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Core 1–derived mucin-type O-glycosylation protects
against spontaneous gastritis and gastric cancer
Fei Liu1,2*, Jianxin Fu2*, Kirk Bergstrom2*, Xindi Shan2, J. Michael McDaniel2, Samuel McGee2, Xia Bai3,4, Weichang Chen1, and Lijun Xia2,3,5

Core 1–derived mucin-type O-glycans (O-glycans) are a major component of gastric mucus with an unclear role. To address
this, we generated mice lacking gastric epithelial O-glycans (GEC C1galt1−/−). GEC C1galt1−/− mice exhibited spontaneous
gastritis that progressed to adenocarcinoma with ∼80% penetrance by 1 yr. GEC C1galt1−/− gastric epithelium exhibited
defective expression of a major mucus forming O-glycoprotein Muc5AC relative to WT controls, which was associated with
impaired gastric acid homeostasis. Inflammation and tumorigenesis in GEC C1galt1−/− stomach were concurrent with activation
of caspases 1 and 11 (Casp1/11)–dependent inflammasome. GEC C1galt1−/− mice genetically lacking Casp1/11 had reduced
gastritis and gastric cancer progression. Notably, expression of Tn antigen, a truncated form of O-glycan, and CASP1 activation
was associated with tumor progression in gastric cancer patients. These results reveal a critical role of O-glycosylation in
gastric homeostasis and the protection of the gastric mucosa from Casp1-mediated gastric inflammation and cancer.

Introduction
Gastric cancer ranks fourth among the most common cancers
and is the third leading cause of cancer-related death worldwide
(Torre et al., 2015). The development of gastric cancer is a
multistep process, including chronic nonatrophic gastritis,
multifocal atrophic gastritis, intestinal metaplasia, dysplasia,
and invasive carcinoma (Correa, 1992). However, how gastritis
is initiated and transformed to gastric cancer remains unclear.

The gastric mucosa faces hostile luminal factors such as
gastric acid, digestive enzymes, aggressive dietary factors, and
microorganisms. Gastric tissues interface with this luminal en-
vironment through gastric gland–derived oligosaccharide-rich
mucins. MUC5AC (mouse, Muc5AC) is the major type of gas-
tric surface mucin, composed primarily of mucin-type O-linked
oligosaccharides (O-glycans; Fu et al., 2008; Ju et al., 2008).
O-glycans are initiated by the addition of GalNAc to serine or
threonine (via the ppGalNAcT family of glycosyltransferases),
forming the Tn antigen (GalNAcα-O-Ser/Thr), which is used to
generate the core 1 structure (Galβ1,3GalNAcα-O-Ser/Thr) on
which most complex and branched O-glycans are derived (Ju
et al., 2008). The biosynthesis of core 1 is controlled by core
1 β1,3-galactosyltransferase (C1GalT1; also known as T-synthase;
Ju et al., 2008).

Altered O-glycosylation of mucins has been linked to patho-
genesis of gastritis and gastric cancer. For example, differences

in ABO blood group antigen expression of glycoproteins modu-
late Helicobacter pylori binding to gastric mucosa in humans and
mice (Borén et al., 1993; Ilver et al., 1998; Magalhães et al., 2009)
and influence bacterial burdens and disease (Heneghan et al.,
1998; Lindén et al., 2008). Truncated O-glycans have been as-
sociated with gastritis and gastric cancer (Balmaña et al., 2018;
Mereiter et al., 2018). Exposure of the immature glycan Tn an-
tigen is observed in biopsies of gastritis and gastric cancer pa-
tients independent of H. pylori status (Barresi et al., 2001;
Persson et al., 2017). In vitro studies suggest O-glycan truncation
itself may lead to cell-intrinsic defects that perturb epithelial
homeostasis (Duarte et al., 2017; Radhakrishnan et al., 2014).
However, the role of abnormal O-glycosylation in homeostasis of
the gastric mucosa in vivo is unknown.

In this study, we report that mice with ablation of O-glycans
in gastric epithelium develop spontaneous chronic gastritis and
gastric cancer. O-glycan truncation down to Tn antigen led to
dysregulated expression of the main gastric O-glycoproteins
Muc5AC and Muc1, respectively, an impaired gastric mucus
layer, and altered gastric acid homeostasis, respectively. These
phenotypes were associated with chronic gastritis driven by
caspase-1/caspase-11 (Casp1/11)–dependent inflammasomes in a
microbiota-independent manner. Truncated O-glycans such as
Tn antigen, along with inflammasome activation, were also
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detected in gastric cancer biopsies of patients, suggesting clinical
relevance of this pathway in the pathogenesis of this common
disease.

Results
GEC C1galt1−/− mice develop spontaneous gastritis
Gastric epithelial cell (GEC) C1galt1−/− pups, which lack core
1 O-glycans in gastric epithelium (Fig. 1 A), were born healthy in
Mendelian ratios. Immunohistochemical (IHC) staining revealed
the exposure of Tn antigen, which marks the deleted core
1 O-glycans, in the C1galt1−/− gastric epithelium, but not in other
cell types or inWT (C1galt1f/f) littermate gastric epithelium (Fig. 1
B), confirming the specificity and efficiency of the deletion. In
addition, this result suggests Tn was not masked by alternative
glycosylation such as sialylation. Staining for Concanavalin A, a
marker for N-glycosylated moieties, revealed no difference be-
tween WT and GEC C1galt1−/− mice (Fig. S1 A), supporting that
C1galt1 deletion did not hinder N-glycosylation in stomach tis-
sues. Gross analysis of the stomach revealed thickening of the
antrum, but not corpus, of the stomach of 8- or 16-wk-old GEC
C1galt1−/− versus WT littermates (Fig. 1 C). Histology showed
spontaneous gastritis characterized by gastric mucosal hyper-
plasia and increased immune cell infiltration in the antrum of
GEC C1galt1−/− mice (Fig. 1, D–F), while the corpus was not af-
fected (Fig. S1 B). The morphology of chief cells and parietal
cells, which are two major cell types of the gastric corpus, were
similar between WT and GEC C1galt1−/− mice, indicating that
C1galt1 deficiency did not influence the development of the
stomach in mice (Fig. S1 B). Mucosal thickening and disease
were observed as early as 2 wk of age in GEC C1galt1−/− mice (Fig.
S1, C and D) and progressed over time (Fig. 1, E and F). Taken
together, these data show loss of core 1–derived O-glycans in the
gastric epithelium leads to severe spontaneous chronic gastritis
in the stomach antrum.

GEC C1galt1−/− mice show spontaneous gastritis-associated
cancer
Chronic gastritis promotes gastric cancer in humans. We
therefore determined whether chronic gastritis leads to gastric
cancer in GEC C1galt1−/− mice by letting mice age up to 18 mo. As
early as 6 mo of age, dysplasia was observed in the gastric an-
trum of GEC C1galt1−/− mice, but not WT littermates (Fig. 2 A). At
age 12–18 mo, overt tumors were observed in the same region
(Figs. 2 A and S1 E). Similar to gastritis, these tumors were lo-
calized to the antrum but not present in the forestomach or
corpus of the GEC C1galt1−/− stomach. Histological analysis of
tumor epithelial cells showed loss of polarity, a high nuclear-to-
cytoplasmic ratio, and extensive stratification (Figs. 2 A and S1
E), consistent with the phenotype of adenomas. At the ages of
6–12 mo and 12–18 mo, 78% and 95% of GEC C1galt1−/− mice, re-
spectively, exhibited tumors that increased in size and fre-
quency over time (Fig. 2, B and C). Adenocarcinoma was evident
from the presence of invasive dysplastic glands within the
submucosa in aged GEC C1galt1−/− mice, with an incidence of
∼60% versus WT littermates (Fig. 2, D and E; and Fig. S1 F).
These results showed that loss of gastric epithelial core 1–

derived O-glycans leads to the initiation and progression of
spontaneous gastritis-associated gastric cancer in our model.

