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Gastric intestinal metaplasia (GIM) represents a precancerous stage characterized by morphological and pathophysiological
changes in the gastric mucosa, where gastric epithelial cells transform into a phenotype resembling that of intestinal cells. Previous
studies have demonstrated that the intragastric administration of N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) induces both
gastric carcinoma and intestinal metaplasia in mice. Here, we show that MNNG induces GIM in three-dimensional (3D) mouse
organoids. Our histological analyses reveal that MNNG-induced gastric organoids undergo classical morphological alterations,
exhibiting a distinct up-regulation of CDX2 and MUC2, along with a down-regulation of ATP4B and MUCé6. Importantly, metaplastic
cells observed in MNNG-treated organoids originate from MIST1+ cells, indicating their gastric chief cell lineage. Functional
analyses show that activation of the RAS signaling pathway drives MNNG-induced metaplasia in 3D organoids, mirroring the
characteristics observed in human GIM. Consequently, modeling intestinal metaplasia using 3D organoids offers valuable insights
into the molecular mechanisms and spatiotemporal dynamics of the gastric epithelial lineage during the development of intestinal
metaplasia within the gastric mucosa. We conclude that the MNNG-induced metaplasia model utilizing 3D organoids provides a
robust platform for developing preventive and therapeutic strategies to mitigate the risk of gastric cancer before precancerous

lesions occur.

Keywords: gastric organoids, MNNG, intestinal metaplasia, trans-differentiation, precancerous lesion

Introduction

With over 1 million new cases each year, gastric cancer is
ranked as the fifth most commonly diagnosed malignancy world-
wide, and is a significant global health concern (Bray et al.,
2018). In 2018, it was reported to be the third most com-
mon cause of cancer-related deaths, accounting for 784000
deaths worldwide (Smyth et al., 2020). The risk of gastric cancer
involves interactions among Helicobacter pylori strain-specific
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virulence factors, patient genotype, and environmental factors
(Zhuo et al., 2019).

Perturbation of gastric acid secretion is an acute and chronic
outcome of H. pylori infection that promotes gastric carcino-
genesis (Wang et al., 2008; Yao and Smolka, 2019). The most
common form of gastric cancer, the intestinal-type, is derived
from chronic inflammation that progresses sequentially through
several stages of pathological transformation, initially involv-
ing gland loss or atrophic gastritis and subsequently intesti-
nal metaplasia, dysplasia, and adenocarcinoma (Correa, 1992).
Gastric intestinal metaplasia (GIM), an established precursor
lesion indicating increased susceptibility to gastric cancer, is
characterized by the replacement of normal gastric mucosa with
glands exhibiting an intestinal morphology (Correa et al., 2010),
and has been shown to occur as a consequence of metaplastic
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trans-differentiation of chief cells into intestinal-like glandular
structures (Mills and Goldenring, 2017). Intestinal metaplasia
is classified as either the small intestinal/complete-type or the
colonic/incomplete type, with the incomplete type being more
likely to progress to adenocarcinoma (Krishnan et al., 2020).

Although cell culture models of human antral epithelial cells
and normal gastric epithelial cells from biopsies have been
developed for studying GIM (Ootani et al., 2000), these cell
cultures cannot fully mimic the intricacies of the in vivo microen-
vironment. Thus, they may be insufficient for studying the com-
plex crosstalk between different types of cells in the stomach.
Compared to standard cell culture models, the mouse GIM model
more closely resembles the pathology of human GIM; however, it
is challenging to observe the sequential morphological changes
in this system. In contrast, organoid culture allows for the obser-
vation of morphological evolution while replicating the stomach
microenvironment, making it a widely used tool in gastric cancer
research.

Previously, it has been shown that the DNA damage response,
which modulates cell cycle progression and regulates a wide
range of biological processes, is activated during the premalig-
nantintestinal metaplasia stage (Olivieri et al., 2020). N-methyl-
N’-nitro-N-nitrosoguanidine (MNNG), a widely used alkylating
agent, has been positively evaluated as a potential treatment
for epithelial injury by inducing DNA damage response pathways
in the mouse model of gastric carcinogenesis (Jiao et al., 2014;
Tang et al., 2020). However, how MNNG elicits GIM remains
unclear.

Caudal-related homeobox transcription factor 2 (CDX2), a
member of the homeobox gene family, is highly involved in
the early intestinal differentiation of the intestinal epithelium.
CDX2 activation can directly drive differentiation toward an in-
testinal phenotype (Barros et al., 2012). Interestingly, it has
been demonstrated that the absence of CDX2 contributes to the
transformation from intestinal stem cells to gastric stem cells in
intestinal organoids (Simmini et al., 2014). MUC2, secreted by
goblet cells in both the small and large intestine, is reported
to be a direct target of CDX2 and is highly expressed in in-
testinal metaplasia (Mesquita et al., 2003; Mari et al., 2014).
Despite reports on CDX2-induced intestinal metaplasia in gas-
tric organoids and Cdx2-transgenic mouse models, exogenously
derived CDX2 cannot recapitulate the change displayed by the
native transcriptional network during the transition from a gas-
tric transcriptional profile to an intestinal transcriptional profile.
A more complete experimental model that fully reproduces the
change in cell fate from a gastric identity to an intestinal one with
the expression of endogenous CDX2 is essential (Ollivier et al.,
2021; Koide et al., 2022).

