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ABSTRACT

Aims: Gastric gland mucin contains O-glycans exhibiting terminal al,4-linked

N-acetylglucosamine residues (aGIcNAc). Recently we demonstrated that mice

deficient in aGIcNAc in gastric gland mucin spontaneously develop gastric

adenocarcinoma, indicating that aGIcNAc is a tumor suppressor for gastric

cancer (Karasawa et al. J. Clin. Invest. 2012; 122; 923-934). However, the role

of aGIcNAc in Barrett's esophagus (BE) remains unknown. Here, we asked

whether reduced aGIcNAc expression in BE is associated with development of

Barrett’s adenocarcinoma (BAC).

Methods and results: Thirty-five BE lesions adjacent to BAC were examined by

immunohistochemistry for aGIcNAc, MUC6, and CDX2. As controls, 35 BE

lesions without BAC obtained from patients with esophageal squamous cell

carcinoma were also analyzed. Expression of aGIcNAc relative to its scaffold

MUCSG6 in BE adjacent to BAC was significantly reduced compared to control BE.

Decreased oGIcNAc expression in BE adjacent to BAC was particularly

significant in patients with smaller tumor size (< 20 mm) and minimal invasion of

tumor cells to the superficial muscularis mucosae. There was also a significant

inverse correlation between aGIcNAc and CDX2 expression in BE adjacent to



BAC.

Conclusions: Decreased expression of aGIcNAc compared with MUCG6 in BE is

a possible hallmark to predict BAC development.



Introduction

The incidence of esophageal adenocarcinoma has increased in the past several
decades in the United States and in other western countries." The same
increased trend is also expected in Japan, since the rate of acquisition of
Helicobacter pylori (H. pylori) infection has been decreased.? Barrett's
esophagus (BE) is the most important risk factor for Barrett’'s adenocarcinoma
(BAC).® Originally, the presence of specialized columnar epithelium (SCE)
showing goblet cell metaplasia was required for a BE diagnosis.* However, in
Japan and the United Kingdom the existence of goblet cell metaplasia is not
required for a diagnosis of BE.® Dysplasia is a promising risk factor for BAC
development.® It is well known that SCE in BE is a risk factor for BAC
development.” However, BE without SCE also has a potential to BAC
development.®° In addition, BE length is known to be associated with risk for
BAC development,™ but no correlation between BE length and risk for BAC
development is also reported.***® Thus, hallmarks for BE without dysplasia

predictive of BAC are needed.

O-glycans containing terminal ol,4-linked N-acetylglucosamine residues



(aGIcNACc) are unique to the gland mucin secreted from gastric and duodenal
mucosae. We previously reported that the expression of aGICNAc relative to that
of its scaffold MUC6 was significantly reduced in differentiated type gastric
adenocarcinomas,™* suggesting that aGIcNAc suppresses development of that
condition. Recently, we demonstrated that A4gnt-deficent mice, which
lack aGIcNAc in the gland mucin, develop gastric adenocarcinoma, indicating a
tumor suppressor role for aGIcNAc in gastric cancer.”® We also found that
aGIcNAc was also detectable in BE (personal communications: Yl and JN).
Altered glycosylation in BE such as increased expression of BGIcNAc and aFuc

was demonstrated by lectin histochemistry,***’

and more recently, a molecular
imaging technigue with conventional endoscopy was developed by using WGA

lectin, which binds to sialic acid specifically appeared in high-grade dysplasia in

BE.*® However, the expression and role of aGIcNAc in BE remains unknown.

Here, we asked whether reduced aGIcNAc expression is associated with BAC
development by analyzing expression profiles of aGIcNAc and MUC6 in BE
tissues adjacent to early stage BAC compared with those in control BE without

BAC using immunohistochemistry.