Mucosal inflammasomes promote gastritis in GEC C1galt1−/−

mice
We next sought to elucidate the mechanism underlying spon-
taneous gastritis and gastric cancer in GEC C1galt1−/− mice.
Casp1-dependent inflammasomes have been implicated in
inflammation-associated cancer in the gastrointestinal tract
(Hitzler et al., 2012; Yin et al., 2015; Bergstrom et al., 2016);
therefore, we examined its relevance to gastric diseases in GEC
C1galt1−/− mice. We found that Casp1 was activated beginning as
early as 2 mo of age, as shown byWestern blot for the active p10
subunit of Casp1 in GEC C1galt1−/− versus WT mice (Fig. 3, A and
B). Consistent with inflammasome activation, we observed ele-
vated secretion of Casp1 substrates IL1β and IL18 within super-
natants derived from GEC C1galt1−/− versus WT antrum organ
cultures (24 h) from 5- and 12-mo-old mice (Fig. 3 C). Im-
munostaining for Casp1 showed a strong signal in antral glands
of WT and GEC C1galt1−/− mice, including within invasive car-
cinoma of 18-mo-old mice (Fig. 3 D). To determine a role for this
pathway in our model, we crossed GEC C1galt1−/− mice with mice
lacking both Casp1 and Casp11 (Casp1−/−;Casp4del), which do not
signal through canonical and noncanonical inflammasomes
(Bergstrom et al., 2016), to generate GEC C1galt1−/−; Casp1/11−/−

mice (TKO) mice (Fig. 3 E). At 4 mo of age, when chronic gas-
tritis is established in GEC C1galt1−/− mice (Fig. 1), TKO mice
showed reduced thickening of the antrum compared with GEC
C1galt1−/− littermates (Fig. 3 F). Histology confirmed the reduced
mucosal hyperplasia and disease of TKO mice versus GEC
C1galt1−/− mice (Fig. 3, F and G). Staining of WT, GEC C1galt1−/−,
and TKO antrum tissues with anti-Casp1, showed the epithelial
Casp1 signal inWT and GEC C1galt1−/− mice but was undetectable
in TKO mice, confirming antibody specificity and knockout
status (Fig. S2 A). The inflammation in GEC C1galt1−/− mice was
characterized by a significant increase in infiltrating gran-
ulocytes (MPO+) versus WT and TKO littermates, although TKO
still showedmodest MPO+ cell influx versusWT (Fig. 3, H and I).
Consistent with increased inflammatory cell flux, the expression
of prototypical inflammatory cytokines il6, tnfa, and the cxcl1
chemokine and, to a lesser extent, il17 were all significantly up-
regulated in GEC C1galt1−/− mice versus WT and TKO (Fig. 3 J).
Collectively, these results indicate that gastric inflammasomes
play a significant role in the development of spontaneous gas-
tritis in GEC C1galt1−/− mice.

Gastric cancer in GEC C1galt1−/− mice is dependent upon
mucosal inflammasomes
We next determined whether spontaneous gastritis-associated
tumorigenesis was also dependent upon inflammasomes. As
expected, most 12-mo-old GEC C1galt1−/− mice developed large
overt tumor masses in the antrum while WT did not; however,
TKO mice also showed evidence of tumorigenesis at this age,
although tumor incidence and volume was reduced versus GEC
C1galt1−/− littermates (Fig. 4, A–C). Consistent with this, a re-
duced incidence of carcinoma was observed in the stomach of
TKO versus age-matched or littermate GEC C1galt1−/− mice
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Figure 1. GEC C1galt1−/− mice develop spontaneous gastritis. (A) Model of generation GEC C1galt1−/− mice. (B) IHC staining of WT and GEC C1galt1−/−

stomach sections with anti-Tn at 4 wk. Brown, positive staining. Scale bars, 50 µm. (C) Representative gross morphology of murine stomach with specific
regions annotated as shown. Arrow points to a thickened, inflamed region of antrum. Scale bars, 1 cm. a, antrum; c, corpus; d, duodenum; f, forestomach. (D)
Tiled H&E staining of stomach sections. Inset: Magnified boxed region in left image. Scale bars, 50 µm. (E) Quantitation of mucosal thickness of the gastric
antrum mucosa. (F) Gastric histological score pooled from individual parameters shown. Results are means ± SD with four or five mice per group or time point.
All data are representative of three independent experiments with at least four mice per group. *, P < 0.05.

Liu et al. Journal of Experimental Medicine 3

O-glycosylation protects the gastric mucosa https://doi.org/10.1084/jem.20182325

https://doi.org/10.1084/jem.20182325


(Fig. 4, A and D). In total, ∼50% of TKO mice at the age of 6–12
mo developed antrum tumors compared with 78% of GEC
C1galt1−/− mice (Fig. 4, A and B). Between 12–18 mo, 95% of GEC
C1galt1−/− mice developed tumors versus 67% of TKO mice (Fig. 4

B). Consistent with Casp1 activation at these time points, ele-
vated IL1β and IL18 secretion were detected in tumor tissues
from 18-mo-old GEC C1galt1−/− versus WT and TKO mice (Fig. 4
E). Ablation of the Casp1 signal was confirmed in the gastric

Figure 2. GEC C1galt1−/− mice develop spontaneous gastric cancer. (A) Gross morphology and H&E staining of murine stomach. Arrow points to a gastric
tumor. Inset: Magnified images of boxed regions on left. Scale bars, 1 cm (gross morphology); 200 µm (tiling images); 50 µm (left inset); 12.5 µm (right inset). a,
antrum; c, corpus; d, duodenum; f, forestomach. (B)Mean tumor volume (mean ± SD). (C) Tumor incidence (percentage of mice with tumors). (D)H&E staining
of antrum. Arrows indicate carcinoma. Scale bars, 125 µm. (E) Incidence of gastric carcinoma. Data are representative of at least two independent experiments
(mean ± SD; n = 8–10 mice/group for A, C, and D; n = 4–5 mice/group for B). *, P < 0.05.
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Figure 3. Chronic gastritis in GEC C1galt1−/−mice is driven bymucosal inflammasomes. (A)Western blot analysis of stomach lysates. p10 is the activated
form of Casp1. (B) Densitometry of the Casp1 p10 subunit visualized via Western blot of stomach lysates over time. (C) Enzyme-linked immunosorbent assay of
gastric organ culture supernatants (mean ± SD, n = 5 mice/group). (D) IF staining for Casp1 in gastric antrum sections. Arrow indicates carcinoma. Scale bars,
50 µm. (E) Generation of inflammasome-deficient GEC C1galt1−/− mice. (F) Representative macroscopic and histological images of murine stomach. Arrow,
inflamed region. Scale bars, gross morphology, 1 cm; others, 50 µm. a, antrum; c, corpus; d, duodenum; f, forestomach. (G) Histological gastritis score among
WT, KO, and TKOmice (means ± SD, n = 4–5 mice/group). (H) IF for myeloperoxidase (MPO) in gastric antrum sections of 6-mo-old mice. Scale bars, 20 µm. (I)
Enumeration of MPO+ cells in mucosa (n = 4mice/group). HPF, high-power field. (J) qPCR analysis of stomach lysates derived from 6-mo-old mice (means ± SD,
n = 4–5 mice/group). Data are representative of two independent experiments. *, P < 0.05.
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glands of TKOmice by immunostaining (Fig. S2 A). These results
suggest inflammasome-induced gastritis promotes the initiation
and progression of gastric tumors in GEC C1galt1−/− mice. In-
flammasome deficiency did not alter Tn expression in the TKO
stomach tissues (Fig. S2 B).

To confirm the association of tumorigenesis with gastritis,
we analyzed the gastric antrum epithelial cells among 6-mo-old
WT, GEC C1galt1−/−, and TKOmice, when tumor initiation begins

in GEC C1galt1−/−mice (Fig. 2), for proliferation and DNA damage
responses. As shown in Fig. 4 F, immunostaining for the pro-
liferation marker Ki67 showed significantly reduced epithelial
proliferation in TKO versus GEC C1galt1−/− mice, but the prolif-
eration level was still elevated versus WT mice. Moreover, we
observed reduced staining for phospho-histone 2A.X (γH2A.X),
a marker of damaged DNA (Arthur et al., 2012), in TKO mice
relative to GEC C1galt1−/− mice (Fig. 4 G). These trends were the

Figure 4. Mucosal inflammasomes promote gastritis-associated tumorigenesis in GEC C1galt1−/− mice. (A) Representative gross morphology and H&E
staining of murine stomach of 12-mo-old mice. Dashed squares mark gastric antrum/tumors. Inset: Magnified images of boxed regions on left. Arrows indicate
tumors and arrowheads invasive glands. Scale bars, 1 cm (gross morphology); 200 µm (tiling images); 50 µm (left insets); 25 µm (right inset). a, antrum; c,
corpus; d, duodenum; f, forestomach. (B) Tumor incidence between littermates or age-matched mice (mean ± SEM). (C) Mean tumor volume (mean ± SEM).
(D) Enumeration of mice with carcinoma of 12–18-mo-old mice (mean ± SEM; n = 8–10 mice/group). (E) ELISA of organ culture supernatants from 18-mo-old
mice (mean ± SEM). (F and G) Representative IF staining for Ki-67 (F) and γ-H2A.X (G) in gastric antrum sections of 12-mo-old mice (n = 4–5 mice/group).
Graphs show quantitation of Ki67+ or γ-H2A.X+ nuclei. Scale bars, 50 µm. Data are representative of at least two independent cohorts (mean ± SEM). *, P <
0.05. HPF, high-power field.
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same in 12-mo-old mice (Fig. S2, C and D) and were associated
with reduced iNOS expression in antrum tissue lysates of TKO
versus GEC C1galt1−/− mice, a known inducer of DNA damage
marked by γH2A.X (Shaked et al., 2012; Fig. S2 E). Notably, Casp1
expression and activation mainly occurred in the antrum, but
not in the corpus, of GEC C1galt1−/− mice (Fig. S2 F), providing
potential insight intowhy the corpus is unaffected in the absence
of O-glycans. These studies indicate that inflammasomes likely
accelerate neoplasia in GEC C1galt1−/− mice by promoting an in-
flammatory environment that damages gastric gland cell DNA.

