
https://doi.org/10.1369/0022155419860134

Journal of Histochemistry & Cytochemistry 2019, Vol. 67(10) 759 –770
© The Author(s) 2019
Article reuse guidelines: 
sagepub.com/journals-permissions
DOI: 10.1369/0022155419860134
journals.sagepub.com/home/jhc

Jo
ur

na
l o

f 
H

is
to

ch
em

is
tr

y 
&

 C
yt

oc
he

m
is

tr
y

Article

Introduction

Sulfomucins are composed of sulfated O-glycans 
attached to specific scaffold proteins such as CD34 in 
humans and mice or GlyCAM1 in mice and play impor-
tant roles in various physiological and pathological con-
ditions.1–3 For example, involvement of sulfomucins in 
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Summary
Gastric adenocarcinoma cells secrete sulfomucins, but their role in gastric tumorigenesis remains unclear. To address 
that question, we generated A4gnt/Chst4 double-knockout (DKO) mice by crossing A4gnt knockout (KO) mice, which 
spontaneously develop gastric adenocarcinoma, with Chst4 KO mice, which are deficient in the sulfotransferase 
GlcNAc6ST-2. A4gnt/Chst4 DKO mice lack gastric sulfomucins but developed gastric adenocarcinoma. Unexpectedly, 
severe gastric erosion occurred in A4gnt/Chst4 DKO mice at as early as 3 weeks of age, and with aging these lesions were 
accompanied by gastritis cystica profunda (GCP). Cxcl1, Cxcl5, Ccl2, and Cxcr2 transcripts in gastric mucosa of 5-week-old 
A4gnt/Chst4 DKO mice exhibiting both hyperplasia and severe erosion were significantly upregulated relative to age-
matched A4gnt KO mice, which showed hyperplasia alone. However, upregulation of these genes disappeared in 50-week-
old A4gnt/Chst4 DKO mice exhibiting high-grade dysplasia/adenocarcinoma and GCP. Moreover, Cxcl1 and Cxcr2 were 
downregulated in A4gnt/Chst4 DKO mice relative to age-matched A4gnt KO mice exhibiting adenocarcinoma alone. These 
combined results indicate that the presence of sulfomucins prevents severe gastric erosion followed by GCP in A4gnt KO 
mice by transiently regulating a set of inflammation-related genes, Cxcl1, Cxcl5, Ccl2, and Cxcr2 at 5 weeks of age, although 
sulfomucins were not directly associated with gastric cancer development: (J Histochem Cytochem 67: 759–770, 2019)
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lymphocyte homing is well documented: O-glycans car-
rying 6-sulfo sialyl Lewis X recognize their specific 
receptor L-selectin expressed on high endothelial 
venules (HEV) in secondary lymphoid tissues such as 
lymph nodes4–7 or HEV-like vessels in chronic inflam-
matory sites such as chronic active gastritis associated 
with Helicobacter pylori infection8 and ulcerative coli-
tis.9 Sulfomucins have long been recognized as pro-
duced by gastric adenocarcinoma cells.10 However, 
their role in gastric tumorigenesis has not been fully 
elucidated.

O-glycans containing terminal α1,4-linked 
N-acetylglucosamine residues (αGlcNAc) are unique 
to the gland mucin secreted from pyloric gland cells 
and mucous neck cells of gastric mucosa and 
Brunner’s gland cells of duodenal mucosa, and α1,4-
N-acetylglucosaminyltransferase (α4GnT) is the sole 
enzyme that catalyzes αGlcNAc biosynthesis.11 
Previously, we generated knockout (KO) mice defi-
cient in A4gnt which encodes α4GnT, and showed 
that mutants spontaneously develop differentiated-
type gastric adenocarcinoma accompanied by upreg-
ulation of the inflammation-related genes such as 
Ccl2, Il11, and Fgf7, indicating tumor suppressor 
function of αGlcNAc in gastric cancer.12 We also per-
formed high iron diamin (HID) staining to detect sulfo-
mucins13 in the gastric mucosa of A4gnt KO mice and 
observed abundant sulfomucin production in pyloric 
mucosa until 60-week-old of ages examined as 
opposed to minimal staining in wild type (WT) mice 
(personal communication [MK, JN]; also see supple-
mental Fig. S1). Sulfomucins contain sulfated resi-
dues, which are negatively charged. Thus, we 
hypothesized that sulfomucins secreted from gastric 
cancer cells attract inflammation-related, positively 
charged factors such as CCL2, interleukin (IL)-11, 
and FGF7, leading to progression of inflammation-
related cancer.

