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ARID1A loss drives gastric signet ring cell
carcinoma by regulating mucin production
and secretion

Hongyu Liu1,9, Ailing Zhong1,9, Zhenghao Lu2,3,9, Limin Gao4,9, Mengsha Zhang1,
Jiaxin Li1, Yingjie Wang1, YiyunWang1, Lanxin Zhang1, Jiabo Zhang1, Xiangyu Pan1,
Xuelan Chen1, Jingyao Chen1, Siyu He 1, Xinyuan Wang 1, Xudong Wan1,
Xintong Deng1, Tingfa Peng5, Jian Wang1, Jiajia Du1, Kun Yang2, Kai Liu2,
Xinzu Chen 2, Xiaolong Chen2, Zhe Feng6, Baohong Wu1, Jing Xu1,
Linyong Zhao2, Weihan Zhang2, Shengyong Yang 1, YuanWang 1, Lu Chen 1,
Zhihong Xue1, Chengjian Zhao1, Lunzhi Dai 1, Feifei Na7 , Jiankun Hu2 ,
Yu Liu 1 & Chong Chen 1,8

Signet ring cell carcinoma (SRCC) is a lethalmalignancywith distinct histologic
features, characterized by accumulated mucins in the cytoplasm which com-
press nuclei. Gastric SRCC is the most common SRCC whose incidence is
increasing in recent years. The molecular mechanisms underlying the histo-
pathology remain poorly understood. Here, we report that AT-rich interactive
domain-containing protein 1 A (ARID1A), one of the most frequently mutated
genes in gastric SRCC, functions as a bona fide tumor suppressor. Its loss,
together with Trp53 and Pten loss, drives SRCC inmice.Mechanistically, Arid1a
loss upregulates the expressions of mucins through the competing BRD9-
containing ncBAF complex. And mucin secretion is impaired by the down-
regulation of Scin, a direct target of Arid1a in SRCC. Inhibition of Brd9 ame-
liorates the malignancy of SRCC. Thus, our study reveals dual roles of ARID1A
in both mucin production and secretion, providing new mechanistic insights
and potential therapeutic vulnerabilities in SRCC.

Signet ring cell carcinoma (SRCC) is a histologically distinct form of
highly malignant adenocarcinoma, characterized by a large vacuole
and the resulting cell periphery-localized nucleus, resembling a sig-
net ring1,2. The most common SRCC tumors occur in the stomach,
and less frequently in colorectum and other sites3–5. Gastric SRCC
accounts for approximately 10% of all gastric cancers, with an

increasing incidence in recent years, and is associated with poor
prognosis6–9. It is believed that this special histologic appearance is
due to large amounts of mucins produced by SRCC cells and their
deficient ability to export them10–15. However, the molecular
mechanisms underlying these malignancy-associated abnormalities
remain poorly understood.
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Recent progress in cancer genomics have identified a spectrumof
genomic alterations in SRCC9,16,17. In addition to TP53, the most fre-
quently mutated gene in both SRCC and non-SRCC tumors, ARID1A
and CDH1 exhibit particularly high mutation rates in SRCC. Other
alterations, such as CLDN18-ARHGAP26/6 fusions, are also detected in
approximately 20% of SRCC patients9,18,19. CDH1 encodes the cell-cell
adhesion molecule E-cadherin, and its heterozygous loss significantly
promotes SRCC formation in mice treated with N-methyl-N-
nitrosourea (MNU), whereas it has a limited effect on tubular ade-
noma development20. Similarly, CDH1 knockout in human gastric
organoids induces morphological changes similar to SRCC21–24. It has
also been suggested that downregulation of Wnt signaling facilitates
the SRCC morphology driven by CDH1 mutations. CLDN18 encodes a
tight junction protein, while ARHGAP26/6 function as RHOA inhibitors,
and the CLDN18-ARHGAP26/6 fusion appears to enhance themigration
and chemoresistance of gastric cancer cells, features consistent with
the clinical characteristics of SRCC patients9. In contract, the potential
functions of other SRCC-associated genes, including ARID1A, remain
less well understood.

ARID1A, a core member of the SWI/SNF chromatin remodeling
complex, is frequently mutated in multiple human cancers, including
ovarian clear cell carcinoma (50%), uterine endometrioid carcinoma
(29%), and gastric cancer (29%)25,26. Arid1a loss alone can drive invasive
colon adenocarcinoma inmice,whereas it suppresses tumorigenesis in
the small intestine of the Apcmin mice27. In liver cancer,ARID1A has been
reported to promote tumor initiation but restrain progression and
metastasis at later stages28. ARID1A knockout can also transform
human gastric organoids29. However, whether and how ARID1A defi-
ciency plays a functional role in SRCC, particularly its distinctive his-
topathology, remains to be investigated.