In this study, we present a novel chemical approach to
establish GIM organoids from murine gastric organoids using
nitrosoguanidine. Our findings demonstrate that this method
effectively maintains gastric organoids in a bipotential
state, exhibiting both stomach- and intestinal-specific gene
expression profiles and an enhanced potential for further
gastric epithelial cell differentiation. Significantly, our study

delineated the rat sarcoma/B-raf proto-oncogene/extracellular
signal-regulated kinase (RAS/BRAF/ERK) as a major participant
in GIM development. This unique line of experimentation
not only provides a valuable model for demonstrating gastric
pathogenesis but also identifies hallmark events that underly
the pathological evolution of gastric cancer and could inform
screening methods for targeted therapeutics.

Results
MNNG treatment elicits CDX2 expression in MG-GOs

Gastric glands were obtained from C57BL/6) mice and cul-
tured in Matrigel to generate gastric organoids (GOs) as de-
scribed in our previous report (Figure 1A; Liu et al., 2020;
Song et al., 2021). CDX2, a master regulator of the intestinal
phenotype, possesses the ability to modulate DNA damage
signaling, and enhance the survival of mammary cells in re-
sponse to DNA damage (Johnson et al., 2018). Based on these
findings, we aimed to assess the inducibility of CDX2 expres-
sion in MNNG-treated gastric organoids (MG-GOs) compared to
the control group treated with DMSO (DM-GOs). Quantitative
real-time polymerase chain reaction (qRT-PCR) analysis demon-
strated no significant differences in Cdx2 mRNA expression lev-
els between MG-GOs and DM-GOs up to 5 days after treat-
ment. However, upon extending MNNG stimulation to 10 days, a
marked increase in Cdx2 mRNA expression level was observed
(Figure 1B). Immunofluorescence analysis showed that CDX2-
expressing organoids constituted 9.5% of the DM-GOs and
76.0% of the MG-GOs (Figure 1C—E; Supplementary Figure S1A).
This indicated that differential expression of CDX2 was detected
in GOs subjected to MNNG treatment on Day 10. Concurrently,
F-actin labeled with phalloidin delineated the apical surface
of cells and the luminal boundaries of organoids (Narayanan
et al.,, 2023). Notably, F-actin was primarily localized to the
apical-lateral membrane in DM-GOs, whereas in MG-GOs, phal-
loidin staining was also evident in the basolateral membrane,
displaying aberrant adherens junctions in the epithelial bar-
rier and suggesting alterations in epithelial cell adhesion. As
shown in Figure 1F, cell polarity disruption was found in GOs
treated with MNNG. Furthermore, DM-GOs predominantly exhib-
ited a simple columnar epithelium, representative of healthy
gastric mucosa, while MG-GOs displayed a more disorganized
(pseudostratified and stratified) epithelium (Figure 1G and H).
These findings appear to recapitulate the pseudo-stratification
observed in gastric mucosal damage of patients with gastritis,
which is indicative of reparative and protective changes in re-
sponse to injurious insults (Aditi and Graham, 2012). SOX2 is
a foregut marker that identifies progenitor cell populations in
the stomach. SOX2-expressing organoids constituted 100.0%
of the DM-GOs and 93.1% of the MG-GOs, showing significant
downregulation in response to MNNG exposure (Figure 11-K).
However, the mRNA levels of Sox2 in GOs remained unchanged
after MNNG stimulation (Supplementary Figure S1B and O).
yH2AX is a marker for DNA damage response and repair, specifi-
cally associated with double-strand breaks (Burma et al., 2001).
Intriguingly, we observed an increase in yH2AX expression in
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Figure 1 Nitrosoguanidine induction increases CDX2 expression and decreases SOX2 expression in MG-GOs. (A) Schematic representation
of the GO culture establishment process. (B) Relative mRNA expression levels of Cdx2 on Days 5, 10, 15, 20, and 25 (n = 4). Data
represent mean + SEM. (C) Representative fluorescent images of CDX2 at Day 10. Scale bar, 50 wm. (D) Stacked bar chart showing
the proportion of CDX2-expressing organoids. (E) Percentage of CDX2* cells in DM-GOs (n = 21) and MG-GOs (n = 25). Data represent
mean + SEM. (F) Organoids stained with phalloidin and DAPI. Arrows indicate cell polarity disruption in MG-GO. Scale bar, 50 pum.
(G) Representative fluorescent images of epithelial structures in DM-GO and MG-GO. Arrows indicate stratified columnar epithelium in MG-
GO. Scale bar, 50 wm. (H) Summary of percentages of simple columnar, pseudostratified, and stratified epithelial structures in DM-GOs
(n = 114) and MG-GOs (n = 121). (1) Representative fluorescent images of SOX2 at Day 10. Scale bar, 50 um. (J) Stacked bar chart showing
the proportion of SOX2-expressing organoids. (K) Percentage of SOX2* cells in DM-GOs (n = 21) and MG-GOs (n = 25). Data represent

mean £ SEM.
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MG-GOs at the early stage of pathogenesis but a decrease at
the stage concomitant with CDX2 expression (Supplementary
Figure S1D—-H), which suggests a reduction in DNA damage re-
sponse signaling and a transition in cell fate. Collectively, these
findings indicate that the suppression of DNA damage response
signaling in gastric cells within MG-GOs facilitates their transfor-
mation into intestinal epithelial cells.