The gastric microbiota is not a significant factor in
inflammasome-dependent chronic gastritis and dysplasia in
GEC C1galt1−/− mice
Our previous work identified the colonic microbiota was essential
for Casp1 activation and inflammasome-dependent disease in the
colon (Bergstrom et al., 2016). It was unclear if this was the case
also in the stomach, since bacterial burdens are expected to be
lower due to strongly acidic conditions, yet pathobionts such as
Helicobacter species may still be present to promote gastric disease
(Hitzler et al., 2012). Indeed, we detected several Helicobacter
species (H. bilis,H. typhlonius, andH. hepaticus) by quantitative RT-
PCR (qPCR) of genomic DNA (gDNA) extracted from antrum
content of our mouse colonies (Fig. S3 A). To determine whether
gastric microbiota contributed to gastritis in our models, we
treated 4-wk-old GEC C1galt1−/− and WT littermates with broad-
spectrum antibiotics (Abxs) for 4 or 16 wk to deplete the gastric
microbiota and subsequently assessed gastritis over time (Fig. 5
A). Abx treatment reduced theH. pylori populations as detected by
qPCR of stomach gDNA, as well as the total bacterial population
based on qPCR for universal 16S rRNA gene presence and fluo-
rescence in situ hybridization (FISH) analysis of whole tissue
sections with the universal EUB338 probe (Fig. 5, B and C; and Fig.
S3 A). Analysis of short-term and prolonged Abx treatment re-
vealed a minimal effect of microbial depletion on the severity or
progression of chronic gastritis in GEC C1galt1−/− mice, as severe
inflammation was seen within the antrum mucosa of short-term
Abx-treated versus nontreated mice, and dysplasia was evident
even after long-term treatment (Fig. 5 D). We further observed
Abx treatment slightly reduced the expression of Casp1 p10 band
(Fig. 5, E and F); however, IL1β and IL18 levels in the serum of
Abx–treated versus nontreated GEC C1galt1−/− mice were similar,
both being significantly elevated versus WT controls after short-
and long-term Abx treatment (Fig. 5 G). These results suggest a
modest role for the gastric microbiota in inflammasome-
dependent gastritis and neoplasia in GEC C1galt1−/− mice.

Gastric disease in GEC C1galt1−/− mice is concurrent with
aberrant Muc5AC and Muc1 expression and loss of the gastric
mucus layer
O-glycans are major components of gastric mucins, including
the membrane-bound Muc1, and the major gastric gel forming
mucin Muc5AC (Johansson et al., 2013). We therefore charac-
terized the effect of O-glycan loss on Muc1 and Muc5AC.
Staining with periodic acid–Schiff (PAS), which recognizes
glycans, revealed that GEC C1galt1−/−mice had a loss of themucus
gel layer in corpus and antrum versus age-matched and

littermate WT mice at 8 wk of age (Fig. 6 A). Consistent with
this, staining with Ulex europaeus agglutinin-1 (UEA-1), which
detects the neutral glycan fucose, showed reduced levels in GEC
C1galt1−/− versus WT, more so in the antrum than the corpus
(Fig. 6 A). Immunostaining revealed increased overall expres-
sion of Muc1 in GEC C1galt1−/− mice, mainly in the antrum (Fig. 6
A). In contrast, dual immunostaining for Muc5AC and Tn anti-
gen revealed a dramatic decrease in Muc5AC staining in the
gastric antrum in GEC C1galt1−/− versus WT mice, concomitant
with increased Tn (Fig. 6 A). As expected, Tn antigen was barely
detectable in WT tissues (Fig. 6 A). A longitudinal study showed
Muc1 expression increased while Muc5AC expression decreased
in GEC C1galt1−/− versus WT mice over time (Fig. 6 A). qPCR
analysis of theMuc5ac gene expression in the antrum showed an
increase in GEC C1galt1−/− versus WT tissues over time, with
expression levels discordant with Muc5AC protein in GEC
C1galt1−/− mice at 8 wk of age (Fig. S3 B). This suggested that a
loss of core 1–derived O-glycans impairs gastric mucin synthesis
at a posttranslational level, likely due to impaired intracellular
trafficking and/or defective stability. We also examined ex-
pression of two members of the Trefoil-factor family, Tff1 and
Tff2, which interact with human gastric mucins MUC5AC and
MUC6, respectively (Hoffmann, 2015; Ruchaud-Sparagano et al.,
2004) and play important roles in protection against gastritis
and gastric cancer in mice and humans (Fox et al., 2007;
Lefebvre et al., 1996; Peterson et al., 2010; Soutto et al., 2011);
Tff1, a negative regulator of NF-κB signaling, but not Tff2, was
reduced in GEC C1galt1−/− mice at 8 wk of age (Fig. S3 C). These
results confirm that spontaneous gastritis was closely associated
with aberrant presentation of the mucosal barrier in GEC
C1galt1−/− mice.

Antrum-specific disease in GEC C1galt1−/− mice is associated
with altered gastric acid homeostasis
Gastric mucins protect mucosa from gastric acids (Holmén
Larsson et al., 2013). Previous studies have shown acidic envi-
ronments can activate Casp1 (Rajamäki et al., 2013). We tested
whether blocking acid production ameliorates Casp1 activation
and disease development, starting in mice 4 mo of age (estab-
lished gastritis; Fig. 7 A). We found both long-term and short-
term treatments of omeprazole (OME), an established proton
pump inhibitor, had a considerable ameliorative effect on dis-
ease severity (Fig. 7 B and data not shown). The short-term
treatment also reduced the Casp1 activation in the antrum of
GEC C1galt1−/− mice despite some variations (Fig. 7 C). These
results suggest that the acidic microenvironment contributes to
Casp1-mediated gastric disease in our mouse model. Unexpect-
edly, we discovered that GEC C1galt1−/− mice had a higher gastric
pH (pH ∼4) at baseline, and OME treatment did not significantly
increase GEC C1galt1−/− gastric pH compared with WT litter-
mates (Fig. 7 D). Although these results indicate that core
1 O-glycosylation is essential for gastric acid homeostasis in the
stomach, they suggest a mechanism other than, or in addition to,
inhibiting gastric acid contributes to the OME-mediated de-
crease of inflammasome-dependent GEC C1galt1−/− gastritis. The
precise mechanism of Casp1 activation in GEC C1galt1−/− mice
remains to be studied in the future.

Liu et al. Journal of Experimental Medicine 7

O-glycosylation protects the gastric mucosa https://doi.org/10.1084/jem.20182325

https://doi.org/10.1084/jem.20182325


Tn antigen is not sufficient to promote gastric
epithelial hyperplasia
Exposure of abnormal glycans, such as truncated O-glycans Tn
antigen, is associated with cancer cell development in vitro
(Freitas et al., 2019; Radhakrishnan et al., 2014). We asked
whether antrum epithelial cell–intrinsic defects caused by Tn
exposure contributes to disease development. We tested this by
culturing organoids from stem cell–containing glands isolated

from the antrum of WT versus the inflamed Tn-positive GEC
C1galt1−/− antrum (Miyoshi and Stappenbeck, 2013). The primary
GEC C1galt1−/− organoids grew faster than those from the WT
littermate controls (Fig. S4 A). However, after passage, the
growth rates of WT versus GEC C1galt1−/− organoids were
equalized (Fig. S4 B). These results suggest that gastric epithelial
stem cells derived from inflamed tissue soon lost their increased
proliferative advantage outside an overt inflammatory milieu

Figure 5. The gastric microbiota is dispensable for disease development in GEC C1galt1−/− mice. (A) Abx treatment regimen. (B) FISH using the EUB338
probe on gastric sections of 6-mo-old mice. Dashed line, interface between lumen (lu) and mucosa (m). Scale bars, 20 µm. (C) Representative qPCR for the 16S
ribosomal RNA gene from genomic DNA extracted from stomach contents (mean ± SEM; n = 5 mice/group). (D) H&E of antrum sections. Graphs on right;
gastritis activity index. Scale bars, 50 µm. (E)Western blot analysis of stomach lysates. (F) Densitometry of Casp1 p10 subunit in Western blot (mean ± SEM).
(G) ELISA for IL1β and IL18 in serum. Results are representative of three or four mice per group (mean ± SEM). *, P < 0.05.
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despite Tn expression. Thus, Tn exposure does not appear to be
sufficient to intrinsically alter gastric stem cell activity. This
ex vivo result is supported by in vivo results after OME treat-
ment, which reproducibly reduces inflammation despite per-
sistent expression of Tn antigen in GEC C1galt1−/− gastric antrum
(Fig. S4 C).