In this study, we develop a strategy to generate primary SRCC
mouse models using genome-edited gastric organoids. We find that
Arid1a loss promotes SRCC formation by directly impairing the
secretory process and indirectly enhancing mucin gene expression.

Results
ARID1A loss cooperates with TP53 and PTEN deficiency to pro-
mote SRCC initiation and progression
It is necessary to first analyze the transcriptomic profiles of SRCC
patients in order to construct clinically relevant mouse models, given
that gastric SRCC possesses distinct transcriptomic characteristics
compared to other pathological types of gastric cancer. Thus, we
analyzed genetic data from 171 cases of diffuse-type gastric carcinoma
(DGC) and gastric signet ring cell carcinoma (SRCC) obtained from the
cBioPortal database and found that ARID1Awas altered in 39% of cases
(66/171). Notably, ARID1A alterations frequently co-occurred with TP53
(50%, 86/171) and PTEN (18%, 30/171) alterations (Supplementary Fig. 1a
and Supplementary Dataset 1). To investigate the functional role of
ARID1A in SRCC, we utilized a previously established gastric cancer
mouse model that combines CRISPR/Cas9-mediated genome editing
with organoid culture.

Since ARID1A, TP53, and PTEN alterations frequently co-occur in
patient samples, we first generated gastric organoids from adult
Trp53−/−; Cas9-EGFP mice. We then introduced an sgRNA targeting
Pten, thereby producing Trp53−/−; sgPten organoids. Subsequently,
these organoids were transduced with either a non-targeting
sgScramble (sgScr) control or sgArid1a, yielding two engineered
models:Trp53−/−; sgPten; sgScr (TP) andTrp53−/−; sgPten; sgArid1a (TPA)
organoids (Supplementary Dataset 2)30,31. Because the sgRNA-
expressing plasmid co-expressed mCherry, successfully infected
organoids exhibited red fluorescence, allowing their tracking and
analysis. Mutations in Pten and Arid1a were confirmed by a T7 endo-
nuclease I mismatch detection assay (Supplementary Fig. 1b and
Supplementary Dataset 2), and loss of ARID1A protein expression was
further validated by Western blotting (Supplementary Fig. 1c).

Morphologically, TPA organoids exhibited more prominent hollow
structures, with cavities filled with mucin as revealed by Alcian Blue-
Periodic acid Schiff (AB-PAS) staining (Fig. 1a). Moreover, compared
with TP organoids, TPA organoids were significantly larger and dis-
played enhanced proliferative capacity (Fig. 1b, c).

Meanwhile, we isolated and expanded monoclonal organoids
derived from theTP andTPAgastric organoids (Supplementary Fig. 1d,
e). These monoclonal organoids recapitulated the phenotypes
observed in polyclonal cultures: TPA clones exhibited significantly
increased proliferation and distinct morphological features compared
with TP clones (Supplementary Fig. 1f, g). Collectively, these results
indicate that monoclonal TPA organoids are phenotypically compar-
able to bulk TPA organoids, further indicating our strategy for inves-
tigating the function of ARID1A.

To further elucidate the role of Arid1a, we performed sub-
cutaneous transplantation of TP and TPA organoids and compared
their growth rates in vivo. Loss of Arid1a markedly accelerated tumor
growth at the subcutaneous site, whereas the control group displayed
only modest expansion (Fig. 1d–f). Histopathological analysis revealed
that TPA-derived tumors exhibited characteristic morphological fea-
tures of SRCC, including cytoplasmicmucin accumulation and nuclear
compression (Fig. 1g). Immunohistochemical (IHC) staining confirmed
the loss of ARID1A and the overexpression of MUC1 in TPA tumors
(Fig. 1g, h). In contrast, the TP tumors mainly displayed generalized
hyperplasia. Furthermore, AB-PAS staining of tumor tissues showed a
marked increase in positively stained cells in the TPA group (Fig. 1g).
Together, these findings identify Arid1a loss as a key driver of tumor
initiation and progression.

Orthotopic gastric SRCC with Arid1a loss displayed massive
mucin production
To better understand the biological function of ARID1A in SRCC, we
orthotopically injected TP and TPA gastric organoids into the gastric
submucosa of recipient mice to model clinical gastric tumorigenesis
andmonitored tumor formation32–34. Orthotopic transplantation of TP
gastric organoids exhibited minimal tumorigenic capacity, with suc-
cessful engraftment observed in only one recipientmouse. In contrast,
TPA organoid recipients developed robust tumors characterized by
histologically confirmed invasive gastric adenocarcinoma lesions.
Specifically, mice transplanted with TPA organoids developed tumors
significantly faster and exhibited shorter overall survival compared
with control recipients (TPA-1: median 67 days after transplantation;
p = 1.0E-4 and TPA-2: median 142 days after transplantation; p = 4.4E-3,
Fig. 2a). Biopsy analysis confirmed that the TPA gastric organoids gave
rise to a single gastric lesion showing specific mCherry expression,
indicating their origin from the transplanted organoids (Fig. 2b).
Arid1a deficiency significantly enhanced tumor growth (Fig. 2c), and
tumor cells harvested from transplanted mice showed significant
downregulation of ARID1A in the TPA group compared with the TP
group (Fig. 2d).