MNNG-induced MUC2 expression is a hallmark of GIM in
MG-GOs

CDX2 expression in MG-GOs indicates the potential modeling
of intestinal metaplasia in murine gastric organoids. Given that
CDX2 regulates transcription of MUC2, a goblet cell marker, we
subsequently assessed MUC2 expression in MG-GOs. qRT-PCR
analysis indicated a significant increase in Muc2 mRNA expres-
sion levels in MG-GOs relative to DM-GOs on Day 15 (Figure 2A;
Supplementary Figure S2A). Inmunofluorescence revealed that
on Day 15, MUC2* cells were observed exclusively in MG-GOs,
while DM-GOs did not contain MUC2* cells (Figure 2B). MUC2-
expressing organoids accounted for 0.0% of DM-GOs and 66.7%
of MG-GOs (Figure 2C and D; Supplementary Figure S2B). These
observations emphasize the temporal dynamics of MUC2 ex-
pression, revealing a distinct maturation process induced by
MNNG. Interestingly, we observed more irregular sphere shapes
and rough edges in MG-GOs (Supplementary Figure S2C). To
further analyze the morphological changes, histological exami-
nation was conducted using hematoxylin and eosin (H&E) stain-
ing. H&E staining of the organoids revealed distinct epithelial
domains with an interior lumen (Figure 2E). In contrast to the
MG-GOs, a more uniform pattern of cellular proliferation was
observed throughout the columnar epithelium of DM-GOs. Im-
portantly, the balloon-like appearance and size of goblet cells
were noted in MG-GOs. Cells in MG-GOs appeared crowded, and
goblet cells were often observed in association with evidence
of immature differentiation, such as irregular mucin droplets
of variable size within the cytoplasm (Correa et al., 2010). Ad-
ditionally, it was observed that MG-GOs exhibited disrupted
cell polarity. Alcian blue staining, which serves as an indica-
tor of goblet-cell secretory function, demonstrated abundant
acid muco-substance deposition in the apical region of cells
as well as in the lumen of MG-GOs (Figure 2F), identifying a
clear metaplastic process occurring within the intestinal phe-
notype. Furthermore, immunohistochemistry (IHC) staining for
Ki67 revealed that regions of stratified epithelium in MG-GOs ex-
hibited extensive and non-uniform epithelial proliferation with
a broader distribution (Figure 2G). Slightly higher rates of cell
proliferation, assessed by EdU staining, were shown in MG-
GOs during intestinal metaplasia, consistent with findings
from several prior studies (Figure 2H and I; Wang et al.,
2011; Shimizu et al., 2016). Specifically, organoids treated
with MNNG for 15 days showed a higher proportion of EdU™
cells compared to those treated for only 5 days (Figure 2J;
Supplementary Figure S2D and E), indicating that MNNG induces
early-stage proliferation arrest through activation of the DNA

damage response, evidenced by increased yH2AX expression.
The concurrent upregulation of CDX2 after MNNG administration
triggers other critical cellular responses, including activation of
DNA repair pathways, thereby facilitating damage resolution.
These molecularevents are associated with the formation of GIM
in MG-GOs.

MG-GOs exhibit parietal cell loss and impaired gastric acid
Secretion

To assess the maintenance of parietal cells under MNNG
stimulation in gastric organoids, we examined the expres-
sion of the proton pump ATP4B using immunofluorescence. As
shown in Figure 3A-C, ATP4B-expressing organoids accounted
for 75.0% of the DM-GOs and 36.0% of the MG-GOs, indicating
downregulation of ATP4B expression under MNNG stimulation.
This finding was supported by western blot and qRT-PCR analysis
(Figure 3D and E). To further investigate whether the parietal
cells in MG-GOs were capable of acid secretion in response
to histamine, we employed acridine orange, a fluorescent dye
known to exhibit green fluorescence at neutral pH and shift
to red when accumulated in acidic organelles, such as the se-
cretory canaliculus of parietal cells (Lambrecht et al., 2005).
Remarkably, upon the addition of histamine (100 M) to the
MG-GOs, acridine orange accumulated in cell vesicles, accom-
panied by a decreased red-to-green fluorescence ratio (Figure 3F
and G). This suggests that MNNG treatment suppressed acid
secretion from parietal cells in the gastric organoids, indicat-
ing similarities between murine-derived metaplastic organoids
induced by MNNG and organoids derived from clinical patients
(Supplementary Figure S3C). Collectively, these results indicate
a marked alteration of parietal cell physiology within gastric
organoids treated with MNNG, including impaired gastric acid
secretion.

MIST1™ cells give rise to CDX2+ metaplastic cells in MG-GOs

It has been previously established that isthmus stem cells
serve as the origin of metaplasia in the gastric corpus (Hayakawa
etal., 2017). To test the hypothesis that CDX2-expressing meta-
plastic cells were derived from isthmus stem cells in our models,
we first assessed MIST1, a marker of quiescent stem cells in
the gastric corpus isthmus (Hayakawa et al., 2015). MIST1 ex-
pression was observed in 45.2% of cells in DM-GOs and 26.3%
of cells in MG-GOs (Figure 4A and B). The expression pattern
of Mist1 was further validated by gRT-PCR analysis (Figure 4C).
Compared to DM-GOs, MG-GOs had fewer GSIITMIST1" cells
(Figure 4D and E) but more EAUTMIST1* cells (Figure 4F-H).
The reduced proportion of GSIITMIST1™ cells suggested a de-
crease in foveolar cells among MIST1-expressing cells in MG-
GOs. The higher proportion of EdAU™ cells indicated increased
cell proliferation among MIST1-expressing stem cells in MG-
GOs. Notably, CDX2™ cells were observed within the population
of MIST1-expressing cells in MG-GOs on Day 10 (Figure 4l),
indicating the trans-differentiation of MIST1* cells into CDX2*
metaplastic cells following MNNG treatment. Moreover, MIST1"
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Figure 2 Nitrosoguanidine induction triggers MUC2 expression and GIM characteristics in MG-GOs. (A) Relative mRNA expression levels of
Muc?2 at Days 5, 10, and 15 (n = 4, mean £ SEM). (B) Representative fluorescent images of MUC2 at Day 15. Scale bar, 50 um. (C) Stacked
bar chart showing the proportion of MUC2-expressing organoids. (D) Percentage of MUC2* cells in DM-GOs (n = 23) and MG-GOs (n = 24).
Data represent mean & SEM. (E and F) Representative images of H&E staining and alcian blue staining for DM-GOs and MG-GOs. Scale bar,
50 wm (lower magnification) and 10 wm (higher magnification). (G) Representative images of Ki67 staining for DM-GOs and MG-GOs. Scale
bar, 50 wm. (H) Representative images of EdU staining for DM-GOs and MG-GOs. Scale bar, 50 um. (I) Percentage of EdU™ cells in DM-GOs
and MG-GOs (n = 30 each group, mean & SEM). (J) Percentage of EAU™ cells in MG-GOs on Days 5 and 15 (mean £ SEM).