Truncated O-glycans and inflammasome activation are
associated with gastritis and gastric cancer in patients
Our results show that O-glycan truncation to Tn antigen due to
loss of C1galt1 activity is a cause of gastritis and gastric cancer by

promoting inflammasome activation in the gastric antrum in
mice. To address the clinical relevance of these findings, we
stained tissue arrays containing a panel of gastric tissues from
healthy, gastritis, or gastric cancer patients with an antibody to
Tn antigen. Our results showed that Tn antigen was exposed in
75% of gastritis tissues (9 of 12), 69.5% of gastric tumor samples
(41 of 59) relative to 40.7% of paired adjacent nontumor samples
(18 of 59) and 16.7% of healthy tissues (1 of 6; Fig. 8, A and B).
Notably, male gastric cancers tended to have a higher frequency
of Tn expression (∼78%) than female (56.5%); the antrum was
the most frequent site of tumors and was associated with the

Figure 6. Spontaneous gastritis in GEC C1galt1−/− mice is associated with dysregulated Muc1 and Muc5AC expression. (A) Representative images of
formalin-fixed stomach regions stained with different markers as indicated. Arrows show the surface mucus layer. Data are representative of 10mice per group
pooled from at least two cohorts (n = 8–10 mice/group for PAS staining, UEA1, and Muc5AC; n = 4 mice/group for Muc1 staining). Scale bars, 25 µm. (B and C)
Quantification of Muc1 and Muc5AC staining (mean ± SD; *, P < 0.05).
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highest Tn expression (Table S1). Furthermore, Tn expression
was correlated with H. pylori infection, inflammation, and pro-
gression of the tumors, but not with age (Table S1).

To examine the role of inflammasome activation in gastric
diseases, we analyzed tissue sections and fresh gastric samples
from gastric cancer patients and healthy controls for CASP1
expression by immunostaining and Western blot analysis. As
shown in Fig. 8 C, CASP1 staining was detected in both cyto-
plasmic and nuclear compartments of gastric epithelial and
stromal cells in patients with gastritis and tumors (Fig. 8 C,
arrow and arrowheads). The nuclear staining is consistent with
a reported finding in other cells (Wang et al., 2016). The ex-
pression level of CASP1 was associated with the degree of in-
flammation, tumor differentiation, progression, and to a lesser
extent with H. pylori infection, but not with gender, age, or tu-
mor location in the stomach (Table S2). Tn and CASP1 expres-
sion levels were correlated (Table S3). With respect to CASP1
activation status in gastric cancer patients, the activated form of
CASP1 p10 was observed in 63.33% of gastric cancer tissue
samples (19 of 30), but not in healthy controls (0 of 6; Fig. 8 D).
Like CASP1 expression, p10 was positively correlated with de-
gree of inflammation, H. pylori infection status, tumor differ-
entiation, and progression (the tumor node metastasis
classification system, TNM) of gastric cancer patients, but not
gender, age, or tumor location (Table S4; P < 0.05). These studies
indicate that O-glycan truncation and activation of the

inflammasome is closely associated with the pathogenesis of
human gastritis and gastric cancer.

Discussion
Aberrant expression of mucin-type O-glycosylation has been
observed in gastric cancer progression (Barresi et al., 2001;
Duarte et al., 2016; Heneghan et al., 1998; Lindén et al., 2008;
Persson et al., 2017), but whether and how truncation of
O-glycosylation contributes to the pathogenesis of this disease is
unclear. In this study, we show that deletion of core 1–derived
O-glycans leads to impaired gastric mucin function and results
in spontaneous inflammation-associated gastritis and gastric
cancer. The disease was largely dependent upon gastric mucosal
inflammasomes, which are activated in a microbiota/
Helicobacter–independent manner likely due to a defective
O-glycan–dependent gastric mucus barrier and altered gastric
acid homeostasis. O-glycan truncation and activation of in-
flammasomes were also observed in gastritis and gastric cancer
patients. Collectively, these results support an important pri-
mary role of defective O-glycosylation in the pathogenesis of
gastritis and gastritis-associated cancer.

In our model, the gene C1GalT1 required for the biosynthesis
of core 1 O-glycans, on which major complex O-glycans are built
(Ju and Cummings, 2002), is deleted, leading to the exposure of
the Tn structure. Based on Tn expression, no other complex

Figure 7. GEC C1galt1−/− exhibit impaired
gastric acid homeostasis associated with
disease that is partly modulated by proton-
pump inhibition. (A) Experimental design
strategy. (B) H&E of antrum sections and his-
tological score. Scale bars, 50 µm. (C) Western
blot analysis of Casp1 activation in antrum in
response to OME treatment (number of mice
with a p10-positive band/total number of mice).
(D) pH measurement after 14 d OME treatment.
Results are representative of two independent
experiments; n = 6–7 mice per group. Data are
mean ± SD. *, P < 0.05; **, P < 0.01.
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O-glycan structures appear to have been synthesized to com-
pensate for the loss of core 1. A previous study shows that α1,4
linked GlcNAc structure (α-GlcNAc) plays a role in glycan-
dependent gastric homeostasis (Karasawa et al., 2012). Func-
tionally, α-GlcNAc can have a direct antimicrobial activity
against the causative agent of gastritis-associated cancer, H.
pylori, by inhibiting synthesis of its cell wall (Kawakubo et al.,
2004). Interestingly, similar to gastric epithelial C1GalT1 defi-
ciency, loss of a4GnT, the glycosyltransferase responsible for
synthesis of α-GlcNAc, also leads to spontaneous gastritis-
associated cancer in mice localized to the pyloric epithelial
cells of the antrum, although this is independent of its effects on
H. pylori (Karasawa et al., 2012). Since loss of C1GalT1 will likely
cause deficiency of α-GlcNAc, it is possible that our phenotype is
linked to deficiency of this glycan. However, important differ-
ences in the pathologies of GEC C1galt1−/− and a4GnT −/− mice
argue for a different mechanism underlying the gastric patho-
genesis in these lines. For example, the disease in a4GnT−/− mice
progresses much more rapidly, with tumors evident by 5 wk of
age (Karasawa et al., 2012), whereas in GEC C1galt1−/− mice, tu-
mors do not develop until after 60 wk (present study). The basis
for these differences is unclear; however, it is notable that there
is a remodeling of the overall O-glycan structures in the absence
of α4GnT (Karasawa et al., 2012), whereas the simple glycan
structure Tn antigen dominates in the absence of C1GalT1. These
differences in O-glycosylation profiles may fundamentally alter

cell-intrinsic functions, for example those of stem cells
(Nishihara, 2018). Further, we observed the effect of C1galt1 loss
impacts the entire gland epithelium, whereas α4GnT deficiency
impacts the deep gland (where Muc6 is expressed; Karasawa
et al., 2012). Therefore, it is likely the lack of complex
O-glycosylation due to core 1 O-glycan loss is affecting events at
the mucosal surface (where Muc5AC is expressed). Importantly,
both glycan truncation and alterations such as αGlcNAc defi-
ciency are reported in gastric cancer (David et al., 1992; Duarte
et al., 2016; Li et al., 2018; Mereiter et al., 2018; Springer, 1984;
Werther et al., 1994), highlighting the diverse means by which
O-glycans and their alterations contribute to gastric homeostasis
and disease.