To clarify the pathological classification of TPA tumors, we
performed hematoxylin and eosin (H&E) staining, which serves as a
key diagnostic criterion for tumor type identification. The results
showed that the lesions were predominantly composed of tumor
cells with prominent cytoplasmic vacuoles and eccentrically dis-
placed crescent-shaped nuclei, consistent with the typical mor-
phology of SRCC (Fig. 2e, f). Furthermore, AB-PAS staining revealed
marked mucin enrichment within the cytoplasm of most tumor
cells (Fig. 2e). Given that mucin accumulation in SRCC is readily
detectable by transmission electron microscopy (TEM)11, we next
performed TEM analysis of TP and TPA tumor tissues. TEM revealed
numerous cytoplasmic vacuoles with nuclei compressed to the
periphery-defining ultrastructural characteristics of SRCC (Fig. 2e).
IHC analysis further showed that MUC1, a mucin family protein, was
markedly upregulated in TPA tumors compared with TP tumors
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(Supplementary Fig. 2a, b). In contrast, the epithelial differentia-
tion marker E-cadherin (CDH1) exhibited comparable expression
levels between TP and TPA tumor cohorts (Supplementary Fig. 2a,
b), suggesting that the underlying mechanism of ARID1A-deficient
SRCC may not involve the CDH1 deficiency pathway35,36. Consistent
with the features observed in clinical SRCC patients, TPA tumors
displayed metastatic potential to distal sites, whereas no

detectable metastases were observed in TP tumors (Supplementary
Fig. 2c, d). The metastatic lesions exhibited the same signet ring
cell carcinoma morphology as the primary tumors (Supplementary
Fig. 2c, d).

Collectively, these results demonstrate that the ARID1A-defi-
ciency-driven orthotopic SRCC-like model faithfully recapitulates the
histological and pathological features of human SRCC.
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ARID1A deficiency disrupts SCIN-dependent secretion in SRCC
To assess the molecular similarity between our SRCC mouse model
andpatient samples,wefirstperformedRNA-seq analysisonorganoids
derived from TP and TPA tumor tissues. Our TPA mouse model
exhibited a high degree of transcriptomic similarity to clinical SRCC
patient samples (Fig. 3a and Supplementary Dataset 3). The shared
upregulated genes were significantly enriched in several hallmark
cancer pathways, including HALLMARK_EPITHELIAL_MESENCHY-
MAL_TRANSITION, GO_TISSUE_REMODELING, and KEGG_MAPK_-
SIGNALING_PATHWAY, among other (Fig. 3b). Moreover, gene set
enrichment analysis (GSEA) revealed that genes upregulated in TPA
tumors relative to TP tumors were significantly enriched in SRCC
patient datasets, whereas downregulated genes were significantly
enriched in intestinal-type gastric cancer (ITGC) patients (NES = 1.96,
p <0.001 and NES = −1.35, p =0.04, respectively) (Fig. 3c).

We further performed RNA-seq on TP and TPA monoclonal
organoids. Principal component analysis (PCA) revealed that the
transcriptomes of TPA clones were clearly distinct from those of TP
clones (Supplementary Fig. 3a), with monoclonal TPA organoids
clustering together with bulk TPA organoids, and monoclonal TP
organoids clustering with bulk TP organoids. Notably, the upregulated
mucin genes identified in TPA monoclonal organoids were markedly
increased (Supplementary Fig. 3b). GSEA further demonstrated that
genes up or downregulated in bulk TPA organoids were correspond-
ingly enriched in TPA clones relative to TP organoids (Supplementary
Fig. 3c). Collectively, these phenotypic and molecular results indicate
that monoclonal TPA organoids closely resemble bulk TPA organoids
(Supplementary Fig. 1d–g), thereby validating our strategy for inves-
tigating the biological function of ARID1A.