cells persisted in the GO cultures for 60 days, confirming the
stability of the gastric phenotype (Supplementary Figure S4A).
To assess the potential progression of the MG-GOs toward gas-
tric carcinoma, we examined CD44 and c-MYC expression in
GOs cultured for 60 days. Subsequent analysis showed that
MNNG treatment led to increased expression of CD44 and c-MYC
in the organoids, suggesting malignant transformation within
MG-GOs (Supplementary Figure S4B and C). Consequently, our
results indicate that metaplastic cell trans-differentiation in gas-
tric organoids in response to chronic damage arises from MIST1-
expressing cells.

Bulk RNA-sequencing reveals GIM signatures in MG-GOs

Bulk RNA-sequencing (RNA-seq) was employed to investi-
gate the molecular characteristics of DM-GOs and MG-GOs
(Figure 5A). Principal component analysis (PCA) and hierarchi-
cal clustering were used to compare the molecular character-
istics of the two organoid groups, aiming to delineate similari-
ties and differences between intestinal metaplasia and normal
gastric development (Figure 5B; Supplementary Figure S5A).
Subsequently, differential gene expression analysis between
the MG-GOs and DM-GOs was visualized using a volcano plot
(log2(fold change) > 1, P < 0.05; Supplementary Figure S5B).

Page 5 of 14


https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae030#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae030#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae030#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae030#supplementary-data

Li et al., J. Mol. Cell Biol. (2024), 16(7), mjae030

A AcTIN

ATP4B Merge

1.5

ATP4B

ATP4B/GAPDH

B-ACTIN

F Before 5 min 15 min

DM-GO

MG-GO

B = atp4gtcos C
BN ATP4B~ GOs

0.0002

100 35
B i
< ood §30
o 7 251
& 50 & 204
g 40 +5E15‘
a &10—
= 204 <
< 54
0- 0-
o)
0@,6 @O,Co
E Atp4b
s
S
]
0
2
o
>
Q
<
b4
4
E
]
=
®
E O
0
0@.6 \56‘0
8= ® DM-GO
= Histamine u MG-GO
@
@ 6
s ! N oo go B8
b=
g4
o
5. W™
oo win W v [ W
0 T T T T T \ T T
0 5 10 15 20 25 30 35

Time (min)

Figure 3 Nitrosoguanidine induction suppresses ATP4B expression and impairs cellular response to histamine in GOs. (A) Representative
fluorescent images of ATP4B at Day 5. Scale bar, 50 um (lower magnification) and 10 wm (higher magnification). (B) Stacked bar chart
showing the proportion of ATP4B-expressing organoids. (C) Percentage of ATP4B™ cells in DM-GOs (n = 24) and MG-GOs (n = 25). Data
represent mean + SEM. (D) Relative protein expression levels of ATP4B in MG-GOs compared to DM-GOs (n = 4, mean + SEM). (E) Relative
mRNA expression levels of Atp4b in MG-GOs compared to DM-GOs (n = 4, mean £ SEM). (F) Acridine orange staining before and after
histamine (100 wM) treatment. Scale bar, 50 wm (lower magnification) and 10 wm (higher magnification). (G) Quantification of red/green
(600-650 nm/500-550 nm) ratio changes in response to histamine from three individual regions of interest.

Heatmaps highlighted upregulation of intestinal-associated
genes and downregulation of gastric-associated genes in MG-
GOs (Supplementary Figure S5C), defining an intestinal sig-
nature. To validate the transcriptomic features of intestinal
metaplasia, we compared the gastric and intestinal gene sig-
natures of the organoids using previously reported gene lists
(Owen et al., 2018). Correlation analysis revealed that MNNG
stimulation upregulated intestinal gene expression and down-
regulated stomach-specific transcripts in the GOs (Figure 5C;
Supplementary Figure S5D).

Gene Ontology analysis and gene set enrichment analysis
(GSEA) revealed that MG-GOs at a more advanced stage of
progression showed upregulation of genes involved in the mor-
phogenesis of an epithelial bud, intestinal epithelial cell differ-
entiation, extracellular matrix structural constituent, cell adhe-
sion, and epithelial to mesenchymal transition (Figure 5D). To
further elucidate which subtypes of intestinal metaplasia MG-
GO corresponds to, we compared our transcriptional profiling of
the MG-GOs with the gastrointestinal metaplasia derived from
patients (Companioni et al., 2017). We found that genes that

Page 6 of 14


https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae030#supplementary-data
https://academic.oup.com/jmcb/article-lookup/doi/10.1093/jmcb/mjae030#supplementary-data