Our results show gastritis and gastric cancer wasmediated by
mucosal inflammasomes. This is similar to the colon, where
Casp1-depedent inflammasomes promote colitis-associated
cancer in the absence of core 1– and 3–derived O-glycans
(Bergstrom et al., 2016). Inflammasomes, via their substrates
like IL1β and IL18, have been implicated in the progression of
gastritis and gastritis-associated cancer (Hitzler et al., 2012;
Kameoka et al., 2016; Koch and Müller, 2015; Ng et al., 2016;
Pachathundikandi et al., 2016). This is usually in the context of
chronic infection by the Helicobacter species, which are thought
to drive gastritis through the NLRP3 inflammasome (Koch and
Müller, 2015). Whether Helicobacter species are involved in our
model is unclear; however, our broad-spectrum Abx treatment

Figure 8. Truncated O-glycans and inflammasome activation are associated with gastritis and gastric cancer in human patients. (A) IHC for Tn-
antigen in human gastric tissue sections. Scale bars, 50 µm (upper panel) and 20 µm (inset). (B) IHC for Casp1 in human gastric tissue sections. Arrows indicate
cytoplasmic staining, and arrowheads indicate nuclear staining. (C) Frequency of low versus high Tn expression status (defined in Materials and methods) in
tissue in relation to disease status. (D) Western blot analysis of CASP1 expression in human gastric cancer tissue samples. Each lane represents one gastric
cancer tissue sample. Exp., exposure.
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argues against, but does not rule out, this scenario. Interestingly,
the Helicobacter-independent gastric disease in αGlcNAc-
deficient mice is associated with excessive IL1β, implicating
inflammasome activity as a potential driving force for patho-
genesis in αGlcNAc-deficient mice (Karasawa et al., 2012) and
suggesting that O-glycans in general protect against idiopathic
gastritis driven by this pathway. In some cases, inflammasome
signaling can have a regulatory effect on gastritis and ensuing
neoplasia, dependent on its downstream effectors such as IL1β,
which drives the disease, or IL18, which is thought to ameliorate
it (Hitzler et al., 2012). Both inflammasome substrates are in-
duced in our model, and it is likely IL1β is the driver in our
context based on the disease severity.

It is notable that the antrum, the major site of disease in our
model, is also a primary region for H. pylori–induced gastritis
and gastric cancer in humans (Marshall, 1995). Although our
model appears to be independent of Helicobacter species, the one
unifying factor in both settings is the pathological role of hy-
peractive inflammasome signaling (Hitzler et al., 2012; Kameoka
et al., 2016; Koch and Müller, 2015; Ng et al., 2016;
Pachathundikandi et al., 2016), along with O-glycan truncation,
as described in the present study. One insight into why the
antrum is susceptible to gastritis may be linked to our finding
that the relative expression of Casp1 and its overall activation
was markedly less in the corpus than the antrum of mice (re-
gardless of core 1 O-glycosylation status). Whether this is true in
humans has yet to be determined.

The primary defect of the antrum of GEC C1galt1−/− mice is
dysregulated expression of Muc5AC and Muc1. At baseline, the
gastric mucosa contains mostly neutral glycans (Duarte et al.,
2016). Unexpectedly, Muc5AC protein expression is nearly
abolished in the gastric tissues of GEC C1galt1−/−mice, whichmay
be due to abnormal intracellular trafficking and/or degradation
in the absence of normal O-glycosylation. This is different from
that in the colon, where Muc2, the principal gel-forming mucin
of the colon, is still abundant in goblet cells but is lost in the
lumen due to rapid degradation of O-glycan–deficient Muc2 by
the microbiota (Bergstrom et al., 2017). The membrane-bound
Muc1 expression seemed to increase on the antrum surface of
GEC C1galt1−/− mice relative to controls. Muc1 plays many pro-
tective roles during gastritis and Helicobacter infection (Balmaña
et al., 2018; Lindén et al., 2009; McGuckin et al., 2007; Ng et al.,
2016), but these functions are likely impaired by O-glycan de-
fects. Taken together, defective expression and/or function of
key mucins Muc5AC and Muc1 contribute to the impaired bar-
rier of the gastric mucosa, likely positively influencing gastric
inflammation and tumor development.

Gastric acid has a potent ability to damage host and microbial
cells. The mucus layer covering gastric mucosa is important in
the preservation of gastric homeostasis in the presence of acids.
There is a pH gradient in the mucus; a low pH (pH 1–2) exists at
the luminal side of the mucus, while a neutral pH (pH 6–7) exists
at the basal side toward the epithelial surface due to bicarbonate
production by gastric epithelia (Schade et al., 1994). Secreted
acid from parietal cells is transported through channel-like
structures within the mucus. These channels are likely gener-
ated by high intraglandular pressures forcing acid through the

mucus gel toward the lumen of the stomach (Johansson et al.,
2000). Acid does not move back through the channels, likely due
to factors such as differences in luminal versus glandular pres-
sures (Bhaskar et al., 1991, 1992; Johansson et al., 2000). Ulti-
mately, a steep pH gradient through the mucus is maintained
(Phillipson et al., 2002; Schade et al., 1994). Interestingly, the
basal gastric pH of GEC C1galt1−/− mice was pH ∼4–5, which is
higher than that of WT mice. This unexpected result supports
that the diffusion barrier capacity of the O-glycan–rich mucus
was disrupted, either directly, through loss of the mucus-
gel–forming mucin Muc5AC on the antrum surface, or indi-
rectly, by affecting corpus parietal cell functions. This result
highlights the importance of O-glycosylation in preservation of
gastric homeostasis.

One caveat of our study is that our TKO lines are lacking both
Casp1 and Casp11 due to a loss-of-function passenger mutation in
the Casp11-encoding Casp4 gene on the Casp1−/− knockout back-
ground (Kayagaki et al., 2011); therefore, it is unclear which of
these inflammatory caspases are contributing to the disease. The
strong Casp1 expression in epithelium in the present study, even
in carcinoma, suggests at least Casp1 is an important driver.
Crossing Foxa3-Cre with mice harboring both floxed C1galt1 and
Casp1 alleles will determine this more conclusively in the future.
Regardless, our data suggest that gastric inflammasomes are a
therapeutic target for the treatment of gastritis.

Although aberrant glycosylation, including loss of complex
O-glycans, occurs in patients with gastric cancer (Fu et al., 2016;
Mereiter et al., 2018), its exposure level in human gastritis re-
mains unclear. It was shown that Tn-antigen exposure did not
change relative to disease status in a patient cohort, being lim-
ited to the supranuclear (Golgi-localized region; Barresi et al.,
2001). Our results show that Tn is expressed in stomach tissues
of patients with gastric cancer based on a reliable anti-Tn
monoclonal antibody BaGs6 (Sun et al., 2018). Although our
results do not support that the Tn exposure itself is sufficient to
cause tumor development, our findings in various mousemodels
do demonstrate that O-glycan defects cause gastritis and
gastritis-associated cancer and link it directly to inflammasome
activation in mice and people. Interestingly, although our pop-
ulation size was relatively small and limited to a single ethnic
population (Chinese), we found higher incidence of gastric
cancer in male versus female cohorts. This interesting obser-
vation is of relevance, since COSMC, a molecule chaperone es-
sential for C1GalT1 activity (Wang et al., 2010), is X linked. Cosmc
mutations have been found in many types of human ad-
enocarcinomas. Future studies to detect Cosmc mutation status
in gastric cancer patient samples would be important to deter-
mine the mechanistic relationship between X-linked glycosyla-
tion pathways such as core 1 O-glycosylation and susceptibility
of gastric diseases.

In conclusion, our results emphasize the essential role of
gastric mucin-type O-glycosylation in gastric homeostasis and
protection from chronic gastritis-associated cancer. Our results
also suggest that inhibition of key inflammatory pathways me-
diated by inflammasome activation (Casp1 dependent) may re-
duce the incidence of carcinogenesis in patients with gastritis.
Targeting either aberrant gastric mucin-type O-glycosylation or
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mucosal inflammasomes may serve as potential therapeutics in
human gastric cancer in the future.

Materials and methods
Generation of mice
Mice lacking gastric core 1–derived O-glycans (C1galt1f/f;Foxa3Cre
or GEC C1galt1−/−) were generated by breeding C1galt1f/f mice
with Foxa3Cre transgenic mice. GEC C1galt1−/− mice were
crossed withmice lacking both Casp1 and Casp11 (Casp1/Casp4del)
to generate mice lacking canonical and noncanonical in-
flammasomes (TKO). All mice were from a mixed B6/129 or B6/
129/NOD background. WT littermates were used as controls.
Male and female mice were used throughout the study. Mice
were housed in a specific pathogen–free barrier facility and
fed standard chow (PicoLab Rodent Diet 20; LabDiet). All
animal studies were approved by the Institutional Animal
Care and Use Committee of the Oklahoma Medical Research
Foundation.

Histology
For histology, stomach tissues were harvested from mice and
fixed with 10% neutral-buffered formalin or in Carnoy’s fixative
(60% methanol, 30% chloroform, and 10% acetic acid) before
paraffin embedding. Paraffin-embedded sections (5 µm) were
stained with H&E or PAS. Images were taken with a Nikon
Eclipse E600 microscope equipped with a Nikon DS-2Mv cam-
era with 20× (NA 0.75) and 40× (NA 0.75) objectives using the
software NIS Freeware 2.10 (all from Nikon Instruments). His-
tological scoring at each stage of disease (gastritis, dysplasia, and
carcinoma) was performed according to a previously established
system (Rodgers, 2012). A summary of the parameters is pro-
vided in Table S5.