To test this hypothesis, we decided to generate 
mutant mice lacking gastric sulfomucins on a back-
ground of A4gnt deficiency. To this end, we asked first 
which sulfotransferase(s) was responsible for sulfomu-
cin biosynthesis in A4gnt KO mice. Mice harbor four 
sulfotransferase genes, including Chst2, Chst4, Chst5, 
and Chst7, which encode GlcNAc6ST-1, GlcNAc6ST-2, 
GlcNAc6ST-3, and GlcNAc6ST-4, respectively.2 
GlcNAc6ST-3 expression is limited to intestine and 
cornea. Therefore, we focused on comparing expres-
sion levels of Chst2, Chst4, and Chst7 using RNA 
samples extracted from gastric mucosa of A4gnt KO 
or WT mice. We observed significant upregulation of 
Chst4 in A4gnt KO relative to WT mice (supplemental 
Fig. S2), suggesting that sulfomucin overexpression in 
A4gnt KO mice is mediated by Chst4 upregulation.

Therefore, here we generated A4gnt/Chst4 double-
knockout (DKO) mice. As expected, gastric sulfomu-
cins were completely absent in mutant mice. However, 
contrary to expectations, A4gnt/Chst4 DKO mice 
developed differentiated-type adenocarcinoma, indi-
cating that sulfomucins play a minor role in gastric 
cancer progression. Surprisingly, prior to adenocarci-
noma development, A4gnt/Chst4 DKO mice exhibited 
unanticipated severe gastric erosion accompanied 
with aging by development of gastritis cystica profunda 
(GCP) beneath the erosion as seen in all 60-week-old 
A4gnt/Chst4 DKO mice examined. These results pro-
vide unexpected evidence in a unique gastric cancer 
model A4gnt KO mouse that the presence of gastric 
sulfomucins maintains mucosal integrity and antago-
nizes development of GCP emerging from severe gas-
tric erosion, which is seen in A4gnt/Chst4 DKO mice.

Materials and Methods

Mice

Both A4gnt KO mice and Chst4 KO mice were gener-
ated and maintained in autoclaved cages under specific 
pathogen-free conditions at the Animal Facility of 
Shinshu University, Matsumoto, Japan, as described.12,14 
A4gnt KO mice were crossed with Chst4 KO mice, and 
we obtained A4gnt/Chst4 DKO, A4gnt KO mice, Chst4 
KO mice, and WT mice based on predicted Mendelian 
ratios (data not shown). Mice were genotyped using 
multiplex PCR analyses of A4gnt and Chst4 alleles of 
tail DNA by using allele-specific primers: specifically, 
analysis using 3 primers (SAC-F [5’-ACG TGT GTC 
CTG ATA CCC TAG TGA-3’], SAW-R (5’-AGA TGA TGG 
GCT GCT CAG GAT AGA-3’), and SAN-R (5’-TCT CCT 
AGA GTT AAC ACT GGC CGT-3’)) yielded 253-bp 
amplicons for A4gnt KO mice and 559-bp amplicons for 
WT mice, as described.12 Another primer set (F2W [5’-
AAG AAA GGG AGG CTG CTG ATG TTC-3’],14 R2W 
(5’-TCC ACC ATA TCA AAG GGC TGC TGA-3’),14 and 
EGFP-R3 (5’-AAG TCG TGC TGC TTC ATG TGG TCG-
3’)) yielded a 320-bp product in Chst4 KO mice and a 
478-bp product in WT mice. A4gnt/Chst4 DKO mice or 
Chst4 KO mice were bred until 60 weeks of age, and 
A4gnt KO mice and WT mice were bred until 50 weeks. 
The protocol for animal experiments was approved by 
the Animal Care Committee of Shinshu University and 
conducted in accordance with guidelines for use of lab-
oratory animals at the same university (nos. 240057 
and 280047).

Histopathology

A4gnt/Chst4 DKO and Chst4 KO mice aged 3-weeks 
to 60-weeks as well as 3-week-old A4gnt KO and WT 
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mice were killed by cervical dislocation at the time 
points of 3-, 5-, 10-, 20-, 30-, 40-, 50-, and 60-weeks 
of age, and stomachs were removed with duodenums 
(n = 6 in each group). Stomachs were opened along 
the greater curvature, flattened by pinning, and fixed 
in 20% buffered formalin for 48 hr at 4C. Each stom-
ach was cut longitudinally into 5 pieces of equal width 
and embedded in paraffin. Serial 3-μm sections were 
prepared from tissue blocks and subjected to H&E 
staining, mucin histochemistry, and immunohisto-
chemistry, as described below. As needed, formalin-
fixed and paraffin-embedded blocks of stomach tissue 
from A4gnt KO or WT mice aged 5 to 60 weeks were 
prepared, as described previously,12 and reused 
based on the principle of the 3Rs (Replacement, 
Reduction and Refinement) in animal experiments.15 
Gastric mucosal thickness was analyzed at a well-
oriented representative pyloric gland using images of 
H&E-stained sections. Histopathology of gastric 
mucosa from A4gnt/Chst4 DKO mice was classified 
into five categories, including normal mucosa, hyper-
plasia, low-grade dysplasia, high-grade dysplasia, 
and adenocarcinoma, based on criteria previously 
reported based on World Health Organization 
classification.16