Signet ring cells are defined by excessive intracellular mucin
accumulation; however, how ARID1A contributes to this phenotype
remains unknown. Based on this SRCC phenotype, we hypothesized
that it results from both increased mucin production and defective
secretion (Fig. 3d). Given that ARID1A functions as a chromatin
remodeler, we performed ARID1A CUT&Tag (Cleavage Under Targets
and Tagmentation) analysis and identified 14,864 ARID1A-regulated
genomic regions (Fig. 3e and Supplementary Dataset 6). Subsequently,
we performedATAC-seq (Assay for Transposase-Accessible Chromatin
using sequencing) on TP and TPA gastric organoids and identified
significantly altered chromatin accessibility between the two groups
(Fig. 3f and Supplementary Dataset 5). ATAC gain regions in the TPA
organoids were more frequently located in promoter regions com-
pared with ATAC loss regions (Supplementary Fig. 3d). And the tor-
nado plots showed that the ATAC maintain regions had much less
ARID1A binding than those with ATAC loss or gain, suggesting that
they were not regulated by ARID1A (Supplementary Fig. 3e). GO
enrichment analysis revealed that geneswithinATAC loss regionswere
enriched in pathways related to epithelial differentiation and epi-
dermal development, whereas genes within ATAC gain regions were
enriched in ERK, TGF-β, and other growth-related signaling pathways
(Supplementary Fig. 3f, g). Notably, analysis showed that 56.6% of
genes with decreased chromatin accessibility upon Arid1a knockout
weredirectly boundbyARID1A (Fig. 3f, g andSupplementaryDataset 5,

6). These genes were enriched in pathways related to gastric gland
morphogenesis, including epithelial cell proliferation and gland
development (Fig. 3h).

Among these genes, Scin (Scinderin)—an exocytosis-related gene
that encoding an actin-severing protein essential for vesicular
trafficking37—was directly regulated by ARID1A (Fig. 3i and Supple-
mentary Dataset 5 and 6) and significantly downregulated following
Arid1a loss (Fig. 3j). Consistently, analysis of the TCGA-STAD cohort
revealed significantly reduced SCIN expression in ARID1A-mutant
tumors compared with ARID1A wild-type controls (Fig. 3k). To deter-
minewhetherARID1A directly regulates Scin and its potential influence
on the extracellular secretory pathway, we introduced Scinmutations
into TP tumor organoids using CRISPR/Cas9-mediated gene editing,
generating TP-sgScr and TP-sgScin models (Supplementary Fig. 3h).
We quantified the size and numbers of tumor organoids with sgScr or
sgScin. The results showed that there were more organoids with Scin
loss than the control and they also had significantly increased size,
comparing the sgScr ones (Supplementary Fig. 3i, j). Subsequently, we
assessed their morphological changes. TP-sgScin organoids exhibited
a vacuolar phenotype accompanied by mucin overexpression (Fig. 3l,
m). Moreover, TP-sgScin organoids displayed a significantly higher
frequency of SRCC-like morphological features compared with TP-
sgScr controls (Fig. 3n).

To further investigate whether ARID1A directly regulates SCIN, we
performed RNA-seq analyses to compare the transcriptomic similarity
between TPA and TP-sgScin tumor organoids. Loss of Scin in TP
organoids led to gene expression changes that significantly over-
lapped with those in TPA organoids (Supplementary Fig. 3k). In parti-
cular, both Scin- and Arid1a-deficient organoids shared a set of
downregulated genes predominantly involved in protein transport,
localization, and secretion (Supplementary Fig. 3l). Collectively, these
results suggest that ARID1A directly regulates SCIN. The loss of this
regulation impairs normal cellular secretion, thereby contributing to
the initiation of SRCC.

ARID1A deficiency directly induces SCIN downregulation and
disrupts cellular secretion
To investigate the relationship betweenARID1A, its direct regulation of
SCIN, and the potential role of altered cellular secretion in SRCC
pathogenesis, we performed a series of in vivo experiments. First, TP-
sgScr and TP-sgScin organoids were subcutaneously transplanted into
mice. The results demonstrated that Scin disruption promoted
tumorigenesis (Fig. 4a). However, the growth of the TP-sgScin tumors
was considerably slower than that of TPA tumors (Fig. 4b), indicating
that ARID1A-regulated SCIN alone is insufficient to fully account for the
SRCC phenotype. TP-sgScin tumors exhibited hallmark features of
SRCC (Fig. 4c, d), including cytoplasmic vacuolization and elevated
MUC1 expression (Fig. 4c, e), as confirmed by H&E staining and IHC
analysis. Notably, TEM showed that the TP-sgScin tumor cells dis-
played classic signet ring cell morphology, with massive cytoplasmic
mucin vacuoles displacing the nucleus to the cell periphery (Fig. 4c),
consistent with the signet ring cell phenotype observed in TPA
tumors (Fig. 2e).