Immunostaining
Immunofluorescence (IF) staining was performed as described
previously (Bergstrom et al., 2016). Briefly, 5-µm-thick formalin
or Carnoy’s-fixed paraffin-embedded sections were deparaffi-
nized and rehydrated. Where required, antigen retrieval was
performed by heating sections between 95°C and 100°C for
23 min in Antigen Unmasking Solution (H-3300; Vector Labo-
ratories). Blocking of nonspecific antibody binding was per-
formed using serum-free protein block (008120, 10 min, room
temperature; Life Technologies). For biotinylated primary an-
tibodies, streptavidin/biotin blocking (SP-2002; Vector Labora-
tories) was performed before nonspecific antibody block.
Following blocking, sections were incubated with primary an-
tibody in a humidified chamber overnight at 4°C or 2 h at am-
bient temperature. After washing, the sections were incubated
with a fluorochrome-conjugated secondary antibody (8 µg/ml)
or streptavidin (5 µg/ml) for 1 h in the dark at room tempera-
ture. The primary antibodies used were biotin-conjugated
mouse anti-Muc5AC (1:100, MA5-12175; Thermo Fisher Scien-
tific), rabbit anti-myeloperoxidase (5 mg/ml, PA5-16672;
Thermo Fisher Scientific), rat anti-F4/80 (5 mg/ml, clone C1:A3-
1; Bio-Rad), rabbit anti-Ki67 (1:100, RM-9106-S0; Thermo Fisher
Scientific), rabbit anti-γH2A.X (1:100, #9718; Cell Signaling

Technologies), and rabbit anti-Casp1 (1:200, ab108362; Abcam)
in a humidified chamber overnight at 4°C or 2 h at ambient
temperature. Detection reagents were DyLight 488–labeled
streptavidin (5 µg/ml, #21832; Thermo Fisher Scientific), Alexa
Fluor 488–labeled goat anti-rat IgG (1:50, #111-545-003; Jackson
ImmunoResearch Laboratories), and Alexa Fluor 594–labeled
goat anti-rabbit IgG (5 µg/ml, #111-585-003; Jackson Im-
munoResearch Laboratories). Sections were counterstained
with 25 ng/ml 4,6-diamidino-2-phenylindole andmounted using
PermaFluor antifade (Thermo Fisher Scientific). For epifluor-
escence imaging, specimens were analyzed by a Nikon Eclipse
80i microscope equipped with a Nikon DS-Qi1MC camera with
20× (NA 0.5) and 40× (NA 0.75) objectives operating through
NIS Elements AR software (version 3.0). Tn-antigen staining
was performed by IHC staining using the BaGs6 monoclonal
antibody (1:125, clone Ca3638; Wang et al., 2010). Species-
specific, isotype control IgG or nonprimary antibody–treated
sections were used for negative controls.

Enumeration of immunostaining
For each section, three to five different high-powered micro-
scopic fields (×40) were chosen randomly to count MPO+ cells in
gastric mucosa. For proliferation analysis, immunostaining for
Ki-67 was performed, and the average number of Ki-67+ cells per
high-power field was determined for each mouse, followed by
calculation of the mean of these averages among all mice in each
respective experimental group. An identical approach with
γH2A.X staining was used to assess DNA damage. All the enu-
meration was performed under blinded conditions using ImageJ
software (version 1.51).

Protein extraction and Western blot
Protein extraction from gastric tissues was performed as de-
scribed for intestinal tissues (Bergstrom et al., 2016). Briefly,
∼0.5 cm2 mouse antrum or human gastric tissue was placed in
radioimmunoprecipitation assay buffer with protease in-
hibitors, lysed by bead milling, cleared by centrifugation, and
quantified by the Bio-Rad Dc Protein Assay. 20–50 µg protein
was used for 15% SDS-PAGE under denaturing conditions and
transferred to a polyvinylidene difluoride membrane (20 V,
45 min; Thermo Fisher Scientific) using a Transblot SD Semidry
Transfer Cell (Bio-Rad). Membranes were blocked with 5% skim
milk in TBST (Tris-buffered saline with 0.05% Tween 20) and
incubated with primary antibody overnight at 4°C or 2 h at
ambient temp in TBST with 5% skim milk. Detection was per-
formed with HRP-conjugated goat anti-rabbit IgG (0.2 µg/ml) or
anti-mouse IgG (0.2 µg/ml), followed by chemiluminescence
(SuperSignal West Pico Chemiluminescent Substrate kit;
Thermo Fisher Scientific), and imaged using the SynGene G:Box
gel doc system (Syngene) or via film. Primary antibodies were
rabbit anti-Casp1 p10 (1:1,000; ab108362; Abcam), mouse anti-
NOS2 (C-11; 1:1,000; sc-7271; Santa Cruz), and rabbit anti-ASC (1:
2,000; sc-22514R; Santa Cruz). Rabbit anti-GAPDH (1:5,000; sc-
25778; Santa Cruz) was used as a loading control on blots
stripped with ReBlot (G-Biosciences). Densitometry of the
Casp1 p10 was performed as previously described (Bergstrom
et al., 2016).

Liu et al. Journal of Experimental Medicine 13

O-glycosylation protects the gastric mucosa https://doi.org/10.1084/jem.20182325

https://doi.org/10.1084/jem.20182325


Nucleic acid extraction and qPCR
Total RNA was extracted from mouse tissue as previously de-
scribed for intestinal tissues (Bergstrom et al., 2016). Briefly,
total RNA was extracted from antrum tissues using the RNeasy
kit (Qiagen) and reverse transcribed using the Omniscript
Reverse-Transcription kit (Qiagen) according to the manu-
facturer’s protocols. Stomach gDNA was isolated using the Qia-
gen Stool Mini Kit. qPCR was performed using 2× iQ MasterMix
and a CFX-96 system (Bio-Rad). Primer sequences are previously
published (Bergstrom et al., 2016). Helicobacter-specific primer
sequences were obtained from (Feng et al., 2005). Expression
analysis was performed using the Bio-Rad CFX manager 3.0
(using the ΔCt method for normalized expression, and ΔΔCt for
relative normalized expression). All relative normalized ex-
pression data used 18S ribosomal RNA messenger RNA or (Hprt)
hypoxanthine guanine phosphoribosyltransferase messenger
RNA as internal controls, each providing similar results. Primer
sequences are listed in Table S6.

Abx treatment and bacterial analysis
Abx treatment was performed as previously described (Gao
et al., 2016) for indicated times (see Results). Briefly, 4-wk-old
mice were given filter-sterilized (0.22 µm) tap water supple-
mented with ampicillin (1 g/liter), vancomycin (500 mg/liter),
neomycin sulfate (1 g/liter), metronidazole (1 g/liter), and su-
crose (1 g/liter). Control mice were given drinking water sup-
plemented with 1 g/liter sucrose. All Abxs were purchased from
MP Biochemicals except metronidazole (Sigma-Aldrich). Abx
effectiveness was determined through qPCR for the universal
region of the gene encoding 16S rRNA on gDNA extracted from
stomach contents and feces. Primer sequences are listed in
Table S7.

FISH
For FISH, food-containing stomach sections fixed with Carnoy’s
fixative were incubated with Texas red–conjugated universal
bacterial probe EUB338 (59-GCTGCCTCCCGTAGGAGT-39; bp
337–354 in bacterial EU622773) or with a nonspecific probe
(NON338; 59-ACTCCTACGGGAGGCAGC-39) as a negative control
(both from Eurofins MWG Operon) in hybridization buffer (20
mmol/liter Tris-HCl, pH 7.4, 0.9mol/liter NaCl, and 0.1% sodium
dodecyl sulfate) at 37°C overnight. The sections were rinsed in
wash buffer (20 mmol/liter Tris-HCl, pH 7.4, and 0.9 mol/liter
NaCl) at 37°C for 15 min. Sections were counterstained and
imaged as described above.

Organ culture and ELISA
Longitudinally open stomachs were washed in sterile PBS, and
0.5 × 0.5-cm gastric antrum tissues (same region in all mice)
were cut into three or four pieces and placed in 1 ml RPMI
containing 1% penicillin/streptomycin/glutamate and placed in a
humidified incubator (37°C, 5% CO2) for 24 h. Supernatants were
collected, spun at 10,000 rpm for 2 min to remove debris, and
supernatant was collected and supplemented with Halt protease
inhibitors (1×) and then stored at −80°C until further use. Re-
maining tissues were taken, blotted dry, and weighed. A total of
100 µl supernatant was analyzed by ELISA using the IL18 ELISA

(MBL) and IL1β ELISA (#88-7013; Invitrogen) kits, each ac-
cording to the manufacturer’s instructions. Absolute values
were determined from standards, and final values were obtained
after normalizing to tissue weight.