Mucin Histochemistry and 
Immunohistochemistry

AB-PAS and HID-AB stainings were carried out on 
mouse gastric mucosa, as described.13,17 AB-PAS 
staining differentiated acidic mucins as blue-to-purple 
from neutral mucins as red, while HID-AB staining dif-
ferentiated sulfomucins as black from sialomucins as 
light blue. For immunohistochemistry, αGlcNAc, Ki-67 
antigen, and Ly-6G/Ly-6C (Gr-1) antigen were detected 
with primary antibodies HIK1083 (Kantokagaku, Tokyo, 
Japan), B56 (BD Biosciences, San Jose, CA), and 
RB6-8C5 (Biolegend, San Diego, CA), respec-
tively.18–20 Antigen retrieval for Ki-67 antigen was car-
ried out by microwaving tissue slides in 10 mM Tris-HCl 
buffer (pH 8.0) plus 1 mM EDTA for 30 min. For Ly-6G/
Ly-6C (Gr-1) antigen, tissue slides were digested with 
0.25% Difco trypsin 250 (BD Biosciences, San Jose, 
CA) at 37C for 30 min. As secondary antibodies, a 
Histofine Mousestain Kit (Nichirei Biosciences, Tokyo, 
Japan) was used for αGlcNAc and Ki-67 antigen, and 
a Histofine Simple Stain Mouse, MAX-PO (Rat) 
(Nichirei Biosciences) was used for Ly-6G/Ly-6C (Gr-
1) antigen. Counterstaining was carried out using 
hematoxylin. Control immunohistochemistry was per-
formed by omitting the primary antibody from the pro-
cedure, and no specific staining was seen (data not 
shown). The Ki-67 labeling index (LI) in mouse gastric 

mucosa was determined by comparing the number of 
Ki-67-positive epithelial cells to the total number of epi-
thelial cells in well-oriented pyloric glands in each 
mouse.

Oligosaccharide Analysis of Gastric O-glycans

Mice were killed as above, and glandular stomachs 
were removed with duodenums. Gastric mucins were 
extracted from the gastric mucosa of 10-week-old WT, 
A4gnt KO, and A4gnt/Chst4 DKO mice (2 mice each) 
and purified by Sepharose CL-6B chromatography fol-
lowed by CsTFA equilibrium centrifugation, as 
described.12 Oligosaccharides were obtained by alka-
line-borohydride treatment of mouse gastric mucins, 
as described,12 except that neutral and acidic oligo-
saccharides were separated on a column (1.27 cm I.D. 
x 1.6 cm) of QAE-Toyopearl (acetate form, Tosoh, 
Tokyo, Japan). After applying oligosaccharides to the 
column, neutral oligosaccharides were washed from 
the column with water and acidic oligosaccharaides 
were eluted with 0.4 M piridinium acetate, pH 5. 
Oligosaccharides were then permethylated using the 
methods of Ciucanu and Costello.21 Acidic oligosac-
charides were converted to triethylamine salt before 
permethylation, and permethylated oligosaccharides 
were recovered on an OASIS HLB column (30 mg/cc; 
Waters, Milford, MA), as described.22 Then, matrix-
assisted laser desorption/ionization time-of-flight 
mass spectrometry (MALDI-TOF-MS) analysis of oli-
gosaccharides was carried out. MALDI-TOF-MS spec-
tra were acquired on a autoflex III mass spectrometer 
(Bruker Daltonics, Billerica, MA) equipped with a 
LIFT-MS/MS mode, using the following conditions: 
2,5-dihydro benzoic acid served as the matrix, the 
positive ion mode was used, and all spectra were 
measured in the refrectron mode. A portion of the 
matrix solution (1 μl) was applied to a stainless steel 
target, to which was added a solution (1 μl) of oligo-
saccharides. The target was dried at ambient tempera-
ture for several minutes. Lacto-N-fucopentaose I, 
angiotensin and ACTH (1–24) were used for mass 
calibration. Fragment ion analysis by tandem mass 
spectrometry after laser-induced dissociation was per-
formed according to the manufacturer’s (Bruker 
Daltonics) operation manual. Data analyses were per-
formed using GlycoWorkbench.23

