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Abstract
Gastric gland mucin secreted from pyloric gland cells, mucous neck cells, and cardiac gland cells of the gastric mucosa har-
bors unique O-glycans carrying terminal α1,4-linked N-acetylglucosamine residues (αGlcNAc), which are primarily attached 
to the scaffold mucin core protein MUC6. αGlcNAc acts as an antibiotic against Helicobacter pylori (H. pylori), a microbe 
causing gastric cancer. In addition, mice deficient in A4gnt, which encodes the enzyme α1,4-N-acetylglucosaminyltransferase 
(α4GnT) that catalyzes αGlcNAc biosynthesis, spontaneously develop gastric differentiated-type adenocarcinoma, even if not 
infected by H. pylori. Thus, αGlcNAc prevents gastric cancer as both an antibiotic and a tumor suppressor (Nakayama in Acta 
Histochem Cytochem 47:1–9, 2014b). Indeed, in humans αGlcNAc loss on MUC6 in differentiated-type adenocarcinoma 
is closely associated with poor patient prognosis (Shiratsu et al. in Cancer Sci 105:126–133, 2014). Recently, we reported 
reduced αGlcNAc expression on MUC6 in both pyloric gland adenoma of the stomach and chronic atrophic gastritis, in 
Barrett’s esophagus, and in pancreatic intraductal papillary-mucinous neoplasm (IPMN)/pancreatic intraepithelial neoplasia 
(PanIN), all potentially premalignant conditions. This review discusses whether relatively reduced levels of αGlcNAc in 
these lesions could serve as a biomarker to predict malignant potential and cancer progression.

Keywords Barrett’s esophagus · Chronic atrophic gastritis · Immunohistochemistry · IPMN/PanIN · O-glycan, Pyloric 
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Introduction

Gastric mucin consists of heavily glycosylated glycopro-
teins and protects the gastric mucosa from extracellular 
environments such as acidity by forming a mucous gel 
layer (Ota et al. 1991; Ota and Katsuyama 1992). In par-
ticular, gland mucin secreted from gland mucous cells, 
including pyloric gland cells, mucous neck cells, and car-
diac gland cells located in the lower layer of the gastric 
mucosa contains unique O-glycans carrying terminal α1,4-
linked N-acetylglucosamine (αGlcNAc) residues primarily 

attached to the scaffold mucin core protein MUC6 (Ishi-
hara et al. 1996; Zhang et al. 2001; Ferreira et al. 2006) 
(Fig. 1a). We previously isolated cDNA encoding α1,4-
N-acetylglucosaminyltransferase (α4GnT) by expression 
cloning and showed that α4GnT is the sole enzyme that 
catalyzes αGlcNAc biosynthesis (Nakayama et al. 1999; 
Nakayama 2014a). We then demonstrated that αGlcNAc 
acts as an antibiotic against Helicobacter pylori (H. pylori), 
a microbe causing gastric cancer, by inhibiting biosynthesis 
of its cell wall component cholesteryl-α-d-glucopylanoside 
(Kawakubo et al. 2004). We have since generated mutant 
mice deficient in A4gnt, which encodes α4GnT, and found 
that these mice completely lack αGlcNAc in gland mucin 
(Karasawa et al. 2012). Surprisingly, differentiated-type ade-
nocarcinoma develops spontaneously in pyloric mucosa of 
A4gnt-deficient mice through a hyperplasia–dysplasia–car-
cinoma sequence (Fig. 1b). These observations indicate that 
αGlcNAc protects gastric mucosa from cancer development 
as both an antibiotic against H. pylori and a tumor suppres-
sor of gastric cancer (Nakayama 2014b).
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Using the HIK1083 monoclonal antibody, which specifi-
cally recognizes αGlcNAc (Ishihara et al. 1996), we revealed 
that αGlcNAc but not MUC6 expression is frequently lost in 
differentiated-type adenocarcinoma of human gastric cancer 
and that αGlcNAc loss is significantly associated with poor 
patient prognosis (Fig. 1c) (Shiratsu et al. 2014). Reduced 
αGlcNAc expression on MUC6 is also observed in pyloric 
gland adenoma of the stomach and chronic atrophic gastri-
tis, both potential risk factors for gastric cancer (Yamanoi 
et al. 2015b; Yamada et al. 2015). We also observed rela-
tively decreased αGlcNAc expression in Barrett’s esophagus 
(Iwaya et al. 2014) and intraductal papillary–mucinous neo-
plasm (IPMN)/pancreatic intraepithelial neoplasia (PanIN) 
of the pancreas (Ohya et al. 2017), which are potentially 
premalignant conditions for Barrett’s adenocarcinoma and 
pancreatic cancer, respectively. In this review, we discuss 
whether relative decreases in αGlcNAc expression could 
serve as a biomarker of malignant potential of these respec-
tive lesions.