Patient sample analysis
Informed consent was obtained according to a patient study
approved by the Institutional Review Board and Ethics Com-
mittee of the First Affiliated Hospital of Soochow University
(Suzhou, China). De-identified postoperation fresh tissue sam-
ples of human gastric cancer patients and healthy stomach tissue
samples were obtained from the Department of General Surgery
of the First Affiliated Hospital of Soochow University. All pa-
tients had accurate pathology diagnosis and underwent surgery
without chemotherapy or radiotherapy before operation. Infor-
mation regarding the 30 human gastric cancer patients is described
in Table S1. Tissues lysates were prepared as described above.

Tissue microarray chips containing 6 normal gastric tissue
samples, 12 gastritis tissue samples, 29 pairs of gastric cancer
tissue samples matched to their adjacent nontumor stomach
tissue samples, 14 metastatic lymph nodes, 11 distant metastatic
organs, and the associated clinicopathological information were
purchased from Shanghai OUTDO Biotech. IHC of Tn and Casp1
were performed using biotinylated anti-Tn and anti-Casp1
(HPA003056; Sigma-Aldrich) antibody, respectively, as de-
scribed above. The total score (values 0–12) of protein expres-
sion was calculated by multiplying the percentage of
immunopositive areas (0–25% = 1, 26–50% = 2, 51–75% = 3, >75%
= 4) and immunostaining intensity (negative = 0, weak = 1,
moderate = 2, or strong = 3). A score ≥6 defined high expression,
while a score <6 defined low expression.

OME treatment
For long-term studies, WT and GEC C1galt1−/− mice (∼2 mo, lit-
termate pairs) mice were given 0.02% wt/wt OME in a base diet
identical to control mice (TestDiet 5WRM, #1818774–203; Saqui-
Salces et al., 2017) and i.p. injection of OME (#73590-58-6; Cayman
Chemical) in dimethylformamide at a concentration of 20 mg/ml
diluted 1:9 with sterile PBS (final concentration, 2 mg/ml,
20 mg/kg for injection). For short-term studies, WT and GEC
C1galt1−/− mice (4 mo old; littermate pairs were analyzed) were
administrated with OME or vehicle by i.p. and gavage. For gavage,
OME was suspended directly into sunflower oil (20 mg/kg).

Measurement of murine gastric acid pH
WT and GEC C1galt1−/− mice treated by OME or vehicle were i.p.
injected with OME (20 mg/kg) before the start of the experi-
ment. At predetermined times, mice were euthanized, and
stomachs were excised and cut open longitudinally. Luminal
contents were collected carefully into 1.5-ml tubes from the
corpus and antrum and centrifuged at 15,000 rpm for 5 min.
After centrifugation, the pH of the supernatant (10–20 µl) was
immediately measured using an Orion 9863BN Micro pH elec-
trode (Thermo Fisher Scientific). Care was taken during pH
measurement to fully immerse the pH probe in the liquid con-
tents. pH standards were used for calibration in small volumes
(10–20 µl) to confirm accuracy of readings.
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Organoid culture
Antral pits were isolated and cultured using an established
method (Miyoshi and Stappenbeck, 2013; Yi et al., 2019). Briefly,
isolated pits were embedded in Matrigel on ice and seeded in a
24-well plate. 500 µl culture medium was added, and organoids
were cultured at 37°C in cell culture incubator. At day 4, orga-
noids were passaged at 1:3 dilution and cultured at 37°C in a
standard incubator (humidified, 5% CO2). Images of organoids
were taken using EVOS Cell Imaging System (Thermo Fisher
Scientific) with a 20× objective at various time points.

Statistics
All experiments were repeated at least two times. Unless spec-
ified, all quantitative data were presented as mean ± SEM.
Student’s t test was used to assess the statistical significance of
differences between two groups. One-way ANOVA followed by
the Bonferroni post-test was used to analyze the significance of
differences among three or more groups. The Fisher’s exact test
was used to determine the significance of differences in the
percentage of incidence among groups. For quantitative analysis
of antigen expression in tissue arrays, all statistical analysis was
performed by SPSS 20.0 software. The association between Tn
or Casp1 expression and the clinicopathological factors was es-
timated using the Fisher’s exact or likelihood ratio χ2 test. The
correlation between Tn and Casp1 expression was analyzed us-
ing the McNemar χ2 test. P value < 0.05 was considered to be
significant. Data were plotted and analyzed using GraphPad
Prism version 5.0 (GraphPad).

Online supplemental material
Fig. S1 shows gastric disease development beginning in neonatal
mice and characterizes spontaneous gastric carcinoma in aged
mice. Fig. S2 describes further analysis of gastric pathology in
the context of inflammasome deficiency. Fig. S3 shows the effect
of Abxs on Helicobacter species and further characterization of
mucin and trefoil family gene expression and the effect of Abx or
genetic intervention on mucin expression. Fig. S4 compares
growth of gastric antrum organoids from WT versus GEC
C1galt1−/− mice and Tn staining patterns before and after proton
pump inhibition. Table S1 describes the association between Tn
expression and clinicopathological characteristics in human
gastric cancer patients. Table S2 describes the association be-
tween Casp1 expression and clinicopathological characteristics
in human gastric cancer patients. Table S3 shows statistical
analysis of IHC staining for Tn and Casp1 in a human gastric
cancer tissue microarray. Table S4 describes the relationship
between Casp1 p10 expression and clinical characteristics of
human gastric cancer patients. Table S5 describes the parame-
ters for histological scoring of gastric disease. Table S6 sum-
marizes the primer sequences for mouse tissue cytokine studies.
Table S7 summarizes the primer sequences for bacterial studies.
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Figure S1. GEC C1galt1−/− mice develop spontaneous gastritis at an early age and gastric cancer at age 18 mo. (A) Representative images of IF-stained
WT and GEC C1galt1−/− stomach sections. (B) H&E staining of corpus and antrum. (C) Representative gross morphology of murine stomach (n = 4–5 mice/
group). Scale bars, 1 cm. a, antrum; c, corpus; d, duodenum; f, forestomach. (D) H&E staining of stomach sections. Inset: Magnified portion of boxed region in
left image. Scale bars, 200 µm (tiling images); 50 µm (inset). (E) Representative gross morphology of murine stomach (n = 4–5 mice/group). Arrow shows a
large antral tumor. Scale bars, 1 cm (gross morphology); 200 µm (tiling images); 50 µm (left inset); 25 µm (right inset). (F) H&E staining of antrum. Inset:
Magnified image of boxed region. Scale bars, 100 µm.
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Figure S2. Characterization of gastric pathology in inflammasome-deficient GEC C1galt1−/− mice. (A) Representative images of IF staining on antrum
tissues. (B) IHC for Tn antigen (brown). (C and D) IF staining for Ki-67 (C) and γ-H2A.X (D). Scale bars, 50 µm. (E) Western blot for inducible nitric oxide
synthase (iNOS) in gastric antrum tissues. Scale bars, 50 µm. (F) Western blot for Casp1 expression and activation status in different stomach regions.
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Figure S3. Helicobacter species detection and muc5ac and related gene expression in gastric tissues and their relationship to microbiota and in-
flammation in situ. (A) qPCR using Helicobacter species–specific primers on stomach gDNA. BD, below detection. (B) qPCR analysis of gastric antrum tissues
at various time points. (C) qPCR analysis as in A, but in 8-wk-old mice only. (D) IF staining of gastric antrum sections of 8-wk-old mice. Data are representative
of four mice per group (mean ± SD). *, P < 0.05.
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Figure S4. Effect of C1GalT1 loss on growth of primary antrum epithelial cells. (A) Representative antrum gland–derived organoids at successive days
after culture. Graph shows measurement or gastric spheroid diameter (mean ± SD). *, P < 0.05. (B) Same as A, but analyzed after the first passage (P1). Results
are representative of two independent experiments (mean ± SD). *, P < 0.05. (C) IHC staining of WT and GEC C1galt1−/− antrum with anti-Tn. Brown, positive
staining. Scale bars, 50 µm.
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Table S1. Association between Tn expression and clinicopathological
characteristics in humans

Characteristics n Tn expression P value

Low (%) High (%)

Total 29 6 (20.7) 23 (79.3)

Gender

Male 18 3 (16.7) 15 (83.3) 0.646

Female 11 3 (27.3) 8 (72.7)