Materials and methods

PATIENTS

We examined a consecutive series from March 1996 to August 2011 of 35
specimens from 34 patients with early stage BAC, who exhibited T1 tumors
based on the TNM Classification of Malignant Tumours.’® Twenty-one
specimens were endoscopically-resected and 14 were surgically-resected, and
all were acquired at Shinshu University Hospital, Nagano Municipal Hospital,
Nagano Prefectural Kiso Hospital, Matsumoto City General Hospital, Suwa Red
Cross Hospital or liyama Red Cross Hospital. All of these hospitals are located in
Nagano prefecture, in Japan. Among patients examined in the BAC group, 27
were male and 7 were female. Ages ranged from 50 to 84 years (mean: 67.7
years). All BAC tissues were tubular adenocarcinoma, according to the World
Health Organization classification.?’ To compare BE with and without BAC, we
examined surgically-resected specimens of esophageal squamous cell
carcinoma accompanying BE taken from 35 patients (34 male and 1 female)
defined as the control group. Their ages ranged from 52 to 83 years (mean: 65.9

years). The study plan was approved by the Ethical Committee of Shinshu



University School of Medicine, Matsumoto, Japan (No. 1461; 2 March, 2010).
That committee also granted a waiver of informed consent to use formalin-fixed
and paraffin-embedded tissue specimens retrieved from the pathology files of all
hospitals enrolled, since diagnostic use of the samples was completed before
the study and there was no risk to the involved patients. Samples were also

coded to protect patient anonymity.

ASSESSMENT OF H. PYLORI INFECTION AND BE LENGTH

The status of H. pylori infection was determined by histology, culture, rapid
urease test, a *3C urea breath test, and/or serology. The presence of H. pylori
infection was judged if one or more indicators were positive. To determine BE
length, we used endoscopic findings of the gastric folds as a landmark of the
distal esophagus, sometimes using findings of the distal limit of lower
esophageal longitudinal or palisade vessels as a reference. Based on the
Prague C & M Criteria,”* we classified BE into long-segment and short-segment
BE, depending on whether the circumferential extent of BE was longer than 3

cm.



HISTOPATHOLOGY

Histopathological diagnosis of BE was undertaken when the so-called
columnar-lined esophagus (CLE) was identified as the esophagus origin; in
other words, the presence of esophageal glands proper, squamous islands, and
double muscularis mucosae supported identification of esophagus origin.??2°
Confirmation of goblet cell metaplasia was not required for BE diagnosis, based
on criteria of histological diagnosis recommended in Japan and the United

Kingdom.> Adenocarcinoma of esophageal origin adjacent to BE was defined as

BAC.

IMMUNOHISTOCHEMISTRY

The primary antibodies used in this study were: MUC6 (CLHS5, dilution 1:200;
Novocastra, Newcastle upon Tyne, UK), aGIcNAc (HIK1083, dilution 1:20; Kanto
Chemical, Tokyo, Japan), MUC2 (Ccp58, dilution 1:200; Novocastra), MUC5AC
(CLH2, dilution 1:100; Novocastra), CD10 (56C6, dilution 1:100; Novocastra)
and CDX2 (CDX2-88, dilution 1:50; BioGenex, San Ramon, CA, USA).
Immunohistochemisry was performed using the labeled streptavidin-biotin

method on formalin-fixed, paraffin-embedded tissue sections. After



deparaffinization and rehydration, antigen retrieval was carried out by boiling

tissue sections in 10 mM citrate buffer (pH 6.0) for 30 min in a microwave except

for tissues to be stained for aGIcNAc. After blocking endogenous peroxidase

activity with a 0.3% H,O, methanol solution, sections were incubated with 1%

bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) in phosphate

buffered saline (PBS) for 15 min. After incubation with a primary antibody diluted

with BSA/PBS for 60 min, sections were incubated with biotinylated secondary

antibody (Histofine, Nichirei, Tokyo, Japan) for 60 min. After washing with PBS,

slides were incubated with horseradish peroxidase-conjugated streptavidin for

60 min. The color reaction was developed with 3,3’-diaminobenzidine containing

0.02% H,0.,. Sections were counterstained with hematoxylin. Negative controls

were done omitting the primary antibodies, and these samples showed no

specific staining.