Reduced αGlcNAc expression is a biomarker 
of pyloric gland adenoma of the stomach

Pyloric gland adenoma of the stomach is a gastric neoplasia 
exhibiting closely packed pyloric gland-like structures that 
express MUC6, a marker of pyloric gland differentiation 

(Vieth et al. 2003; Kushima et al. 2006; Chen et al. 2009). 
Pyloric gland adenoma often shows high-grade dysplasia 
and is thought to be associated with a high risk of malignant 
transformation.

To assess whether αGlcNAc reduction in pyloric gland 
adenoma is associated with malignant potential, we exam-
ined αGlcNAc and MUC6 expression status in 18 speci-
mens of pyloric gland adenomas including 15 cases of 
low-grade dysplasia and 3 cases of high-grade dysplasia 
(Yamanoi et al. 2015b). αGlcNAc and MUC6 were equally 
co-expressed in 12 of the 18, indicating pyloric gland differ-
entiation with fully glycosylated MUC6 (Fig. 2a). However, 
reduced αGlcNAc expression relative to that of MUC6 was 
observed in other 6 cases. Notably, such αGlcNAc reduc-
tion was found in all 3 cases of pyloric gland adenoma with 
high-grade dysplasia. Because epithelial cells in the pyloric 
mucosa of A4gnt-deficient mice proliferate more actively 
than do their counterparts in wild-type mice (Karasawa 
et al. 2012), we asked whether reduced αGlcNAc expres-
sion in pyloric gland adenoma was associated with increased 
tumor cell proliferation, as assessed by the MIB-1 labeling 
index (LI) (Fig. 2b). Analysis showed that the MIB-1 LI 
significantly increased in pyloric gland adenoma exhibiting 
reduced αGlcNAc expression [33 ± 8.1% (mean ± SEM)] 
relative to pyloric gland adenoma with unchanged αGlcNAc 
expression (7.5 ± 1.9%).

Fig. 1  a αGlcNAc biosynthesis is catalyzed by α1,4-N-
acetylglucosaminytransferase (α4GnT), which transfers GlcNAc from 
UDP-GlcNAc to βGal residues of O-glycans linked to MUC6 Ser/Thr 
residues via an α1,4-linkage. b Gastric pathology of A4gnt-deficient 
mice, showing hyperplasia at 5 weeks of age (5 wk A4gnt−/−), high-
grade dysplasia at 20 weeks (20 wk A4gnt−/−), and differentiated-type 
adenocarcinoma at 50 weeks (50 wk A4gnt−/−) in the pyloric mucosa. 
Pyloric mucosa of a wild-type mouse is shown for comparison (5 
wk A4gnt+/+). Scale bar 100µm. (HE) c Early gastric differentiated-

type adenocarcinoma in a patient specimen. Panels show HE stain-
ing (left), and immunohistochemistry for αGlcNAc (right; clone 
HIK1083) and MUC6 (middle; clone CLH5). Note that αGlcNAc is 
absent in MUC6-positive adenocarcinoma cells. Adjacent to carci-
noma cells are normal pyloric glands (indicated by asterisks), which 
are positive for αGlcNAc and MUC6. Scale bar 200µm. [b is From 
Nakayama (2014b); Copyright 2014 The Japanese Society of Histo-
chemistry and Cytochemistry]
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These results indicate that decreased glycosylation 
of MUC6 with αGlcNAc is associated with high mitotic 

activity of tumor cells and indicates malignant potential of 
pyloric gland adenoma.

Reduced αGlcNAc expression in chronic gastric 
atrophy may be a risk factor for differentiated‑type 
gastric carcinoma

Chronic gastric atrophy is histologically characterized by 
chronic inflammation of the gastric mucosa and reduced 
number of gastric glandular cells. This condition is closely 
associated with H. pylori infection and considered a prema-
lignant lesion (Morris and Nicholson 1987). However, it is 
not fully understand why gastric atrophy is linked to gastric 
cancer risk.