Age (yr)

<60 15 2 (13.3) 13 (86.7) 0.390

≥60 14 4 (28.6) 10 (71.4)

Histological type

Adenocarcinoma 16 3 (18.8) 13 (81.2) 0.502

Tubular adenocarcinoma 2 1 (50.0) 1 (50.0)

Mucinous adenocarcinoma 3 0 (0.0) 3 (100.0)

Signet ring cell adenocarcinoma 8 2 (25.0) 6 (75.0)

Tumor diameter

<5 cm 15 5 (33.3) 10 (66.7) 0.169

≥5 cm 14 1 (7.1) 13 (92.9)

Tumor location

Cardia 4 1 (25.0) 3 (75.0) 0.758

Fundus 2 1 (50.0) 1 (50.0)

Body 6 1 (16.7) 5 (83.3)

Antrum 15 3 (20.0) 12 (80.0)

Whole stomach 2 0 (0.0) 2 (100.0)

Degree of inflammation

Low 5 3 (60.0) 2 (40.0) 0.046

High 24 3 (12.5) 21 (87.5)

H. pylori infection status

Yes 23 3 (13.0) 20 (87.0) 0.083

No 6 3 (50.0) 3 (50.0)

Tumor differentiation

Well/moderately 12 4 (33.3) 8 (66.7) 0.198

Poorly 17 2 (11.8) 15 (88.2)

TNM stage

I or II 14 6 (42.9) 8 (57.1) 0.006

III or IV 15 0 (0.0) 15 (100.0)
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Table S2. Association between Casp1 expression and
clinicopathological characteristics in human gastric cancer patients

Characteristics n Casp1 expression P value

Low (%) High (%)

Total 29 12 (41.4) 17 (58.6)

Gender

Male 18 7 (38.9) 11 (61.1) 1.000

Female 11 5 (45.5) 6 (54.5)

Age (yr)

<65 15 8 (53.3) 7 (46.7) 0.264

≥65 14 4 (28.6) 10 (71.4)

Histological type

Adenocarcinoma 16 6 (37.5) 10 (62.5) 0.804

Tubular adenocarcinoma 2 1 (50.0) 1 (50.0)

Mucinous adenocarcinoma 3 2 (66.7) 1 (33.3)

Signet ring cell adenocarcinoma 8 3 (37.5) 5 (62.5)

Tumor diameter

<5 cm 15 7 (46.7) 8 (53.3) 0.710

≥5 cm 14 5 (35.7) 9 (64.3)

Tumor location

Cardia 4 1 (25.0) 3 (75.0) 0.941

Fundus 2 1 (50.0) 1 (50.0)

Body 6 3 (50.0) 3 (50.0)

Antrum 15 6 (40.0) 9 (60.0)

Whole stomach 2 1 (50.0) 1 (50.0)

Degree of inflammation

Low 5 5 (100.0) 0 (0.0) 0.007

High 24 7 (29.2) 17 (70.8)

H. pylori infection status

Yes 23 7 (30.4) 16 (69.6) 0.056

No 6 5 (83.3) 1 (16.7)

Tumor differentiation

Well/moderately 12 8 (66.7) 4 (33.3) 0.029

Poorly 17 4 (23.5) 13 (76.5)

TNM stage

I or II 14 9 (64.3) 5 (35.7) 0.025

III or IV 15 3 (20.0) 12 (80.0)

Table S3. Statistical analysis of IHC staining for Tn and Casp1 in a
human gastric cancer tissue microarray

Tn expression

Casp1 expression Low (%) High (%) Total

Low (%) 6 (50.0) 6 (50.0) 12

High (%) 0 (0.0) 17 (100.0) 17

Total 6 23 29

P = 0.031.
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Table S4. Relationship between Casp1 p10 expression and clinical
characteristics of human gastric cancer patients

Characteristics No. of
patients
(total = 30)

Casp1 p10 expression P
valueNegative

(n = 11)
Positive
(n = 19)

Age (yr)

<65 12 6 6 0.266

≥65 18 5 13

Gender

Male 15 3 12 0.128

Female 15 8 7

Histological type

Adenocarcinoma 18 7 11 0.955

Tubular
adenocarcinoma

5 2 3

Mucinous
adenocarcinoma

3 1 2

Signet ring cell
adenocarcinoma

4 1 3

Tumor diameter

<5 cm 16 5 11 0.707

≥5 cm 14 6 8

Tumor location

Cardia 6 2 4 0.787

Fundus 2 1 1

Body 5 3 2

Antrum 14 4 10

Whole stomach 3 1 2

Degree of inflammation

Low 6 5 1 0.016

High 24 6 18

H. pylori infection status

Yes 25 7 18 0.047

No 5 4 1

Tumor differentiation

Well/moderately 13 3 10 0.259

Poorly 17 8 9

TNM stage

I or II 11 7 4 0.047

III or IV 19 4 15
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Table S5. Parameters for histological scoring of gastric disease

Parameter 1 2 3 4

Inflammation Multifocal aggregates of
mononuclear ±
polymorphonuclear leukocytes
(arrows)

Coalescing aggregates of
inflammatory cells in
submucosa ± mucosa
(mononuclear predominat)

Organizing nodules of lymphocytes
and other inflammatory cells in
submucosa ± mucosa

Follicles and/or sheets of
inflammatory cells extending into
or through muscularis ± adventitia

Epithelial
defects

Tattered epithelial surface;
occasional dilated glands with
sloughed apoptotic cells

Distinctly attenuated surface
epithelium; numerous ectatic
glands and necrotic cells and
debris

Inapparent surface epithelial lining;
few if any recognizable gastric pits

Mucosal erosions with multifocal
collapse and fibrosis; surface lined
by fibrin and/or inflammatory cell
debris

Hyperplasia Moderate elongation of gastric pits Surface-type epithelium
increased at least two times
the normal length; some loss
of oxyntic glands

Three times or more elongation of
surface-type epithelium with
significant loss of zymogenic glands

Four times or more elongation of
surface-type or dysplastic
epithelium; complete loss of
function mucosa

Dysplasia Multifocal dysplastic glands
characterized by elongation,
altered shapes, back-to-back
forms, etc.

Coalescing dysplasia with
glandular ectasia, branching,
infolding, cell piling up, globoid
cells, etc.

Gastric intraepithelial neoplasia;
loss of normal architecture and
columnar orientation; atypical
hyperchromatic cells

Invasive adenocarcinoma
extending into submucosa, vessels,
lymphatics, and/or deeper layers

Adapted from Rogers, A.B. Histological scoring of gastritis and gastric cancer in mouse models. In Helicobacter Species: Methods and Protocols, Methods in
Molecular Biology, vol. 921. J. Houghton, ed. Humana Press, Totowa, New Jersey. Table S4 is reprinted with permission from Humana Press.

Table S6. Primers for cytokine analysis

Gene Forward primer (59 to 39) Reverse primer (59 to 39)

il6 GAGGATACCACTCCCAACAGACC AAGTGCATCATCGTTGTTCAT

il17a TCAAAGCTCAGCGTGTCCAA TCTTCATTGCGGTGGAGAGTC

tnf CATCTTCTCAAAATTCGAGTGACAA TGGGAGTAGACAAGGTACAACCC

cxcl1 AACCGAAGTCATAGCCACAC GTTGGATTTGTCACTGTTCAGC

muc5ac TGGTTTGACACTGACTTCCC TCCTCTCGGTGACAGAGTCT

tff1 CAAGGTGATCTGTGTCCTGC CATGATACATGTTTCCTGGG

tff2 CTGACACCCCACAACAGAAA TCCGATTCTTGGTTTGGAAGT

hprt1 TCGTGATTAGCGATGATGAA AGTCTTTCAGTCCTGTCCAT

Table S7. Primers for bacterial analysis

Gene Forward primer (59 to 39) Reverse primer (59 to 39)

16s CCATGAAGTCGGAATCGCTAG ACTCCCATGGTGTGACGG

Helicobacter genus TATGACGGGTATCCGGC ATTCCACCTACCTCTCCA

Helicobacter rodentium TTGTGAAATGGAGCAAATCTTAAAAACT TTGTGAAATGGAGCAAATCTTAAAAACT

Helicobacter typhlonius TTGTGAAATGGAGCAAATCTTAAAAACT TTGTGAAATGGAGCAAATCTTAAAAACT

Helicobacter bilis TTGTGAAATGGAGCAAATCTTAAAAACT CTATGCAAGTTGTGCGTTAAGCAT

Helicobacter hepaticus TTGTGAAATGGAGCAAATCTTAAAAACT TTGTGAAATGGAGCAAATCTTAAAAACT
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