n = 28) had a significantly more favorable prognosis than the 
population exhibiting low expression (n = 14, HR = 0.3 [0.15- 0.61], 
P = 5e- 04) (Figure 5A). Moreover, the population with relatively 
high MUC6 expression (n = 24) showed a significantly more pref-
erable prognosis than the population with low expression (n = 18, 
HR = 0.32 [0.16- 0.65], P = .00084) (Figure 5B). Overall, these re-
sults indicate that both A4GNT and MUC6 transcript levels positively 
correlate with more favorable prognosis of patients with pancreatic 
ductal adenocarcinoma.

4  |  DISCUSSION

In this study, we demonstrate that ectopic expression in pancre-
atic cancer MIA PaCa- 2 or PANC- 1 cells of MUC6, either alone or 
combined with α4GnT, attenuates anchorage- dependent cell prolif-
eration, cellular motility, and cellular invasiveness in vitro. We also 
report that expression levels of A4GNT and MUC6 transcripts, which 
encode α4GnT and MUC6, respectively, significantly correlated with 
the prognosis of pancreatic ductal adenocarcinoma patients. Both 
lines of evidence suggest that α4GnT and MUC6 expression in pan-
creatic ductal adenocarcinoma is associated with more favorable 
outcomes for patients.

We previously used immunohistochemistry to assess expres-
sion patterns of the gastric mucin markers MUC5AC, MUC6, and 
αGlcNAc in precursor lesions of pancreatic cancer as well as in inva-
sive carcinoma.20 That analysis revealed that αGlcNAc expression 
levels begin to decrease relative to MUC6 early in tumor progres-
sion in both the PanIN- IDAC and IPMN- IPMNAIC sequences.20 

F I G U R E  4  Analysis of the αGlcNAc- bound MUC6 and TFF2 
complex. A, B, Expression analysis of endogenous TFF2 (A) and 
C2GnT (B) in MIA PaCa- 2 and PANC- 1 cells. Whole- cell lysates 
(WCLs) of AGS cells ectopically expressing TFF2 or C2GnT were 
used as a positive control (P). *, unglycosylated form of TFF2 or 
C2GnT; **, glycosylated form of TFF2 or C2GnT. β- actin serves 
as the loading control. C, Immunoprecipitation (IP) and Western 
blotting analysis of the αGlcNAc- bound MUC6 and TFF2 complex. 
Culture supernatants from MIA PaCa- 2 or PANC- 1 cells transduced 
with MUC6, MUC6/A4GNT, or control, as indicated, were 
immunoprecipitated and immunoblotted with antibodies shown in 
the figure. Nonspecific bindings to beads are indicated by arrows
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F I G U R E  5  Correlation of A4GNT or MUC6 expression with prognosis of patients with pancreatic cancer. A, Kaplan- Meier curves 
depicting survival time for patients with pancreatic ductal adenocarcinoma whose samples showed high or low A4GNT expression. Red line 
indicates cases (n = 28) with high A4GNT expression, and black line indicates cases (n = 14) with low A4GNT expression. B, Kaplan- Meier 
curves depicting survival time for patients with pancreatic ductal adenocarcinoma whose samples showed high or low MUC6 expression. 
Red line indicates cases (n = 24) with high MUC6 expression, and black line indicates cases (n = 18) with low MUC6 expression. HR, hazard 
ratio

F I G U R E  6  Schematic representation of the inhibitory effects of αGlcNAc and MUC6 on cellular motility and invasiveness. When MUC6 
is ectopically expressed, cells are surrounded by MUC6, thus reducing motility and invasiveness. When αGlcNAc is attached to MUC6 by 
α4GnT, complexes of αGlcNAc- bound MUC6 and TFF2 are formed, resulting in a more potent effect because the cells are surrounded by 
the highly viscous MUC6- TFF2 complex. Yellow square, N- acetylgalactosamine (GalNAc); yellow circle, galactose (Gal); blue square, N- 
acetylglucosamine (GlcNAc)
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MUC6 was also downregulated or lost in invasive stages, whereas 
MUC5AC was comparably expressed at all stages.20 Moreover, de-
creased αGlcNAc expression relative to MUC6 occurred at early 
stages in malignancies of the stomach,12,15- 18 Barrett's esopha-
gus,18,19 uterine cervix,21,22 biliary tract,23 and ovary,24 and MUC6 
expression was subsequently suppressed at late stages of tumor 
development.21,23,24 To investigate the function of MUC6 expres-
sion and αGlcNAc glycosylation in pancreatic cancer progression, 
here we ectopically expressed MUC6 or MUC6 plus α4GnT in the 
pancreatic cancer cell lines MIA PaCa- 2 and PANC- 1 and com-
pared resultant malignant phenotypes with those seen in controls. 
In clinical samples of human pancreatic cancer, MUC6- negative 
and αGlcNAc- positive cases are rare and exceptional. In fact, we 
have previously reported that out of 20 cases of invasive ductal 
adenocarcinoma, only one case was MUC6 negative and αGlcNAc 
positive, and the expression level of αGlcNAc in this particular 
case was low.20 Therefore, we did not analyze the cells ectopically 
expressing α4GnT alone. Proliferation of MIA PaCa- 2 cells was 
attenuated by ectopic MUC6 expression and further suppressed 
by cotransduction with α4GnT (Figure 2A, C). Ectopic expression 
of both α4GnT and MUC6 also suppressed anchorage- dependent 
proliferation of PANC- 1 cells (Figure 2B). Moreover, migration 
ability relative to controls of both lines was reduced by ectopic 
MUC6 expression and further decreased by cotransduction with 
α4GnT (Figure 3A- C). Furthermore, MIA PaCa- 2 and PANC- 1 cell 
invasiveness was attenuated relative to controls by ectopic MUC6 
expression and further decreased by additional transduction with 
α4GnT in both lines (Figure 3D- F). These results strongly sug-
gest that coexpression of MUC6 and α4GnT constructs, which 
likely generates MUC6 glycosylated with αGlcNAc, has a tumor- 
suppressive effect on cultured pancreatic cancer cells, findings 
that support previous pathological results.