Quantitative RT-PCR

Mice were killed, and stomachs plus duodenums were 
removed as above. Fresh samples of glandular stom-
achs were extracted from A4gnt/Chst4 DKO, Chst4 
KO, A4gnt KO, and WT mice at 5-, 10-, and 50-weeks 
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of age (4–6 mice each). Briefly, mucosa (~280 mg 
each) scraped off with a glass slide was transferred to 
a sterile 1.5 ml tube containing RNAlater (Invitrogen, 
Carlsbad, CA). Gastric mucosa of 20 mg was used for 
extraction of total RNA using an RNeasy Mini Kit 
(Qiagen, Hilden, Germany), according to the manufac-
turer’s protocol. RNA solution of 11 μl was combined 
with 0.5 μl of 0.5 mg/ml random primers (Promega, 
Madison, WI), 0.5 μl of 0.5 mg/ml oligo-dT primers 
(Promega), and 1 μl of a 2.5 mM dNTP mixture, dena-
tured at 65C for 5 min, and placed on ice. For single-
stranded cDNA synthesis, samples were incubated 
with 1 μl of 200 U/ml SuperScript III (Invitrogen), 1 μl 
of 0.1 M dithiothreitol, 1 μl of 40 U/ml RNasin Plus 
RNase inhibitor (Promega), and 4 μl of 5×Fast Strand 
buffer (Invitrogen) at 50C for 1 hr and then heated to 
85C for 5 min to terminate the reaction. Quantitative 
RT-PCR was performed using the 7300 Real-Time 
PCR System (Applied Biosystems, Foster City, CA). 
Premixed reagents containing primers and TaqMan 
probes for selected genes including Cxcl1 (Assay ID: 
Mm00433851_ml), Cxcl5 (Mm00436451_gl), Cxcr2 
(Mm99999117_sl), Ccl2 (Mm00441242_ml), Ccr2 
(Mm99999051_gH), Hgf (Mm01135193_ml), Met 
(Mm01156972_ml), Fgf7 (Mm00433291_ml), Fgfr2b 
(Mm01269930_ml), Il1b (Mm013336189_ml), Il1r1 
(Mm00434237_ml), Il1r2 (Mm00439629_ml), Il11 
(Mm00434162_ml), Il11ra1 (Mm01223545_ml), and 
Gapdh (Mm99999915_gl) were purchased from 
Applied Biosystems.

Statistics

Statistical analysis was carried out using ystat2013 
software (Igaku Tosho Shuppan, Tokyo, Japan). 
Significance was evaluated by Student–Newman–
Keuls test. All statistical data are presented as means 
± SEM, and a value of P<0.05 was considered 
significant.

Results

Pyloric Gland Cells of A4gnt KO Mice 
Overproduce Sulfomucins

Using HID-AB staining, we detected sulfomucins 
(colored black by HID-AB staining) in pyloric gland 
cells of stomach in WT and A4gnt KO mice but not 
Chst4 KO mice (Fig. 1A, HID-AB). However, based on 
HID-AB staining (compare WT versus A4gnt KO in 
Fig. 1A, pyloric mucosa panels), sulfomucin expres-
sion levels in pyloric gland cells that lacked αGlcNAc 
in A4gnt KO mice were clearly higher relative to 
pyloric gland cells positive for αGlcNAc in WT mice 

(compare HID-AB versus HIK1083 in Fig. 1A, pyloric 
mucosa panels). On the other hand, goblet cells of 
duodenal mucosa in WT, A4gnt KO, and Chst4 KO 
mice showed comparable sulfomucin levels (arrows 
in Fig. 1A, duodenal mucosa panels). By contrast, 
sulfomucin levels in mucous neck cells of fundic 
mucosa and Brunner’s glands of the duodenum were 
minimal in WT and A4gnt KO mice and negative in 
Chst4 KO mice (Fig. 1A, HID-AB, panels for fundic 
mucosa and duodenal mucosa). Neutral mucins (col-
ored red by AB-PAS staining) were detected in 
Brunner’s glands of WT mice and Chst4 KO mice, 
while sialomucins (colored sky blue by HID-AB stain-
ing) were detected in Brunner’s glands of A4gnt KO 
mice (Fig. 1A, AB-PAS and HID-AB, duodenal mucosa 
panels).

We then confirmed sulfomucin overproduction in 
pyloric gland cells of A4gnt KO mice by mass spec-
trometry using oligosaccharides prepared from mouse 
gastric mucosa (Fig. 1B). Analysis of the acidic oligo-
saccharide fraction revealed three species of sulfated 
O-glycans—Fuc-Gal-(SO

3
-GlcNAc-)GalNAc, Fuc-Gal-

(Fuc-Gal-[SO
3
-]GlcNAc-)GalNAc, and Fuc-Gal-

(Neu5Ac-Gal-(SO
3
-)GlcNAc-)GalNAc—in A4gnt KO 

but not WT mice. However, as reported previously12 
and confirmed here, analysis of neutral oligosaccha-
rides showed seven peaks indicative of αGlcNAc-
containing O-glycans in WT mice, but those peaks 
were completely absent in A4gnt KO mice.

A4gnt/Chst4 DKO Mice Lack Gastric 
Sulfomucins

Next, we generated A4gnt/Chst4 DKO mice to assess 
function of gastric sulfomucins. A4gnt/Chst4 DKO mice 
developed to adulthood and reproduced normally (data 
not shown). Immunostaining with HIK1083 antibody 
revealed complete lack of αGlcNAc in gastroduodenal 
mucosa of A4gnt/Chst4 DKO mice (Fig. 1A, HIK1083). 
In addition, HID-AB staining of pyloric gland cells from 
A4gnt/Chst4 DKO mice revealed complete loss of sul-
fomucins in pyloric gland cells, while these mucous 
cells were positive for sialomucins (Fig. 1A, light blue 
by HID-AB staining). On the other hand, sulfomucins 
remained in duodenal goblet cells of A4gnt/Chst4 DKO 
mice at levels comparable to those seen in WT and 
A4gnt KO mice (arrows in Fig. 1A, HID-AB). Sialomucins 
were detected in Brunner’s glands of duodenal mucosa 
in A4gnt/Chst4 DKO mice like A4gnt KO mice. However, 
sulfomucins were not detectable in Brunner’s glands in 
A4gnt/Chst4 DKO mice.