The presence of αGlcNAc on gastric gland mucins antag-
onizes gastric cancer development (Nakayama 2014b). Thus, 
to test whether reduced αGlcNAc expression in chronic 
atrophic gastritis is associated with malignant potential, we 
quantitatively analyzed αGlcNAc expression relative to that 
of MUC6 in non-neoplastic pyloric glands. To do so, we per-
formed immunohistochemistry of specimens from patients 
from one of the following groups: normal gastric mucosa 
without H. pylori infection, chronic atrophic gastritis with 
H. pylori infection, intramucosal differentiated-type adeno-
carcinoma, and intramucosal undifferentiated-type adeno-
carcinoma (Yamada et al. 2015) (Fig. 3A). Semiquantitative 
analysis revealed co-expression of αGlcNAc with MUC6 
in pyloric glands of normal gastric mucosa (Fig. 3B). In 
contrast, in pyloric glands of chronic atrophic gastritis, 
αGlcNAc expression was significantly reduced relative to 
that of MUC6. In intramucosal gastric cancer, αGlcNAc 
expression in non-neoplastic pyloric glands located just 
beneath differentiated-type adenocarcinoma cells was also 
reduced relative to MUC6. However, αGlcNAc expression 
did not decrease in non-neoplastic pyloric glands found just 
beneath undifferentiated-type adenocarcinoma. These results 
are consistent with gastric phenotypes of A4gnt-deficient 
mice, which spontaneously develop differentiated-type but 
not undifferentiated-type adenocarcinomas (Karasawa et al. 
2012). In addition, the MIB-1 LI evaluated in gastric epi-
thelial cells of chronic atrophic gastritis lacking αGlcNAc 
expression was significantly increased compared to nor-
mal gastric mucosa (Yamada et al. 2015). Considering that 
αGlcNAc protects gastric mucosa from H. pylori infection 
as an antibiotic (Kawakubo et al. 2004), reduced αGlcNAc 
expression in pyloric glands seen in chronic atrophic gastri-
tis could account for why these cases are at risk for differen-
tiated-type gastric adenocarcinoma.

H. pylori infection potently induces methylation of CpG 
islands in affected tissues, and that modification is poten-
tially associated with gastric cancer risk (Maekita et al. 
2006). More recently, we showed that altered DNA methyla-
tion profiles seen in chronic atrophic gastritis are inherited 

Fig. 2  a Immunohistochemistry showing expression of αGlcNAc, 
MUC6 and MIB-1 in pyloric gland adenoma of the stomach in low-
grade (left) and high-grade (right) dysplasia. Insets show enlarged 
view of the HE-stained section. In low-grade dysplasia, MUC6 and 
αGlcNAc are coexpressed in tumor cells at significant levels. How-
ever, in high-grade dysplasia, expression of αGlcNAc decreases rela-
tive to MUC6. Scale bar 200 µm. Inset scale bar 50 µm. b Calculation 
of the MIB-1 labeling index (LI) in pyloric gland adenoma (PGA) 
samples showing reduced versus unchanged αGlcNAc expression. 
The LI of the former is significantly higher than that of the latter. 
[From Yamanoi et  al. (2015b); Copyright 2015 John Wiley & Sons 
Ltd.]
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by gastric cancer cells and are significantly correlated with 
tumor aggressiveness and patient outcomes (Yamanoi et al. 
2015a). These results overall suggest that in cases of chronic 
gastric atrophy, altered glycosylation or DNA methylation 
patterns should be considered in predicting cancer risk.

Reduced αGlcNAc expression in Barrett’s esophagus 
could predict Barrett’s adenocarcinoma

In Barrett’s esophagus, squamous epithelium in the lower 
esophagus adjacent to the esophago-gastric junction is 
replaced by columnar metaplastic epithelium (Wang and 
Samliner 2008). The condition is caused by healing reflux 
esophagitis and occasionally progresses to dysplasia and 
then to Barrett’s adenocarcinoma (Reid et al. 1992). Thus, 
Barrett’s esophagus is considered a premalignant lesion of 
Barrett’s adenocarcinoma. In fact, aberrant p53 expression 
is reportedly an independent predictor of neoplastic progres-
sion from Barrett’s esophagus (Janmaat et al. 2017).