EVALUATION

To assess potential reduction of aGIcNAc in BE, we determined the ratio of the

area stained by aGIcNAc to the area stained by its scaffold MUCG6 in tissue

sections. Based on the stained area, we classified the relative expression of
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aGIcNAc to MUCG6 as four grades ranging from 3 to 0 (3 (no to mild reduction of
oGIcNAc): aGIcNAc/MUC6 > 67%, 2 (moderate reduction of aGIcNAC):
aGICNAC/MUCG = 34-66%, 1 (severe reduction of aGIcNAc): aGIcNAc/MUCG6 =
6-33%, and 0 (no expression of aGIcNACc): aGICNAC/MUCG6 = 0-5%) (Figure S1).
According to the classification of mucin expression phenotype in gastric
cancer,?® we classified BAC mucin expression phenotypes into four categories:
namely, gastric (positive only for MUC5AC and/or MUCG6), mixed (which was
further classified into predominantly gastric or predominantly intestinal), and
intestinal (positive only for MUC2 and/or CD10). For comparison of CDX2 with
aGICNAc expressed in BE with BAC, we measured percentages of
CDX2-positive BE cells in total BE cells as well as aGIcNAc-positive BE cells in
total BE cells, and then the percentages were ranked into four grades ranging
from 0 to 3 (0: 0-5%, 1: 6-33%, 2: 34-66%, and 3: >67%). Immunostained

sections were observed under a BX-51 microscope (Olympus, Tokyo, Japan).

STATISTICAL ANALYSIS
All data are expressed as the mean + SEM. Differences between groups were

statistically analyzed by the Mann-Whitney U-test, x° test (with Yates' correction),

11



Fisher’'s exact test and Spearman's correlation, all using StatFlex software

(Artech Co., Osaka, Japan). P values less than 0.05 were considered significant.

Results

CLINICOPATHOLOGICAL FEATURES OF PATIENTS

Clinicopathological characteristics of BAC group patients were compared with
those of the control group without BAC. Significant differences between 2 groups
were found in gender and H. pylori infection (Table 1). However, there were no

significant differences in variables such as age and BE length.

For the BAC group, tumor size ranged from 3 to 48 mm (mean 19.0 £ 9.9 mm).
In 20 patients, tumor cells invaded up to the lamina propria mucosae or
muscularis mucosae, while in 15 patients, tumor cells invaded up to the
submucosa. Based on mucin expression, BAC was subclassified into four
subtypes: 9 specimens of gastric type, 11 of mixed predominantly gastric type, 8
of mixed predominantly intestinal type, and 7 of intestinal type. In 15 specimens,
no goblet cells were seen in BE adjacent to BAC. Dysplasia was not identified in

all BE specimens of both BAC and control groups.

12



BE HISTOPTHOLOGY

Figure 1 shows BE histopathology representative of the control group. The
presence of squamous islands located at the proximal side is a BE hallmark
(Figure 1A,B). In controls, most mucous glands secreting oGIcNAc also
secreted MUCG6 (Figure 1C,D), strongly suggesting that aGIcNAc is attached to
MUCS6, as seen in normal gastric mucosa.?’ By contrast, mucous glands
secreting MUCS5AC alone were apparently distinct from those secreting both
MUCG6 and aGIcNAc (Figure 1C,E). Notably, goblet cells secreting MUC2 were
rarely observed in BE exhibiting both MUC6 and aGIcNAc in mucous glands

(Figure 1F).

Figure 2 shows representative BE with BAC specimens. BE adjacent to BAC
often showed goblet cell metaplasia indicative of a specialized columnar
epithelium (Figure 2A,B). Interestingly, mucous glands secreting MUC6 were
found in the lower layer of BE, but aGIcNAc was not detected in those glands
(Figure 2C,D). Furthermore, some mucous glands located in the lower layer of

BE secreted both MUC5AC and MUC6, MUC2 and MUCG6, or MUC5AC, MUCG6

13



and MUC2, expression patterns rarely seen in the control group (Figure 2C,E,F).

Such co-expression patterns were more frequently observed in BE with

extensive goblet cell metaplasia.

aGLCNAC AND MUC6 EXPRESSION IN BACKGROUND BE ADJACENT TO

BAC

To assess the reduction of aGIcNAc expression in BE adjacent to BAC, we

compared the immunostained area of aGICNAc to that of MUCG6 in BE between

BAC and control groups. The mean relative expression of aGIcCNAc to MUCS6 in

BE of BAC versus control groups were 1.94 + 0.16 and 2.69 + 0.11, respectively

(P =0.0025), indicating significantly reduced aGIcNAc levels in BE of BAC group

relative to the control group (Figure 3). These results strongly suggest that

reduction of aGIcNAc expression is correlated with Barrett’s carcinogenesis.