We next confirmed sulfomucin loss in A4gnt/Chst4 
DKO mice by mass spectrometry (Fig. 1B). Following 
acidic oligosaccharide analysis, it was revealed that 
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three peaks representing sulfated O-glycans in A4gnt 
KO mice were absent in A4gnt/Chst4 DKO mice. 
However, sialic acid-containing oligosaccharides were 
detected in both A4gnt KO and A4gnt/Chst4 DKO 
mice but not in WT mice. On the other hand, 
A4gnt/Chst4 DKO and A4gnt KO mice showed com-
parable levels of neutral oligosaccharides, compare 
neutral oligosaccharides (right) in A4gnt KO versus 
A4gnt/Chst4 DKO in Fig. 1B. Overall these results 
show that GlcNAc6ST-2, which is encoded by the 
Chst4 gene, is the sole sulfotransferase responsible 
for biosynthesis of gastric sulfomucins but not sulfo-
mucins found in duodenal goblet cells. Moreover, given 
that A4gnt KO mice develop gastric cancer,12 we 

conclude that A4gnt/Chst4 DKO mice are an appropri-
ate mouse model to test effects of sulfomucins on gas-
tric tumorigenesis.

A4gnt/Chst4 DKO Mice Develop 
Differentiated-type Adenocarcinoma but at a 
Lower Incidence than do A4gnt KO Mice

To assess effects of gastric sulfomucins on gastric 
tumorigenesis, we examined morphology of gastric 
mucosa of A4gnt/Chst4 DKO mice until 60 weeks of 
age, the same time frame we previously used to exam-
ine mucosal morphology in A4gnt KO mice.12 Gross 
examination of A4gnt/Chst4 DKO mice revealed the 

Figure 1. Histochemical, immunohistochemical, and oligosaccharide analyses of sulfomucins and αGlcNAc in gastroduodenal mucosa 
of 10-week-old mice. (A) HID-AB staining, which differentiates sulfomucins (black color) from sialomucins (sky blue color), AB-PAS 
staining, which differentiates neutral (red color) from acidic (blue-to-purple color) mucins, and immunohistochemistry using HIK1083 
antibody, which is specific for αGlcNAc (HIK1083). Arrows indicate duodenal goblet cells. Bar = 200 μm. (B) Oligosaccharide analysis 
of acidic and neutral O-glycans.
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presence of gastric tumors comparable to those seen 
in A4gnt KO mice12 appearing in the antrum of the 
gastric mucosa as mice aged (Fig. 2A). By contrast, 

the morphology of the gastric mucosa in Chst4 KO 
mice appeared normal. Thickness of the pyloric 
mucosa of A4gnt/Chst4 DKO mice was significantly 

Figure 2. Pathology of mutant mice. (A) Gross appearance of stomach isolated from Chst4 KO (upper panel) and A4gnt/Chst4 DKO 
(lower panel) mice. Arrowheads in DKO samples indicate raised lesions in the pyloric mucosa. Scale bar = 5 mm. wk, weeks. (B) 
Comparison of pyloric mucosal thickness among WT, A4gnt KO, Chst4 KO, and A4gnt/Chst4 DKO mice. Each group consists of 6 mice, 
and data represent the mean ± SEM. *P < 0.05 and **P < 0.01. wk, weeks. (C) Incidence of gastric hyperplasia/dysplasia/adenocarcinoma 
development in A4gnt/Chst4 DKO mice during development. Each group consists of 6 mice. wk, weeks. (D) Representative histopathol-
ogy of the pyloric mucosa from A4gnt/Chst4 DKO mice. Hyperplasia (at 5 weeks), low-grade dysplasia (at 10 weeks), high-grade dysplasia 
(at 20-40 weeks), and adenocarcinoma (at 50 and 60 weeks) are shown. Pyloric mucosa of Chst4 KO mice at 60-weeks-old is shown 
as a control. Bar = 200 μm. H&E staining. wk, weeks. (E) Comparison of Ki-67 labeling index in pyloric mucosa in WT, A4gnt KO, and 
A4gnt/Chst4 DKO mice. Each group consists of 6 mice, and data represent the mean ± SEM. *P < 0.05 and **P < 0.01. wk, weeks.
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increased relative to that seen in WT or Chst4 KO mice 
at all ages examined (Fig. 2B). Moreover, thickness of 
the pyloric mucosa of A4gnt/Chst4 DKO mice was sig-
nificantly increased relative to that of A4gnt KO mice at 
10 weeks of age and later, although those differences 
were less apparent at 30 and 50 weeks of age (Fig. 
2B). We observed no significant differences in thick-
ness of gastric mucosa between Chst4 KO and WT 
mice at any stage examined.