Relatively reduced αGlcNAc expression in Barrett’s esoph-
agus could also predict the risk of adenocarcinoma (Iwaya 
et al. 2014): αGlcNAc and MUC6 are co-expressed in Bar-
rett’s esophagus in the absence of Barrett’s adenocarcinoma 
(Fig. 4A), while αGlcNAc expression in Barrett’s esophagus 
adjacent to Barrett’s adenocarcinoma decreases relative to that 
of MUC6 (Fig. 4B, C). This decrease is particularly significant 
in patients who exhibit both smaller tumor sizes (< 20 cm) 

and minimally invasion by tumor cells to the lamina propria 
mucosa or muscularis mucosa. These observations indicate 
that decreased αGlcNAc expression relative to MUC6 in 
Barrett’s esophagus could mark Barrett’s adenocarcinoma 
development.

The relative risk of adenocarcinoma among patients with 
Barrett’s esophagus is reportedly 11.3 in the general popula-
tion (Frederik et al. 2011). However, the absolute annual risk 
that a patient with Barrett’s esophagus will develop Barrett’s 
adenocarcinoma is 0.12% (Frederik et al. 2011). Given that the 
assumed risk as reported in current surveillance guidelines is 
0.5% (Wang and Samliner 2008), the absolute annual risk is 
much lower. It is difficult to detect early Barrett’s adenocar-
cinoma in Barrett’s esophagus, and to do so requires gastric 
endoscopy using iodine staining and/or narrow banding imag-
ing. However, since most patients with Barrett’s esophagus 
will not develop adenocarcinoma over their lifetime, this pro-
cedure is considered a costly burden for patients. Our results 
suggest that immunohistochemistry of biopsy tissue from Bar-
rett’s esophagus for αGlcNAc and MUC6 could be an alterna-
tive screen for malignant potential.

Reduced αGlcNAc expression is a biomarker 
of pancreatic epithelial neoplasia

Pancreatic cancer is lethal, as it is often detected at late 
stages. Until recently, computed tomography and ultrasound 

Fig. 3  A Immunohistochemical expression of MUC6 and αGlcNAc 
in non-neoplastic pyloric glands in indicated types of patient speci-
mens. Scale bar 200 μm. B Quantification of the number of MUC6-
positive and αGlcNAc-positive pyloric glands in specimens shown 
in A. There was no significant difference between the number of 
MUC6-positive and αGlcNAc-positive pyloric glands in normal gas-
tric mucosa (a) or in intramucosal undifferentiated-type adenocarci-

noma (d). In contrast, there was significant reduction in the number 
of αGlcNAc-positive relative to MUC6-positive pyloric glands in 
chronic atrophic gastritis (b) and in differentiated-type adenocarci-
noma (c). (*** P < 0.001). [From Yamada et  al. (2015); Copyright 
2015 Journal of Gastroenterology and Hepatology Foundation and 
Wiley Publishing Asia Pty Ltd.]
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(US) studies were the only methods used to diagnose pancre-
atic tumors prior to surgical operation; now, however, biopsy 
specimens from pancreatic tumors have become more easily 
obtainable by endoscopic US-guided fine needle aspiration 
methods. Thus, application of novel biomarkers of precur-
sor lesions could enable histological diagnosis of pancreatic 
neoplasms at earlier stages.

Recently, two major precursor lesions to invasive pan-
creatic carcinoma were defined histologically: pancreatic 
intraepithelial neoplasia (PanIN) and intraductal papillary 
mucinous neoplasm (IPMN) (Basturk et al. 2015). PanIN is 
a microscopic, flat or papillary, noninvasive epithelial neo-
plasm characterized by varying amounts of mucin and vary-
ing degrees of cytologic and architectural atypia. IPMN, on 
the other hand, is a grossly visible, predominantly papillary 
and rarely flat, noninvasive mucin-producing epithelial neo-
plasm arising in the main pancreatic duct or branch ducts. 
Both lesions types follow distinct carcinogenic pathways 
in becoming invasive, namely, PanIN to invasive ductal 
adenocarcinoma (IDAC) (the PanIN-IDAC sequence) and 
IPMN–IPMN associated with invasive carcinoma  (IPM-
NAIC)  (the IPMN–IPMNAIC sequence) (Basturk et al. 
2015).