We next divided the BAC group into 2 subgroups based on the

clinicopathological variables of BAC or BE, and then compared the relative

expression of aGIcNAc to MUCG6 with that of the control group. Relevant to BAC

tumor size, the relative expression of aGIcNAc to MUC6 in BE adjacent to BAC

14



was significantly reduced compared to the control group, irrespective of tumor

size; however, reduction of aGIcNAc was more statistically significant in the

case of smaller (< 20 mm) versus larger (> 20 mm) tumors (P = 0.0083 vs P =

0.0251) (Figure 4A). In terms of depth of BAC invasion, the relative expression

of aGIcNAc to MUCE6 in BE adjacent to minimally invasive BAC (that is, up to the

lamina propria mucosae or muscularis mucosae) was significantly reduced

compared to control BE (P = 0.0013). However, such a significant reduction of

aGIcNAc was not observed once tumor cells invaded the submucosa (P = 0.14)

(Figure 4B). For mucin expression in BAC, the relative expression of aGICNAc to

MUCG6 in BE adjacent to intestinal type BAC (containing intestinal type and

mixed predominantly intestinal type) was significantly reduced compared with

that seen in control BE (P = 0.0004) (Figure 4C). However, that reduction was

not significant when gastric type BAC (containing gastric type and mixed

predominantly gastric type) was compared with control BE (P = 0.135). Finally,

relevant to goblet cell metaplasia, the relative expression of aGIcNAc to MUC6

in BE with goblet cell metaplasia was significantly reduced compared with

control BE (P = 0.0007). However, that significant reduction was not seen in

comparisons of BE without goblet cell metaplasia to control BE (P = 0.099)
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(Figure 4D). Overall, these results indicate that aGICNAc expression in BE is

more significantly decreased when BAC adjacent to BE 1) is smaller in size (<

20 mm), 2) invades the superficial muscularis mucosae, 3) shows an intestinal

phenotype, or 4) exhibits goblet cell metaplasia.

ASSOCIATION OF aGLCNAC WITH CDX2 IN BE

To examine the relationship between BE intestinalization and aGICNAc, we

performed CDX2 immunostaining of BE adjacent to BAC in the BAC group.

CDX2 was not expressed in BE showing high aGICNAc expression. However,

CDX2 was often expressed in BE showing low aGIcNAc expression (Figure 5A).

We then scored CDX2 expression in BE areas adjacent to BAC based on four

grades, and compared those expression levels with aGIcNAc expression grades.

We observed a significant inverse correlation between oGIcNAc and CDX2

expression in BE (r = -0.615, P < 0.001; Figure 5B).

Discussion

Here, we have clearly demonstrated that oGIcNAc expression is more

significantly reduced in BE adjacent to early stage BAC than in control BE

16



without BAC. Because aGIcNAc functions as a tumor suppressor for gastric
cancer,'® the present study suggests that aGIcNAc reduction in BE might be
associated with Barrett’'s carcinogenesis. Functional study will be of great
significance to determine whether oGIcNAc also functions as a tumor
suppressor for BAC in future. Previously it was demonstrated that reduced
MUCS6 expression is associated with Barrett's adenocarcinoma progression.??°
In the present study, we showed that aGIcNAc was more drastically decreased
in BE associated with BAC compared to MUCG6. Thus, our study indicates that

decreased expression of aGIcNAc compared with MUCG6 in BE is a possible

hallmark to predict BAC development.

It is well known that H. pylori infection is closely associated with pathogenesis of
gastric cancer.>**® However, it remains a matter of discussion whether H. pylori

3437 Nonetheless,

infection is associated with Barrett's carcinogenesis.
inflammation brought about by gastric acid or bile acid reflux likely has a major
influence on Barrett's carcinogenesis, and a metaplasia-dysplasia-carcinoma