Fig. 1 | Arid1a deficiency elicits themanifestation of SRCC features both in vivo
and in vitro. aRepresentative bright-field (top), H&E (middle), andAB-PAS staining
(bottom) images of TP, TPA-1, and TPA-2 mouse gastric organoids (−1 and −2
represent two independent sgRNAs targeting Arid1a). Scale bars, 100μm (top) and
20μm (middle and bottom). b Quantification of the diameters of TP, TPA-1, and
TPA-2 gastric organoids (n = 100 organoids). c Statistical analysis of organoid for-
mation numbers in TP, TPA-1, and TPA-2 gastric organoids (n = 5 biological repli-
cates). d Growth curves of subcutaneously transplanted TP (n = 6 mice), TPA-1
(n = 7 mice), and TPA-2 (n = 7 mice). Tumor growth curves were analyzed by two-
way ANOVA. e Representative bright-field images of subcutaneous tumors derived

fromTP (n = 6mice), TPA-1 (n = 7mice), and TPA (n = 7mice). “X” denotes TPgroup
without detectable tumor formation. Scale bar, 5mm. f Tumor weight of sub-
cutaneously transplantedTP (n = 6mice), TPA-1 (n = 7mice), andTPA-2 (n = 7mice).
g Representative H&E, ARID1A, MUC1 immunohistochemistry (IHC), and AB-PAS
staining of subcutaneous tumors of TP (left) and TPA (right) mice. Scale bars, 100
and 20 μm. Boxed areas indicate higher magnification views. h The quantification
of MUC1 expression in TP and TPA subcutaneous tumors tissues (n = 6 biological
replicates). Data are shown as means ± SEM, and p-values were determined by
unpaired two-tailed t-test (b, c, f, h). Source data are provided as a Source Data file.
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Subsequently, we performed a functional rescue experiment by
overexpressing SCIN in TPA tumor cells (vector control and SCIN OE).
Subcutaneous xenograft assays demonstrated that SCIN over-
expression significantly attenuated tumor growth (Fig. 4f–h). Con-
sistent with this observation, SCIN overexpression in tumor tissues

resulted in reduced signet ring cell content and diminished mucin
accumulation compared with vector controls (Supplementary Fig. 4a).

Collectively, these findings suggest that ARID1A directly regulates
SCIN transcription, which influencemucin secretion and thereby affect
the development of SRCC.

Fig. 2 | Arid1a deficiencymarkedly promotes the development of gastric SRCC.
a Overall survival curve of mice orthotopically transplanted with TP (n = 9 mice),
TPA-1 (n = 6 mice), and TPA-2 (n = 6 mice) organoids (−1 and −2 represent two
independent sgRNAs targeting Arid1a). All curves were analyzed by log-rank
(Mentel–Cox) test. b Representative bright-field (top) and red fluorescence (bot-
tom) images of gastric cancer transduced with TP, TPA-1, and TPA-2 organoids.
Scale bar, 2mm. c Tumor weight of mice orthotopically transplanted with TP (n = 6
mice), TPA-1 (n = 6mice), and TPA-2 (n = 4mice) organoids.dWestern blot analysis

of ARID1A in TP, TPA-1, and TPA-2 gastric tumor organoids (−1 and −2 represent two
independent sgRNAs targeting Arid1a). e Representative H&E (top), AB-PAS (mid-
dle) staining, and transmission electron microscope (TEM) (bottom) image of
gastric tumor sections from TP, TPA-1, and TPA-2 mice. Scale bars, 20 and 1μm.
White dashed lines indicate cell and nuclear, respectively. f Box plot showing the
signet ring cell percentages of TP (n = 9 mice), TPA-1 (n = 6 mice), and TPA-2 (n = 6
mice) tumor tissues.Data are shownasmeans ± SEM, andp-valuesweredetermined
by unpaired two-tailed t-test (c, f). Source data are provided as a Source Data file.
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ARIDIA loss increased the expressions of mucins through a
BRD9-mediated indirect mechanism
Since Arid1a is an ATP-dependent chromatin helicase, its loss is
expected to downregulate its direct downstream targets, as we
showed above in the case of Scin and other contexts37. The increased
expression of mucins in TPA tumors (Fig. 5a, Supplementary Fig. 3b,
and Supplementary Dataset 4) should be regulated by Arid1a through

an indirect mechanism. Notably, emerging evidence suggests that the
ARIDIA-containing cBAF may compete with other BAF complexes,
including the BRD9- containing ncBAF38. We thus hypothesized that
Arid1a loss might lead to increased activity of the BRD9-containing
ncBAF, which in turn could upregulate mucin expression (Fig. 5b).