Histopathological analysis of gastric mucosa from 
A4gnt/Chst4 DKO mice showed hyperplasia of the 
pyloric mucosa (n = 6/6) at 5 weeks, low-grade dyspla-
sia (n = 3/6) at 10 weeks, and high-grade dysplasia  
(n = 2/6) at 20 weeks (Fig. 2C and D). At 30 weeks of 
age, adenocarcinoma had developed in 1 of 6 
A4gnt/Chst4 DKO mice, and by 60 weeks of age, at 
least 50% of A4gnt/Chst4 DKO mice exhibited differ-
entiated-type adenocarcinoma. Carcinoma cells were 
limited to the mucosa and did not invade the submuco-
sal layer. Comparable phenotypes reflecting a hyper-
plasia-dysplasia-adenocarcinoma sequence were 
seen in A4gnt KO mice (supplemental Fig. S3).12 
However, the incidence of gastric cancer development 
in A4gnt/Chst4 DKO mice was lower than that seen in 
A4gnt KO mice, as all A4gnt KO mice exhibited ade-
nocarcinoma by 50 weeks of age.12 Finally, like A4gnt 
KO mice,12 A4gnt/Chst4 DKO mice showed normal 
morphology in fundic mucosa of the stomach and duo-
denal mucosa (data not shown).

We next compared the Ki-67 LI of pyloric epithelial 
cells at 5-, 10-, 30- and 50-weeks of age among 
A4gnt/Chst4 DKO, A4gnt KO, and WT mice. The Ki-67 
LI of A4gnt/Chst4 DKO mice was greater than that 
measured in A4gnt KO mice (Fig. 2E): significant dif-
ferences were seen at 5 (p<0.01) and 50 (p<0.05) 
weeks. Significant differences in Ki-67 LI were also 
seen between A4gnt KO and WT mice at 10 (p<0.05) 
and 50 (p<0.05) weeks. These results overall suggest 
that sulfomucin loss in A4gnt KO mice enhances gas-
tric epithelial cell proliferation in pyloric mucosa, but 
plays a minor role in promoting tumor progression.

A4gnt/Chst4 DKO Mice Spontaneously 
Develop GCP Emerging through Severe Gastric 
Erosion

During our analysis of gastric histopathology, we 
observed that severe gastric erosion accompanied by 
a marked increase in inflammatory cells occurred in 
pyloric mucosa of A4gnt/Chst4 DKO mice at as early 
as 3 weeks of age (n = 4/6) (Fig. 3A). This lesion was 
seen in almost all of A4gnt/Chst4 DKO mice exam-
ined, irrespective of age (n = 5/6 at 5 and 10 weeks of 
age and n = 6/6 at 20–60 weeks of age). 

Immunochistochemistry for Ly-6G/Ly-6C (Gr-1) anti-
gen revealed that most of these inflammatory cells 
were granulocytes (Fig. 3B). By contrast, such severe 
erosion was not seen in any 3-week-old A4gnt KO 
mice (n = 0/6, data not shown). In addition to gastric 
erosion, GCP, which is defined by the presence of 
ectopic submucosal glands, subsequently developed 
beneath the erosion of pyloric mucosa (Fig. 3A). 
Incidence of GCP at the time points examined was 0/6 
at 3 and 5 weeks of age, 2/6 at 10 weeks, 4/6 at 20 
weeks, 4/6 at 30 weeks, 3/6 at 40 weeks, 4/6 at 50 
weeks, and all 6 mice at 60 weeks.

These results overall indicate that loss of gastric 
sulfomucins in A4gnt/Chst4 DKO mice is associated 
with occurrence of GCP that emerges from severe 
gastric erosion.

Age-dependent Regulation of Inflammation-
related Genes in A4gnt/Chst4 DKO Mice

We next asked which factors function in the pathogen-
esis of GCP associated with severe gastric erosion 
seen in A4gnt/Chst4 DKO mice. To this end, we inves-
tigated expression levels of seven genes encoding the 
inflammatory chemokines CXCL1, CCL2, and CXCL5, 
the proinflammatory cytokines IL-1β and IL-11, and the 
growth factors HGF and FGF7 by quantitative RT-PCR. 
All of these factors are reportedly significantly upregu-
lated in A4gnt KO relative to WT mice.12 We also ana-
lyzed genes encoding CXCR2,24 CCR2,25 IL1R1/
IL1R2,26 IL11RA1,27 MET,28 and FGFR2,29 as they are 
specific receptors for CXCL1/CXCL5, CCL2, IL-1β, 
IL-11, HGF, and FGF7, respectively (Fig. 4).