sequence most likely has an effect on BAC pathogenesis.*®%® Recently, we

demonstrated that aGICNAc plays a dual role in gastric cancer development by

17



not only blocking H. pylori infection but also by suppressing tumor-promoting

inflammation in the gastric mucosa.’**°

In particular, we revealed that
Adgnt-deficient mice show no oGIcNAc expression in gastric mucosa and
spontaneously develop gastric differentiated-type adenocarcinoma though a
metaplasia-dysplasia-carcinoma sequence. We also showed that genes
encoding inflammatory chemokine ligands, proinflammatory cytokines, and
growth factors, such as Grem1, Cxcll, Ccl2, Cxcl5, 1111, Hgf, ll1b, and Fgf7 are
upregulated in the gastric mucosa of Adgnt-deficient mice.® Notably, expression
levels of CC chemokine CCL2 is reportedly increased in reflux esophagitis.** In
addition, HGF, which functions in gastric epithelial proliferation,** is significantly
upregulated in BE, suggesting a possible role in Barrett's carcinogenesis.*?
Overall, these results suggest that oGICNAc is protective against

tumor-promoting inflammation in BE, thereby decreasing the risk of BAC

development.

The present study also indicates that reduction of aGIcNAc in BE was much
more evident when the mucin expression pattern of BAC was of the intestinal

phenotype or if BE showed goblet cell metaplasia. We also observed an inverse

18



correlation between oGIcNAc and CDX2 in BE of the BAC group. Because

CDX2 functions in the development of goblet cell metaplasia,*

our findings
suggest that reduced oGIcNAc expression might be associated with
intestinalization of both BAC and BE. In the stomach, H. pylori infection is
reportedly associated with intestinal metaplasia and intestinalization of gastric
adenocarcinoma.”® However in the esophagus, factors promoting
intestinalization of BE and BAC remain unclear. Recently, it was reported that
reflux of both gastric acid and bile acid promotes BE intestinalization.***® More
recently, Byrne et al. demonstrated that deoxycholic acid disrupts Golgi structure
of cultured esophageal epithelial cells, thus affecting protein secretion and
glycosylation processes.*® Further study is needed to clarify whether aGIcNAc
prevents BE intestinalization by protecting BE from bile acid reflux.

B,%%%! which is induced

CDX2 promotes BE intestinalization by activating NF-«
by IL-1p.% Notably, IL-1f is upregulated in A4gnt-deficient mice, suggesting that
aGIcNAc blocks BE intestinalization mediated by the IL-1B-NF-kB-CDX2 axis.

Although it remains controversial whether goblet cell metaplasia is a risk factor

for BAC development, Khor et al. recently reported that BAC carcinogenesis can
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occur via gastric or intestinal pathways.>® Our data indicate that increased CDX2
expression in BAC exhibiting a gastric phenotype is relatively uncommon and
that in those cases aGIcNAc expression is not decreased in BE adjacent to BAC.
By contrast, CDX2 and aGIcNAc showed an inverse expression profile in BAC of
intestinal phenotype. These results suggest that aGIcNAc may function in

carcinogenesis in BAC with intestinal rather than gastric phenotype.

In conclusion, our present study reveals that aGICNAC expression is more
significantly reduced in BE adjacent to BAC than in control BE without BAC. This
pattern was more apparent at early stages of BAC. Our results suggest that
aGIcNAc antagonizes Barrett's carcinogenesis, possibly by preventing
tumor-promoting inflammation in BE. In order to establish the reduction of
aoGIcNAc as a defined hallmark for BAC development, a prospective study will
be needed to test whether loss of aGIcNAc expression compared with MUCG in
biopsied tissue specimens from BE without dysplasia could be associated with

progression of BAC.
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Figure Legends

Figure 1. Barrett’'s esophagus without Barrett's adenocarcinoma. (A) Seen is a
squamous island (arrow) lying the distal side of the columnar epithelium and an
esophageal gland proper (EGP) under the columnar epithelium, both
characteristics of Barrett’'s esophagus. No dysplasia is found. (B) Higher
magnification image of boxed area in (A). Expression of (C) MUCS6, (D) aGIcNAc,
(E) MUC5AC, and (F) MUC2. Note that aGIcNAc staining is comparable to that
of MUC6. MUCS5AC-stained areas differ from MUC6- and aGIcNAc-stained

areas. No MUC2-positive cells are seen. Bar, 500 um in (A), and 200 um in (B) -

(F).