Li et al., /. Mol. Cell Biol. (2024), 16(7), mjae030

A MIST1 B . ;
w0 Mist1 (Day 10)
8 : R ; =0:0001 8§15  <0.0001
N \ ¢ ) 3
- [ . | Saf o E |
= ) L T L £
< : X 1.0
= 404 ¥ ¥ Q
| £ t 2
O 2} B .5
(ID f = 20 ! —l QE; o5
g g
= g 0.0-
0
i
D e
100+ 0.0029
O +
Q E 80 .
s (2}
a Sy Fo,
=
@ 40 .
=
+
5 20
o®
3 >
i L P
o N e
g Ay W
F MISTH DAPI G? oo 00020 H 0.5027
< 60~
(@] + .
Q E : = 507
= S 40+ < ¥
@) +_E_ " T 40 -+
= . < i
= g 30
o S 20 +% 20+
+ w
Q 2 10+
[0 w
E 0 T T
o o L
0\3“6 @0‘0 0“\ \‘\G
| MISTI DAPI J
o
Q
=
a
El Isthmus region (EdU) 8
B Neck region (GSII) )
EE Other [Pit & Base, etc] =
0 20 40 60 80 100

MIST1* cell in corpus gastric organoid (%)

Figure 4 MIST1" cells serve as progenitors for CDX2* metaplastic cells in MG-GOs. (A) Representative fluorescentimages of MIST1 at Day 10.
Scale bar, 50 wm. (B) Percentage of MIST1™ cells in DM-GOs (n = 20) and MG-GOs (n = 20). Data represent mean & SEM. (C) Relative mRNA
expression levels of Mist1 on Day 10 (n = 4, mean £ SEM). (D) Representative fluorescent images of GSIl and MIST1 at Day 10. Scale bar,
50 wm (lower magnification) and 10 wm (higher magnification). (E) Percentage of GSIITMIST1* epithelial cells among total MIST1" epithelial
cells in DM-GOs (n = 12) and MG-GOs (n = 12). Data represent mean + SEM. (F) Representative images of EdU and MIST1 at Day 10. Scale
bar, 50 wm. (G) Percentage of EQUTMIST1™ epithelial cells among total MIST1™ epithelial cells in DM-GOs (n = 12) and MG-GOs (n = 12).
(H) Percentage of EAU™ cells in DM-GOs (n = 12) and MG-GOs (n = 12). (I) Representative fluorescent images of CDX2 and MIST1 in MG-GOs
at Day 10. Scale bar, 50 wm (lower magnification) and 10 wm (higher magnification). (J) Stacked bar chart showing the distribution of MIST*
cells in corpus gastric organoids, categorized by their location per total MIST™ cells.
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Figure 5 Comparative analysis reveals transcriptomic differences and intestinal metaplasia signatures in MG-GOs. (A) Workflow depicting
RNA-seq analysis. (B) 3D PCA of DM-GOs and MG-GOs. (C) Spearman correlation matrix of gastric and intestinal signature genes clustered
using corrplot Bioconductor. (D) GSEA and Gene Ontology analysis of DEGs between DM-GOs and MG-GOs, visualized as a dot plot of
significantly enriched terms. (E) Heatmap displaying DEGs between healthy gastric mucosa and IIM-GC. (F) GSEA of genes upregulated in
IIM-GC compared to healthy gastric mucosa, showing similarity to IIM-GC. (G) Relative mRNA expression levels of Muc5ac at Days 5, 10,
and 15 (n = 4, mean £ SEM). (H) Representative fluorescent images of MUC5AC at Day 15. (I) Stacked bar chart showing the proportion of
MUC5AC-expressing organoids. (J) Percentage of MUC5ACT cells in DM-GOs (n = 25) and MG-GOs (n = 35). Data represent mean & SEM.
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were upregulated in MG-GOs were also highly enriched among
the upregulated genes in human incomplete intestinal metapla-
sia (IIM) subtypes that can progress to gastric cancer (IIM-GC)
(Figure 5E and F; Supplementary Figure S6A-F). There is con-
siderable evidence suggesting that SOX2 is not only expressed
in normal gastric mucosa, mainly in the presumptive stem cell
compartment, but also maintained in incomplete (MUC5ACT)
intestinal metaplasia subtypes (Gonzalez et al., 2013; Camilo
etal., 2015).

Immunofluorescence staining showed that SOX2 was still
expressed in MG-GOs, albeit at a reduced level compared
to the DM-GOs (Supplementary Figure S6G). The MG-GOs
were strongly positive for MUC5AC, a gastric foveolar cell
marker, but lost MUC6 expression (Figure 5H—J; Supplementary
Figure S61-K). Similar changes in Muc5ac and Mucé mRNA ex-
pression levels were confirmed by qRT-PCR analysis (Figure 5G;
Supplementary Figure S6H), suggesting that mucin expression
in MG-GOs was consistent with clinically observed IIM. There-
fore, our model system successfully recapitulated significant
aspects of IIM observed in clinical settings.