To test this hypothesis, we first measured the chromatin binding
of BRD9 in TP and TPA organoids using CUT&Tag (Supplementary
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Fig. 5a and Supplementary Dataset 7). Remarkably, 73.8% of genes
located within regions that gained chromatin accessibility following
Arid1a loss were bound by BRD9 (Fig. 5c). Consistently, BRD9 binding
signals were significantly enhanced at a subset of genomic loci fol-
lowing Arid1a loss (Fig. 5d). Moreover, analysis of BRD9 binding within
ATAC gain regions revealed a predominance of peaks with increased
BRD9 occupancy (Supplementary Fig. 5b). BRD9 binding was pre-
dominantly localized to distal intergenic regions (40.66% in TP and
40.42% in TPA) and promoter regions (10.95% in TP and 22.97% in TPA)
(Supplementary Fig. 5c, d). We next applied DiffBind to identify BRD9
gain, maintained, and loss regions in TPA organoids relative to TP
organoids and subsequently characterized their genomic features.
BRD9 gain regions exhibited increased genomic accessibility, whereas
BRD9 loss regions showed decreased accessibility, suggesting that
BRD9 plays a critical role in gene regulation upon ARID1A loss (Sup-
plementary Fig. 5e). Consistent with these findings, GO enrichment
analysis revealed significant enrichment of cell cycle, TGF-beta,
hypoxia, and growth-related pathways in BRD9 gain regions (Supple-
mentary Fig. 5f). Of note, the regions with both ATAC and BRD9
binding gain contained multiple pro-tumor genes, such as Meis3 and
Plcb4, besides mucins (Supplementary Fig. 5g), which further suggest
that BRD9may facilitate the pro-tumorigenic transcriptional programs
associated with ARID1A loss.

Notably, genes that displayed increased chromatin accessibility
upon Arid1a loss and were bound by BRD9 were significantly enriched
in SRCC-related pathways (Fig. 5e). Integrative analysis identified 2479
genes with increased chromatin accessibility upon Arid1a loss that
were both bound and transcriptionally regulated by BRD9. This set
includedmucin family genes (Fig. 5f), which exhibited enhanced BRD9
occupancy, elevated chromatin accessibility, and increased expression
following Arid1a knockout (Fig. 5g, h).

To verify the mechanism by which ARIDIA loss increases mucin
expression via an indirect BRD9 regulation, we depleted BRD9 using
both genetic and chemical approaches, including sgRNA-mediated
knockout and dBRD9-induced degradation strategies39,40. Brd9
knockout resulted in the downregulation of Muc1 and Muc5ac tran-
scription in TPA tumor organoids (Fig. 6a and Supplementary Fig. 6a).
Subsequently, we treated TP and TPA tumor organoids with dBRD9, a
specific BRD9 inhibitor, in vitro. Consistent with Brd9 knockout,Muc1
and Muc20 transcript levels were reduced in TPA tumor organoids,
whereas TP tumor organoids exhibited no significant changes (Fig. 6b
and Supplementary Fig. 6b). Moreover, dBRD9 treatment reversed the
aberrant transcriptional activation of SRCC signature genes in TPA
tumor organoids (Fig. 6c and Supplementary Dataset 1). Further, we
performed a BRD9 CUT&Tag assay in the TPA tumors treated with or

without dBRD9. The results showed that among the downregulated
genes were Muc1 and Muc20, which supported that BRD9 could
directly regulate the expressions of mucins and that dBRD9 treatment
effectively reversed the upregulation of mucins in the TPA tumors
(Supplementary Fig. 6c).

To evaluate the therapeutic potential of BRD9 degradation for
SRCC, we found that dBRD9 exerted a stronger effect than 5-Fu in TPA
tumor organoids, which were relatively resistant to conventional
chemotherapy (Fig. 6d and Supplementary Fig. 6d). Furthermore,
dBRD9 treatment induced significant regression of the histological
and morphological features of TPA tumor organoids, including
reduced structural complexity, cribriform growth, and stratification
(Fig. 6e), whereas TP organoids remained unaffected (Supplementary
Fig. 6e). The proportion of SRCC-like and AB-PAS-positive organoids
was significantly decreased in the dBRD9-treated groups compared
with dimethyl sulfoxide (DMSO)-treated controls (Fig. 6f, g).

We further assessed the efficacy of dBRD9 treatment in vivo using
Arid1a-deficient SRCC mouse model (Fig. 6h). TPA tumor organoids
were subcutaneously transplanted into recipient mice, followed by
daily treatment with either vehicle or dBRD9 (50mg/kg). dBRD9
treatment significantly inhibited the growth ofArid1a-deficient tumors
(Fig. 6i). Histological analysis using H&E and AB-PAS staining revealed
that BRD9 inhibition reduced the proportion of signet ring cells
compared with the vehicle-treated group (Fig. 6j, k). The data pre-
sented herein suggest that BRD9 inhibition represents a promising
therapeutic strategy for modulating the morphological and biological
characteristics of SRCC.