Figure 2. Barrett's esophagus with Barrett's adenocarcinoma (BAC). (A)
Barrett’s esophagus with diffuse goblet cell metaplasia is adjacent to BAC. (B)
Higher magnification image of boxed area in (A). Barrett's esophagus shows no
dysplasia. Expression of (C) MUCS, (D) aGIcNAc, (E) MUC5AC, and (F) MUC2.
MUCSG6 staining is observed in the lower layer of the mucosa, while aGICNAC
staining is absent. Some mucous cells in the lower layer are positive for

MUCS5AC and MUCB6, or MUC2 and MUCB6, or MUC5AC, MUC6, and MUC2. Bair,

32



500 um in (A), and 200 um in (B) - (F).

Figure 3. Relative expression of aGIcNAc to MUCG in Barrett’'s esophagus (BE).

In BE adjacent to Barrett’'s adenocarcinoma (BAC), the relative expression

aGIcNAc to MUCS is significantly reduced relative to control BE without BAC.

Data are presented as the mean + SEM. **P < 0.01.

Figure 4. Relative expression of aGIcNAc to MUCG6 in Barrett’s esophagus (BE)

with respect to clinicopathological features. (A) Relative expression of aGICNAC

to MUC6 in BE adjacent to Barrett's adenocarcinoma (BAC) is significantly

reduced compared with control BE without BAC regardless of tumor size.

However, the reduction is more significant in smaller (< 20 mm) tumor cases. (B)

Relative expression of aGIcNAc to MUC6 in BE adjacent to minimal invasive

BAC, which invaded to the lamina propria mucosae or muscularis mucosae, is

significantly reduced compared to control BE without BAC. The relative

expression of aGICNAc is not significantly reduced in BE adjacent to the

submucosal invasion compared to control BE. (C) Relative expression of

aGIcNAc to MUCS6 in BE adjacent to intestinal type BAC is significantly reduced
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compared with control BE without BAC. That grade is not reduced significantly in

BE adjacent to gastric type BAC compared to control BE. (D) Relative

expression of aGIcNAc to MUCG6 in BE with goblet cell metaplasia is significantly

reduced compared with control BE without BAC. The grade is not reduced

significantly in BE without goblet cell metaplasia compared to control BE. Data

are presented as the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; NS = not

significant. M = in the lamina propria mucosae or muscularis mucosae. SM = in

the submucosa.

Figure 5. (A) Upper panel. A case of Barrett's esophagus with high aGIcNAc

expression. Note that CDX2 is not expressed. Lower panel. A case of Barrett’s

esophagus showing lower oGIcNAc expression. Note that CDX2 is highly

expressed in the MUCG6-stained area. Bar, 100 um. (B) A scatter diagram

showing the expression levels of CDX2 and aGIcNAc. There is a significant

negative correlation between CDX2 and aGIcNAc expression.

34



Figure Legend for Figure S1.

Figure S1. Representative staining patterns of MUC6 and oGIcNAc in Barrett's
esophagus. Relative expression of aGIcNAc to MUCEG is determined depending
on the ratio of aGIcNAc to MUCS6 staining into four grades ranging from 3 to 0 (3:
no to mild reduction of aGIcNAc, 2: moderate reduction of aGIcNAc, 1: severe
reduction of aGIcNAc, and 0: no expression of aGIcNAc). BAC: Barrett’s

adenocarcinoma. Bar, 50 um.
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Table 1. Clinicopathological features of Barrett’s adenocarcinoma and control

group
BAC Control P value
(patient: n=34, (n=35)
specimen:
n=35)
Mean age (range) 67.7 (50-84) 65.9 0.443
Gender (Male (%)) 79.4 97.1 0.028
Helicobacter pylori infection (%) 15.6 54.8 0.003
(5/32) (17/31)
BE length 30:4 34:1 0.198
(SSBE : LSBE)
Mean tumor size, mm 19.0 (3-48) — —
(range)
Depth of tumor invasion 20:15 — —
(M : SM)
Mucin expression in BAC 9:11:8:7 — —
(gastric:
mixed predominantly gastric :
mixed predominantly intestinal :
intestinal)
Adjacent to goblet cells 15:20 — —
(yes : no)
BAC: Barrett’'s adenocarcinoma, BE: Barrett's esophagus
SSBE: short-segment BE (<3cm), LSBE: long-segment BE (>3cm)
M: in the lamina propria mucosae or muscularis mucosae, SM: in the

submucosa
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