The RAS/ERK signaling pathway plays a role in intestinal
metaplasia formation

The similarity between the intestinal metaplasia model, in-
duced by CDX2 overexpression in GOs derived from pluripo-
tent stem cells (Johnson et al., 2018), and the presented
MG-GOs, reinforces our previous findings and provides fur-
ther evidence for CDX2’s crucial role in intestinal metaplasia
(Supplementary Figure S7A and B). Based on this, we conducted
correlation analysis of CDX2 expression in MG-GOs. GSEA anal-
ysis revealed enrichment of RAS signaling pathways, including
‘RHO GTPase effectors’, ‘Regulation of RAS by GAPs’, and ‘RHO
GTPases activate Formins’, among targets strongly associated
with CDX2 in MG-GOs (Supplementary Figure S7C). This aligns
with prior research (Zhu et al., 2014), showing that systemic
KRAS activation can induce GIM (Matkar et al., 2011). ERK1/2
signaling pathway activation due to RAS mutation is linked with
the progression of GIM to gastric cancer (Higashi et al., 2004;
Fujiwara-Tani et al., 2021; Zhu et al., 2021). Despite extensive
research, it remains uncertain whether the RAS/ERK pathways
are activated and coordinate cell-fate decisions in response to
GIM formation. We used two unbiased approaches to investi-
gate the mechanisms underlying GIM in MG-GOs, performing
GSEA comparing IIM-GC from patient samples with MG-GOs, and
evaluating the expression of the RAS/ERK signaling pathway in
MG-GOs. GSEA revealed that transcriptional changes in a more
advanced stage of pathogenesis following treatment with MNNG
correlated highly with those of IIM-GC (Figure 6A), suggesting
that a common set of RAS signaling pathways may respond to
the onset of GIM. To ascertain the critical role of the RAS pathway
in GIM, we utilized MRTX1133, a potent and selective KRAS®12P
inhibitor (Hallin et al., 2022). MG-GOs treated with MRTX1133
exhibited a significant reduction in size and a lower propor-
tion of EAU™ cells compared to untreated MG-GOs (Figure 6B).
Collectively, these results suggest that MRTX1133 inhibits the

growth of metaplastic organoids. Subsequently, we examined
the expression pattern of RAS signaling in MG-GOs. Immunoflu-
orescence analysis revealed higher RAS levels in MG-GOs com-
pared to the DM-GOs, while the RAS signal was inhibited in
MRTX1133-treated MG-GOs (Figure 6C). Furthermore, the MG-
GOs showed elevated ERK1/2 and p-ERK1/2 levels compared
to the DM-GOs, and phosphorylation was significantly reduced
with MRTX1133 treatment (Figure 6D; Supplementary Figure S8).
BRAF, a member of the RAF family and downstream to RAS in the
signaling pathway, was sporadically observed in MG-GOs, but
not in DM-GOs or MRTX1133-treated MG-GOs, consistent with
prior findings (Figure 6E; Lee et al., 2003). These observations
suggest that MG-GOs with activated RAS/BRAF/ERK signaling
may undergo accelerated progression of GIM. RAS expression
was also detected in a distinct subset of MIST1* cells within MG-
GOs (Figure 6F). We found that RASTMIST1™ cells were encircled
by adjacent cells expressing RAS. Thus, we speculate that MNNG
induction promotes activated RAS in MIST1" cells, initiating a
complete spectrum of metaplastic lineage transitions.

Discussion

GIM arises from chronic injury and the aberrant regenera-
tive processes underlying the pathogenesis of gastric cancer.
However, the molecular network linking chronic damage and
aberrant regeneration to lesion formation, as well as the cellular
origin of these lesions, remains largely unknown. It has been
reported that GIM may exhibit phenotypic plasticity that is trig-
gered by the expression of CDX2, a transcription factor maintain-
ing intestinal differentiation in the gastrointestinal tract (Francis
et al., 2019). However, these studies were cross-sectional, as-
sessing biopsies at only a single time point (Park et al., 2010;
Barros et al., 2012). Here, we aimed to characterize GIM devel-
opment and establish a model of intestinal metaplasia, showing
that continuous MNNG exposure increased CDX2 expression and
downstream intestinal-specific markers in GOs.

Upon MNNG exposure, gastric organoids activate a DNA dam-
age response with serine phosphorylation of H2AX (yH2AX), ini-
tially sensing DNA breaks and leading to temporary proliferation
arrest to accommodate DNA damage repair. Recently, CDX2 was
found to function independently of transcription, serving as a
DNA damage inhibitor and enhancing cell survival under DNA-
damaging conditions (Johnson et al., 2018).

Analyzing CDX2 expression every 5 days during MNNG ad-
ministration revealed its pivotal role in driving GIM formation.
CDX2 mRNA and protein expression emerged in the GOs on
Day 10 following initiation of MNNG treatment and persisted
throughout continuous induction, consistent with its ability to
enhance cell survival under conditions that contribute to DNA
damage (Rubin et al., 2007). A reduction in yH2AX signaling
on Day 10 suggests attenuation of DNA damage response sig-
naling, a phenomenon that is conserved in differentiating cells
(Vermezovic et al., 2012).

Simultaneously, a profound reduction in SOX2 protein levels
after 10 days following MNNG exposure, along with a corre-
sponding decline in mRNA by Day 20, suggests reduced SOX2
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involvement in GIM (Camilo et al., 2015). However, little is
known about the mechanisms whereby MNNG downregulates
SOX2 protein levels without a synchronous decrease in mRNA
levels.

Consistent with the progressive loss of parietal cells in gastric
carcinogenesis, we observed a reduction in parietal cells and
impaired gastric acid secretion in MG-GOs on Day 5. Interest-
ingly, changes in cellular polarity were observed following the
induction of differential CDX2 expression in MG-GOs by Day 10.
F-actin was shown to be randomly distributed within MG-GOs
and was evenly present in all regions of the organoids, while in
DM-GOs, F-actin was restricted to the apical plasma membrane.
Polarity changes in MG-GOs indicate disrupted tight junction
balance, revealing compromised epithelial barrier integrity and
secretory activity (Fatehullah et al., 2013; Bhat et al., 2018).
Early intestinal differentiation precedes morphological changes,
such as the appearance of goblet cells, indicating an intermedi-
ate stage in the shift of GOs toward intestinal metaplasia (Niwa
etal., 2005).