Collectively, these data suggest that BRD9 inhibition represents a
promising therapeutic strategy for modulating the morphological and
biological characteristics of SRCC. This finding is particularly sig-
nificant, as current treatment guidelines for gastric adenocarcinoma
lack effective options for managing SRCC. Targeting BRD9 may thus
offer a novel approach to improve therapeutic outcomes for patients
with this challenging gastric cancer subtype.

Discussion
Gastric SRCC is a subtype of gastric malignancies, and its study has
been hindered by limited animal models. Here, we applied a recently
developed strategywith genome-edited organoids to generate primary,
orthotopic, and genetic drivers-defined SRCC models in mice. Similar
strategies, referred to as Genetically Engineered Organoid-initiated
Mouse Models (GEOMMs), have been applied to other malignancies,
including lung, esophageal, bladder, and colorectal30,31,41,42. Recently,
we also developed GEOMMs of gastric adenocarcinoma and found that
different genetic alterations and microenvironments can significantly

Fig. 3 | Multi-omics integration reveals the loss of Arid1a leads to down-
regulation of certain genes. a Venn diagrams showing the number of overlapping
upregulated pathways identified in SRCC and diffuse-type gastric cancer from the
TCGA-STAD cohort (relative to intestinal-type gastric cancer) and in TPA tumor
organoids (relative to TP tumor organoids). b Bar plots showing the top pathways
commonly upregulated in SRCC and diffuse-type gastric cancer tissues from the
TCGA-STAD cohort (relative to intestinal-type gastric cancer) and in TPA tumor
organoids (relative to TP tumor organoids). c GSEA showing the TPA upregulated
and downregulated gene sets compared with TP tumor organoids, significantly
enriched in SRCC patients (n = 12) and ITGC patients (n = 74), respectively. P-values
were calculated by gene-set permutation testing using the GSEAPreranked func-
tion. d Schematic representation of the working hypothesis: Arid1a deficiency
results in elevated mucin expression coupled with defective secretion. e Tornado
plot showing CUT&Tag signal levels of IgG and ARID1A in TP and TPA organoids.
Scale bars represent BPM (bins per million). f Tornado plots showing the differ-
ential accessible genome regions in TP and TPA tumor organoids (p-value < 0.05,
absolute log2fold-change > 1, basemean > 10, and width <10000). g Pie charts
depicting the distribution of ARID1A-bound versus non-bound peaks within

genomic regions showing reduced chromatin accessibility. h Gene Ontology
enrichment results of ARID1A binding genes across reduced accessibility genomic
regions. P-values were calculated using the hypergeometric test. i Integrative
Genomics Viewer (IGV) tracks showing ARID1A binding and chromatin accessibility
at the Scin locus in TP and TPA organoids. j Quantification of relative Scin expres-
sion in TP (n = 2 mice) and TPA (n = 3 mice) tumor organoids, measured by RT-
qPCR. k Normalized expression levels of SCIN in ARID1A wild-type (n = 285) and
mutant (n = 90) GC patients in the TCGA-STAD cohort. P-values were calculated
using an unpaired, two-sidedWilcoxon rank-sum test. l Representative bright-field
(top), H&E (middle), and AB-PAS staining (bottom) of TP tumor organoids with
sgScr, sgScin−1, and sgScin−2 (−1 and −2 represent two independent sgRNAs tar-
geting Scin). Scale bar, 20μm. m Quantification of the percentage of AB-PAS
positive cells in TP tumor organoids expressing sgScr, sgScin−1, or sgScin−2 (n = 5
biological replicates). n Quantification of the percentage of SRCC-like organoids
derived from TP tumor organoids expressing sgScr, sgScin−1, or sgScin-2 (n = 5
biological replicates). Data are shown asmeans ± SEM, andp-valueswere calculated
using an unpaired t-test withWelch’s correction (j) and an unpaired two-tailed t-test
(m, n). Source data are provided as a Source Data file.
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influence their progression and metastasis32. Using a similar approach,
we also established an Ezh2-driven mouse model of gastric squamous
cell carcinoma34. Compared with conventional genetically engineered
mouse models (GEMMs), GEOMMs provide a more efficient platform
for functional characterization of novel genetic alterations. This
advantage makes them valuable for dissecting the functions of the

numerous human cancer-associated genes revealed by cancer geno-
mics studies.