When A4gnt/Chst4 DKO mice were 5 weeks of age 
and showed both severe gastric erosion and hyperpla-
sia, expression levels of Cxcl1, Cxcl5, Ccl2, Cxcr2, 
Il1b, and Il1r2 increased compared to age-matched 
A4gnt KO, Chst4 KO, and WT mice (Fig. 4, 5 wk). 
Upregulation of Il1b was particularly evident. However, 
expression of Il1r1, which encodes IL1R1, the agonis-
tic IL-1β receptor, decreased significantly in 
A4gnt/Chst4 DKO compared with age-matched A4gnt 
KO and WT mice. In addition, Il1r2, which encodes 
IL1R2, the antagonistic IL-1β receptor, significantly 
increased in A4gnt/Chst4 DKO compared with age-
matched A4gnt KO, Chst4 KO, and WT mice, suggest-
ing that the net effects of upregulated IL-1β may be 
minimal. Interestingly, expression levels of the six 
upregulated genes (Cxcl1, Cxcl5, Ccl2, Cxcr2, Il1b, 
and Il1r2) in A4gnt/Chst4 DKO mice declined as ani-
mals aged, and eventually expression levels of Cxcl1, 
Cxcr2, and Il1r2 in DKO mice showing GCP at 50 
weeks of age had significantly decreased relative to 
those in age-matched A4gnt KO mice.
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Figure 3. Representative histopathology of severe gastric erosion and GCP in pyloric mucosa of A4gnt/Chst4 DKO mice. (A) Severe 
gastric erosion occurred at 3–60 weeks of age, and GCP developed beneath the gastric erosion at 30–60 weeks of age are shown. 
Lower panels represent higher magnification views of regions boxed in corresponding upper panels. Scale bars in upper and lower 
panels indicate 500 μm and 200 μm, respectively. H&E staining. wk, weeks. (B) Infiltration of granulocytes to severe gastric erosion. 
Immunohistochemistry for Ly-6G/Ly-6C (Gr-1) antigen. Scale bar indicates 200 μm. wk, weeks.
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Figure 4. Comparison of expression levels of inflammation-related transcripts at 5, 10, and 50 weeks of age in WT, A4gnt KO, Chst4 
KO, and A4gnt/Chst4 DKO mice, as determined by quantitative RT-PCR. wk, weeks. Fold-expression was calculated relative to the aver-
age value seen in 10-week-old WT mice, which was set to 1.0 (n = 6). Data derived from other than 10-week-old WT mice represent 
the mean ± SEM (n = 6 except for 10-week-old A4gnt/Chst4 DKO mice (n = 4), 50-week-old WT mice (n = 5), and 50-week-old A4gnt 
KO mice (n = 5)). *P < 0.05 and  **P < 0.01. wk, weeks.

On the other hand, among seven genes (Cxcl1, Ccl2, 
Cxcl5, Il1b, Il11, Hgf, and Fgf7) significantly upregulated 
in A4gnt KO relative to WT mice,12 expression levels of 
Cxcl1, Ccl2, Il11, and Fgf7 were significantly upregu-
lated in 50-week-old A4gnt KO and A4gnt/Chst4 DKO 
mice showing high-grade dysplasia/adenocarcinoma 
as compared to age-matched Chst4 KO and WT mice, 
which showed normal gastric morphology.

These results suggest that the CXCL1/CXCL5-
CCR2 axis, as well as CCL2, functions in severe gas-
tric erosion, while CXCL1, CCL2, IL-11, and FGF7 are 
associated with gastric carcinogenesis.

Discussion

Here, we first used mucin histochemistry and oligosac-
charide analysis to show that GlcNAc6ST-2, which is 
encoded by Chst4, is the sulfotransferase responsible 
for sulfomucin production in pyloric gland cells of the 
gastric mucosa of A4gnt KO mice. GlcNAc6ST-2 is a 
carbohydrate sulfotransferase that catalyzes transfer 
of sulfate from the substrate 3’-phosphoadenosine 
5’-phosphosulfate (PAPS) to an N-acetylglucosamine 
residue at the nonreducing terminal of glycans.4 It is 
well known that GlcNAc6ST-2 forms 6-sulfo sialyl 
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Lewis X on HEV of secondary lymphoid organs or 
HEV-like vessels appearing in chronic inflammatory 
tissues in cooperation with GlcNAc6ST-1.2,3,6,7 
However, deduced oligosaccharide structures of sul-
fated O-glycans detected in A4gnt KO mice suggest 
the presence of Fucα1-2Galβ1-3(SO

3
-6GlcNAcβ1-6)

GalNAc, Fucα1-2Galβ1-3(Fucα1-2Galβ1-3[SO
3
-6]Glc 

NAcβ1-6)GalNAc, and Fucα1-2Galβ1-3(Neu5Acα2-
3Galβ1-3[SO

3
-6]GlcNAcβ1-6)GalNAc. Although sul-

fated residues are attached to GlcNAc of core2- 
branched structures in each sulfated O-glycan, those 
residues are distinct from 6-sulfo sialyl Lewis X, which 
functions as the L-selectin ligand expressed on HEV 
or HEV-like vessels.2,3,6,7 Future study will be of great 
significance to determine how GlcNAc6ST-2 is induced 
in the gastric mucosa of A4gnt KO mice.