Previous reports suggest that mature chief cells secreting
zymogens in the stomach corpus mucosa are the origin of meta-
plastic cells (Mills and Goldenring, 2017; Caldwell et al., 2022).
In our study, MIST1-expressing cells in MG-GOs underwent the
trans-differentiation, giving rise to CDX2* metaplastic cells and
revealing cellular plasticity during GIM formation. Epstein—Barr
virus (EBV), an oncogenic herpesvirus associated with gastric
cancers of lymphocytic and epithelial origin, has been impli-
cated in EBNA1-induced chromosome instability (Li et al., 2023).
Further comparative analysis of mechanisms underlying GIM
induction by MNNG, chemokines, and EBV using the three-
dimensional (3D) GO model established in this work would be
highly valuable.

CDX2 binds to the MUC2 promoter, activating MUC2 transla-
tion and expression (Mesquita et al., 2003; Yamamoto et al.,
2003; Mari et al., 2014). Importantly, we observed a signifi-
cant increase in MUC2 mRNA levels in MG-GOs, accompanied
by MUC2 staining in goblet cells on Day 15. This coordinated
upregulation of CDX2 and MUC2 expression in MG-GOs suggests
an initial process of intestinal differentiation, as DM-GOs do not
exhibit significant amounts of CDX2 and MUC2. These obser-
vations indicate a close relationship between MNNG and GIM.
H&E staining of serial sections, as well as alcian blue staining,
showed goblet cells in MG-GOs but not in DM-GOs. Disorganized
epithelium and high Ki67 expression in MG-GOs are consistent
with the greater stratification observed in the gastric mucosa
of patients with GIM, possibly due to chronic trauma-induced
regeneration (Graham et al., 2019). Additionally, we observed
increased expression of MUC5AC and decreased expression of
MUC6 in MG-GOs. The increase in MUC5AC expression in MG-
GO cells suggests the retention of a gastric phenotype char-
acterized by superficial epithelium features, even during the
process of GIM formation (Babu et al., 2006). This expression
pattern aligns with observations of IIM. Our RNA-seq results also
reveal an expression pattern similar to those of clinical samples,
validating the involvement of RAS signaling cascade activation

in GIM. Considering the underlying mechanisms of gastric car-
cinogenesis, we assessed the effects of the drug MRTX1133,
a potent, selective, and non-covalent KRAS®'?P inhibitor,
in MG-GOs, elucidating the role of the RAS signaling pathway in
precancerous gastric lesions.

In summary, the MG-GO model delineates the molecular net-
work underlying GIM and gastric cancer development. Our find-
ings provide insights into the mechanisms involved in MNNG-
induced trans-differentiation of the gastric mucosa exvivo. Over-
all, MNNG-induced GIM using organoid technology may aid in
dissecting the molecular mechanisms of GIM and discovering
novel strategies for targeted therapies to address unmet medical
needs. Moreover, repurposing MRTX1133 may offer a significant
therapeutic opportunity to reprogram the gastric mucosa in pa-
tients with gastric precancerous lesions.

Materials and methods
Gastric organoid culture

Gastric organoids were cultured as previously described and
passaged every 5 days with a split ratio of 1:3-1:4 (Bartfeld
et al., 2015). Treatment with MNNG was performed after stable
culture for two passages. C57BL/6) mice (aged 6—8 weeks) were
used for corpus gastric organoid cultures. All animal experi-
ments were approved by the ethics committee of the Beijing
University of Chinese Medicine and were conducted in accor-
dance with the committee’s guidelines. Animals were eutha-
nized via carbon dioxide inhalation followed by cervical dis-
location before stomach removal and washing with ice-cold
Dulbecco’s phosphate-buffered saline (DPBS), followed by re-
moving fat and connective tissue. Subsequently, the stomach
was incubated in 5 mM EDTA (Sigma) in DPBS at 4°C in a
shaking incubator. After 2 h, the stomach was placed into
5 ml dissociation buffer (43.4 mM sucrose, 54.9 mM D-sorbitol
in DPBS), and shaken vigorously for 1 min by hand to dis-
sociate individual glands from the tissue to obtain the de-
sired gland concentration. The medium containing dissociated
glands was centrifuged at 4°C, and 300x g for 5 min and
resuspended in Matrigel (Corning). The suspended glands in
Matrigel were added to 24-well culture plates (50 wl Matrigel
per well) or 8-chamber slides (for imaging). After Matrigel poly-
merization at 37°C, gastric organoid growth medium consist-
ing of advanced DMEM/F12 plus 100 ng/ml Wnt3a, 500 ng/ml
R-spondin (R&D), 10 nM Gastrin (R&D), 1 mM N-acetylcysteine
(Sigma-Aldrich), 100 ng/ml FGF10 (R&D), 100 ng/ml Noggin
(R&D) and 10 nM Y-27632 (Sigma-Aldrich) the latter being
applied during the initial 4 days only, was added to wells
and replaced every 3 days. MRTX1133 (HY-134813, MCE) was
dissolved in DMSO. Treatment with MRTX1133 was adminis-
tered to MG-GOs for a duration of 24 h at a concentration of
100 nM.

To establish human intestinal metaplasia organoids, fresh
tissue samples were obtained from patients with GIM who
underwent curative gastrectomy at Dongzhimen Hospital
(Supplementary Figure S3A). Organoid lines were established
as described in our previous study (Bartfeld et al., 2015).
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Approximately 1 cm long mucosa strips were excised from the
GIM samples towards the adjacent non-pathological region in
the direction of the corpus. Each tissue piece was divided into
two pieces for pathological examination and establishment of
organoids (Supplementary Figure S3B).

Quantitative real-time PCR

Total RNA was isolated from organoids, and cDNA was synthe-
sized (Vazyme) and analyzed by real-time PCR (SYBR, Vazyme)
on CFX96 Touch System (Bio-Rad). The detailed sequences of the
primers that were used are listed in Supplementary Table S2.