MUC6 and αGlcNAc are co-expressed in normal peri-
ductal glands of the main pancreatic duct (Kobayashi et al. 
2014), and αGlcNAc is expressed in IPMN (Kobayashi et al. 
2014; Matsuzawa et al. 1992). We compared αGlcNAc and 
MUC6 expression levels in both PanIN and IMPN pathways 
and found that decreased αGlcNAc expression relative to 
that of MUC6 is also associated with pancreatic neoplasm 
progression in both (Ohya et al. 2017): in the PanIN–IDAC 

sequence, relative expression of αGlcNAc to MUC6 was 
significantly reduced at each histological grade, namely, 
low-grade PanIN, high-grade PanIN/intraductal spread of 
IDAC (high-grade PanIN/IDC), and IDAC (Fig. 5a, b). On 
the other hand, in the IPMN–IPMNAIC sequence, rela-
tive expression of αGlcNAc to MUC6 was significantly 
decreased in low-grade IPMN (P < 0.05) but not in high-
grade IPMN or IPMNAIC (Fig. 5c, d). These observations 
suggest that αGlcNAc expression relative to MUC6 has 
already begun to decrease early in pancreatic tumor pro-
gression in both the PanIN–IDAC and IPMN–IPMNAIC 
sequences. Thus, routine pathological examinations could 
include αGlcNAc and MUC6 immunohistochemistry in 
biopsy tissues of pancreatic tumors as a means of detecting 
disease progression.

Perspectives

As discussed in this review, reduced αGlcNAc expression on 
MUC6 in the gastric gland mucin is an initial event mark-
ing not only the early phase of gastric and pancreatic tumor 
progression but also premalignant lesions in the stomach 
and in Barrett’s esophagus. GNAS mutations are reported 
often in pyloric gland adenoma and IPMN (Matsubara et al. 
2013; Furukawa et al. 2011). In addition, KRAS mutations 
have been reported in pyloric gland adenoma and PanIN 
(Furukawa et al. 2011; Matthaei et al. 2014). However, how 
αGlcNAc reduction is linked with GNAS and/or KRAS muta-
tion is yet unknown. Further studies are needed to define 
mechanisms regulating αGlcNAc expression to better 

Fig. 4  A Barrett’s esophagus without Barrett’s adenocarcinoma. Both 
a squamous island (arrow in a) lies distal to columnar epithelium 
and an esophageal gland proper (EGP) under that columnar epithe-
lium are characteristics of Barrett’s esophagus (a HE, b higher mag-
nification image of boxed area in a). Immunohistochemistry shows 
that MUC6 (c) and αGlcNAc (d) are co-expressed in mucous glands 
under the columnar epithelium. Bar in a 500 µm, and bar in d 200 µm. 
B Barrett’s esophagus adjacent to Barrett’s adenocarcinoma (a HE, b 
higher magnification image of boxed area in a). In Barrett’s esopha-

gus adjacent to Barrett’s adenocarcinoma (BAC), immunohistochem-
istry shows that MUC6 (c) is positive in mucous glands under the 
columnar epithelium but αGlcNAc (d) is negative. Bar in a 500 µm, 
and bar in d 200 µm. C Relative expression of αGlcNAc to MUC6 
in Barrett’s esophagus (BE) adjacent to Barrett’s adenocarcinoma 
(BAC) (left) or in BE without BAC (control BE). In the former, the 
ratio of αGlcNAc to MUC6 expression is significantly reduced rela-
tive to control BE (**P < 0.01). [From Iwaya et al. (2014) with modi-
fication; Copyright 2014 John Wiley & Sons Ltd.]
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understand carcinogenesis of tumors marked by gastric 
gland mucin expression.

Conclusions

Decreased expression of αGlcNAc on MUC6 is closely asso-
ciated with malignant potentials of pyloric gland adenoma of 
the stomach, chronic atrophic gastritis, Barrett’s esophagus, 
and IPMN/PanIN of the pancreas. Thus, combined use of 
immunohistochemistry for αGlcNAc and MUC6 could be 
useful to evaluate malignant potentials of these lesions in 
routine pathological examinations.
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