We had initially hypothesized that negatively charged 
gastric sulfomucins enhance cancer progression by 
attracting positively charged inflammation-related mol-
ecules. To test this hypothesis, we generated 
A4gnt/Chst4 DKO mice. Unexpectedly, A4gnt/Chst4 
DKO mice developed differentiated-type gastric adeno-
carcinoma through a hyperplasia-dysplasia-adenocar-
cinoma sequence similar to that seen in A4gnt KO 
mice,12 indicating that gastric sulfomucins play a minor 
role in gastric tumor progression. Notably, Cxcl1, Ccl2, 
Il11, and Fgf7 genes were significantly upregulated in 
both A4gnt/Chst4 DKO and A4gnt KO mice by 50 
weeks of age, and these animals developed high-grade 
dysplasia/adenocarcinoma not seen in age-matched 
Chst4 KO or WT mice, which exhibited normal gastric 
mucosa. These results suggest a close association of 
these inflammation-related genes, Cxcl1, Ccl2, Il11, and 
Fgf7 with gastric cancer development. Among them, 
CCL2 and IL-11 are particularly interesting; that is, 
CCL2 recruits tumor-associated macrophages that pro-
mote protumorigenic immune responses.30,31 On the 
other hand, IL-11 is associated with progression of 
inflammation to gastric tumorigenesis though gp130 
signaling, followed by phosphorylation of STAT3.32 
Future study is required to determine the signaling 
mechanism involved in gastric carcinogenesis seen in 
both A4gnt KO and A4gnt/Chst4 DKO mice.

In the present mucin histochemistry with HID-AB 
staining, sialomucins in the pyloric mucosa of 
A4gnt/Chst4 DKO mice were seemingly much 
increased compared with those in A4gnt KO mice (see 
Fig. 1A). However, it does not necessarily indicate low 
amounts of sialomucins in A4gnt KO mice. HID-AB 
staining can barely detect sialomucins simultaneously 
present with sulfomucins in the same locations, 
because HID staining is carried out prior to AB staining. 
Indeed, AB staining alone revealed comparable 

amounts of sialomucins in A4gnt KO and A4gnt/Chst4 
DKO mice (Supplemental Fig. S4), consistent with the 
oligosaccharide analysis as shown in Fig. 1B.

Physiological function of gastric sulfomucins seems 
to be minimal, because no apparent pathological 
changes were noted in Chst4 KO mice. However, 
Chst4 deletion in A4gnt KO mice resulted in severe 
gastric erosion, followed by GCP. The latter is a rare 
benign lesion characterized by cystic dilatation of gas-
tric glands extending to the submucosa of the stom-
ach.33 It is also known that GCP itself is a non-neoplastic 
lesion but is associated with gastric adenocarcinoma.34 
Accordingly, here, GCP seen in A4gnt/Chst4 DKO 
mice was associated with adenocarcinoma. Although 
the pathogenesis is not fully understood, ischemia, 
chronic inflammation, or foreign bodies present after 
gastrectomy could be causal factors relevant to GCP.35 
KCNE2-KCNQ1 potassium channels are essential for 
gastric acid secretion from parietal cells of fundic 
mucosa of the stomach.36 Recently, it was shown that 
Kcne2 KO mice develop GCP by 1 year of age.37 The 
same group demonstrated that these mice exhibit gas-
tric epithelial proliferation of mucous neck cells and 
chief cells of the fundic mucosa,38 regions that were 
morphologically normal in A4gnt/Chst4 DKO mice, 
indicating that sulfomucin depletion functions in patho-
genesis of GCP independent of KCNE2. Our quantita-
tive RT-PCR analysis revealed upregulation of Cxcl1, 
Cxcl5, and Cxcr2 in A4gnt/Chst4 DKO mice by 5 
weeks of age, when severe erosion has developed. On 
the other hand, Cxcl1 and Cxcr2 in A4gnt/Chst4 DKO 
mice were downregulated by 50 weeks of age, when 
GCP had developed, relative to age-matched A4gnt 
KO mice. CXCR2 is a common receptor for CXCL1 
and CXCL5, and the Cxcl1/Cxcl5-Cxcr2 axis is associ-
ated with neutrophil infiltration.39 Thus, it is likely that 
granulocytes markedly infiltrating to severe erosion in 
A4gnt/Chst4 DKO mice could be recruited by the 
Cxcl1/Cxcl5-Cxcr2 axis, and such an inflammatory 
response may trigger erosion, eventually resulting in 
GCP. It will be of great interest to determine the molec-
ular mechanism including signaling pathways how 
gastric sulfomucins maintain mucosal integrity by ana-
lyzing A4gnt/Chst4 DKO mice.

In conclusion, gastric sulfomucins formed by the 
sulfotransferase GlcNAc6ST-2 are overproduced in 
A4gnt KO mice, which spontaneously develop differ-
entiated-type adenocarcinoma of the stomach. By 
analyzing A4gnt/Chst4 DKO mice, we established 
that gastric sulfomucins protect the gastric mucosa 
from developing GCP emerging from gastric erosion 
but play a minor role in development of gastric 
carcinogenensis.
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