Antibodies

Ki67 (Abcam, ab16667, 1:250), yH2AX (phospho S139)
(Cell Signaling Technology, CST9718, 1:400), ATP4B (Abcam,
ab2866, 1:2000), CDX2 (Abcam, ab76541, 1:50), SOX2 (Abcam,
ab92494, 1:50), MUC5AC (Abcam, ab3649, 1:100), MUC6
(Abcam, ab192318, 1:100), MUC2 (Santa Cruz, sc-7314,
1:100), Ras (Cell Signaling Technology, CST91054, 1:600),
Erk1/2 (Cell Signaling Technology, CST4695, 1:600), p-Erk1/2
(Cell Signaling Technology, CST4370, 1:300), CD44
(Proteintech, 60224-1-lg, 1:250), and c-MYC (Proteintech,
10828-1-AP, 1:450) were obtained commercially.

Immunofluorescence

Organoids were fixed with 4% paraformaldehyde for 20 min
at room temperature, followed by tissue permeabilization with
0.2% Triton X-100 in PBS for 20 min, and then blocked in 1%
BSA in PBS. Primary antibodies were incubated overnight at 4°C.
Next, the organoids were incubated with Alexa Flour 488 or 647
(Jackson ImmunoResearch, 1:400) for 1 h at room temperature
and then stained with DAPI (Invitrogen) for 20 min. Whole mount
sections were obtained via Z-stack reconstruction using the
Leica SP8. For quantification, a region of interest defining the
cytoplasm was determined by the DAPI and phalloidin staining
for each cell. The average fluorescent intensity was calculated
for the defined regions of interest. The labeling indices of Ki67,
yH2AX, CDX2, and SOX2 were calculated as the percentage (%)
of positive nuclei among the total number of nuclei in each
compartment.

H&E staining

Gastric organoids were fixed in 4% paraformaldehyde for 24 h
atroom temperature. The fixed organoids were subjected to H&E
staining and alcian blue staining. Images were acquired using an
Olympus IX73 Microscope System (Olympus Corporation).

IHC staining

For IHC staining, sections were first deparaffinized in xylene
and rehydrated through a graded series of ethanol. The sec-
tioned samples underwent IHC staining according to the man-
ufacturer’s instructions (ZSGB-BIO).

EdU labeling

To determine the rate of organoid proliferation, EdU stain-
ing was performed using a commercially available kit (C0071S,
Beyotime Biotechnology) following the manufacturer’s proto-
col. During the last 60 min of incubation, 20 WM EdU was
added to the culture medium. Organoids were then fixed in 4%
paraformaldehyde. EdU incorporation was visualized using a
click reaction with Alexa Fluor® 488 Azide for detection. Nuclei
were counterstained with Hoechst for 10 min. The ratio of EdU™
cells to total cells was calculated by counting the respective
nuclei.

Apoptosis assay

Organoids were stained with 10 wg/ml propidium iodide
(Thermo Scientific, P3566) to visualize dying cells and analyzed
using fluorescence microscopy. The propidium iodide-positive
areawas quantified using Image) and compared between DMSO-
treated and MNNG-treated organoids.

Acridine orange experiment

To assess the intracellular pH changes, organoids were in-
cubated with acridine orange (1 wM) for 15 min at 37°C and
5% CO,. Fluorescence was excited at 488 nm, and images were
captured in a time series at 600—650 nm or 500-550 nm. At
each time point, a set of 10 x—y plane images was taken at
6 wm focus intervals. Histamine (final concentration 100 M)
was added to induce pH changes. The background-corrected
F488 fluorescence ratio image was normalized to the his-
tamine pretreatment baseline. pH values were calculated from
the 600-650 nm/500-550 nm ratio using a previously estab-
lished standard curve (Chu and Montrose, 1995; Schumacher
etal., 2015).

Western blotting analysis

Total protein was extracted from cells that were homogenized
in RIPA lysis buffer (Beyotime) containing proteinase and phos-
phatase inhibitors (Roche) and then centrifuged. Western blots
were performed as previously described (Pillai-Kastoori et al.,
2020). Image Lab software was used for densitometric analysis
to measure the expression level of the target protein relative to
the control (B-actin).

RNA-seq analysis

RNA isolation was performed using the RNeasy Mini Kit
(Qiagen) following the manufacturer’s instructions. After demul-
tiplexing, reads for samples were processed using SAMtools
(v1.4) (Li et al.,, 2009) and aligned using the splice aware
aligner Hisat2 (v2.0.4) (Kim et al., 2015) with default param-
eters. The coordinates and gene annotations used for all sub-
sequent analyses were based on the mouse genome assembly
(mm10/GRCm38) and the corresponding UCSC RefSeq genes,
unless otherwise specified.
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Pathway enrichment analysis

GSEA was performed on differentially expressed genes (DEGs)
in DM-GOs and MG-GOs. Reactome pathways from the MSigDB
database (Subramanian et al.,, 2005) were used for data
analysis, and the ‘Intestinal metaplasia-related genes’ pathway
collections from the GSE78523 and GSE173624 were used for
comparison. Mouse Gene Ontology terms were also used for
GSEA data analysis (Luo et al., 2009; Korotkevich et al., 2021).
Analysis was carried out using the R package fgsea, and the rank
function was calculated as — log10(P-value) * log2(fold change).
Pathway enrichments analysis was executed using 100000 per-
mutations for P-value calculation.

Statistical analysis

All statistics are described in the figure legends. Statistical
significance between two groups was determined using a two-
tailed Student’s t-test or Mann—-Whitney test and that for
more than two groups was determined using one-way analy-
sis of variance (ANOVA ) or two-way ANOVA with Bonferroni’s
multiple comparison test by GraphPad Prism 9.03 (GraphPad
Software).

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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