MUC6 is highly expressed at early noninvasive stages of pan-
creatic tumor progression and then suppressed or lost at invasive 
stages.4,6,7,20,33 Here, we demonstrated that ectopic MUC6 ex-
pression reduced invasiveness of MIA PaCa- 2 and PANC- 1 cells 
(Figure 3D- F), in agreement with the above studies. Leir et al re-
ported that expression of MUC6 N-  or C- terminal domains decreased 
PANC- 1 cell invasion through a reconstituted matrix barrier contain-
ing collagen type IV, laminin, and gelatin by 70% or 57%, respectively, 
relative to vector controls.34 Their group used the same method to 
assess invasiveness of colon cancer LS180 cells and breast cancer 
MCF7 cells. LS180 cell invasiveness was reduced by MUC6 N-  or C- 
terminal protein expression by 41% or 46%, respectively.34 By con-
trast, MCF7 cells, which are known to be poorly invasive,35 showed 
<1% of invasive cells in both vector controls and MUC6 N-  or C- 
terminal protein– expressing cells, suggesting that MUC6 alone has 
little effect on the behavior of poorly invasive cells.34 These authors 
report that they tried to establish cells stably expressing full length 
of MUC6 as a minigene containing the N-  and C- terminus together 
with the shortened tandem repeat but that cells did not proliferate 
in any case.34 By contrast, we established MIA PaCa- 2 and PANC- 1 
cells stably expressing full- length MUC6, possibly due to differences 

in gene transduction methods. Overall, these results indicate that 
MUC6 attenuates invasion of highly invasive pancreatic cancer cells.

We observed that cellular motility and invasiveness were at-
tenuated by MUC6 transduction and further decreased by ad-
ditional α4GnT expression in two cell lines (Figure 3). We also 
found that αGlcNAc- bound MUC6 was secreted as an SDS-  and 
2- mercaptoethanol– resistant complex with TFF2 from both cell 
lines (Figure 4C). TFF2 is reported to increase the viscosity of mucus 
in vitro and in vivo,31,32 suggesting that the MUC6- TFF2 complex 
shows higher viscosity than free MUC6. Based on these findings, we 
hypothesized a mechanism of inhibitory effects of MUC6 and αGlc-
NAc on motility and invasiveness. When cells ectopically expressed 
MUC6 alone, free MUC6 surrounded the cells and inhibited motil-
ity and invasiveness (Figure 6). Furthermore, when cells additionally 
expressed α4GnT, αGlcNAc was synthesized on MUC6. Then, TFF2 
bound to it to form a complex, resulting in the cells being surrounded 
by a more viscous complex, showing stronger effects (Figure 6).

We previously showed that αGlcNAc loss was significantly cor-
related with the depth of invasion, stage, venous invasion, and poor 
prognosis in MUC6- positive differentiated gastric adenocarcinoma 
patients.17 We also reported that patients whose tumor samples 
were α4GnT and αGlcNAc positive showed significantly better prog-
nosis than those whose samples were α4GnT and αGlcNAc nega-
tive in terms of both overall and progression- free survival in cases 
of uterine cervical tumors, gastric type.22 Here, in this study, we 
demonstrated that higher expression of A4GNT mRNA was cor-
related significantly with favorable prognosis as compared with 
lower expression in pancreatic ductal adenocarcinoma patients 
(Figure 5A). Moreover, accumulating results indicate that MUC6- 
positive or higher- expressing cases showed preferable prognosis in 
gastric cancer,36 colorectal cancer,37 and pulmonary invasive muci-
nous adenocarcinoma.38 We also examined MUC6 mRNA expression 
and prognosis of pancreatic ductal adenocarcinoma patients and 
found that higher mRNA levels were significantly correlated with 
favorable prognosis as compared with lower levels (Figure 5B). The 
present study also strongly supports the idea that α4GnT and MUC6 
exert tumor- suppressive effects on two pancreatic cancer cell lines 
and suggests that α4GnT, or αGlcNAc, and MUC6 may also be good 
prognostic markers in pancreatic cancer.

In conclusion, we observed attenuation of malignant phenotypes 
following ectopic expression of MUC6 in pancreatic cancer cell lines, 
effects enhanced by coexpression of α4GnT in vitro. Moreover, in 
patient samples, higher A4GNT and MUC6 transcript levels were 
correlated with favorable prognosis in pancreatic ductal adenocar-
cinoma. We conclude that MUC6 loss and/or loss of αGlcNAc glyco-
sylation of MUC6 could be a useful biomarker to assess pancreatic 
cancer progression.
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