Using this strategy, we found that gastric organoids with
Arid1a loss, together with Trp53 and Pten deficiencies, exhibited
tumor characteristics of SRCC when implanted both sub-
cutaneously and orthotopically in the stomach. These findings not

Fig. 4 | Arid1a suppresses SRCC by regulating the expression of secretory gene
Scin. a Growth curves of subcutaneous tumors from TP tumor with sgScr (n = 6
mice), sgScin−1 (n = 6 mice), and sgScin−2 (n = 3 mice). b Growth curves of sub-
cutaneous tumors from TPA-1 (n = 7 mice), TPA-2 (n = 7 mice), TP tumors with
sgScin−1 (n = 6 mice), and sgScin−2 (n = 3 mice) (−1 and −2 represented two inde-
pendent sgRNAs targeting Arid1a and Scin, respectively). c Representative images
of bright-field, H&E, MUC1 IHC staining, and TEM images of TP tumor with sgScr,
sgScin−1, and sgScin−2. Scale bars, 1mm, 20μm, and 1μm. Black dashed lines
indicate signet ring cell in the H&E and MUC1 IHC images. Black dashed lines
indicate cell and nuclear in the TEM images, respectively. d Quantification of the

percentage of signet ring cells in TP tumor tissues with sgScr, sgScin−1, and sgScin
−2 (n = 3mice). e The quantification ofMUC1 expression fromTP tumorwith sgScr,
sgScin−1, and sgScin−2 (n = 4 biological replicates). f Bright-field image of sub-
cutaneous tumors from TPA tumor with vector (n = 5 mice) and SCIN (n = 5 mice).
Scale bar, 5mm. g Tumor weight of subcutaneous tumors from TPA tumor with
vector (n = 5mice) and SCIN (n = 5mice). hGrowth curves of subcutaneous tumors
from TPA tumor with vector (n = 5 mice) and SCIN (n = 5 mice). Data are shown as
means ± SEM, and p-values were determined by unpaired two-tailed t-test
(a, d, e, g, h). Source data are provided as a Source Data file.
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only validate ARID1A, one of the most frequently mutated genes in
SRCC, as a bona fide tumor suppressor of gastric SRCC in mice but
also provide a strategy for investigating the functions of other
SRCC-associated genes. We found that CDH1 also plays an impor-
tant role in SRCC. However, we didn’t observe a significant change
of CDH1 levels in the TPA tumors, which was consistent with the IF
staining results reported by ref. 29. Only about 10% gastric SRCC

patients have CDH1 mutations9,16. And single cell RNA-seq analyses
found that “it was revealed that the CDH1 expression level was
essentially the same between M/PDA and SRCC cells”14. Despite the
unchanged CDH1 levels, the TPA tumors displayed typical SRCC
histopathological features, including intracytoplasmic mucins and
nucleus pushed to the edge and these SRCC-like cells consisted of
about 80% of all tumor cells. We also observed increased
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metastases in the TPA mice, consistent with the features observed
in clinical SRCC patients14.

ARID1A is frequently disrupted in many other types of human
cancers as well43–45. However, its roles and underlying mechanisms in
tumorigenesis and progression are complex and context-dependent.
For example, ARID1A exhibits opposing functions in the initiation and
progression of liver cancer through regulating oxidative stress and
chromatin accessibility, respectively28. In liver cholangiocarcinoma,
Arid1a loss cooperates with Kras mutation to promote tumorigenesis
via repression of the TGF-β pathway46, whereas activation of the YAP
pathway is essential for Arid1a deficiency-induced pancreatic ductal
adenocarcinoma47. In the urothelium, ARID1A loss induces a
transcriptional-translational conflict, resulting in uncontrolled pro-
liferation, clonogenic growth, and bladder cancer progression48.

Given the well-characterized roles of the ARID1A-containing SWI/
SNF complex in chromatin remodeling and transcriptional regulation,
ARID1A loss has been expected to cause a global reduction in chro-
matin accessibility28,29,49. However, accumulating evidence indicates
that, at least in some tumors, ARID1A deficiency instead increases
chromatin accessibility, possibly through the dysregulation of other
chromatin remodeling factors50–52. Consistently, our study demon-
strates thatArid1a loss led to hyperproliferation in ourmodel, which is
consistent with previous studies in many other types of cancers, while
the detailed mechanisms were context-dependent28,29,53. GSEA and
RNA-seq analyses revealed that TPA tumors displayed significantly
enriched gene signatures related to MAPK and PI3K-AKT signaling,
consistent with transcriptional activation of these pathways. Com-
parable signatures were also observed in SRCC patients and were
associatedwith cell proliferation. In particular,we found that secretory
genes such as Scin were directly downregulated, while mucin genes
were indirectly increased in Arid1a-loss-induced SRCC. This mechan-
ism differs from that reported by Lo et al., who showed that combined
ARID1A and TP53 loss drove diffuse gastric cancer in human gastric
organoids but didnotobserve an SRCC-like phenotype29. Interestingly,
their Alcian blue staining revealed mucin proteins predominantly
localized to the organoid lumen, whereas in our models, AB-PAS
staining demonstrated marked intracellular mucin retention together
with transcriptional and epigenomic evidence linking ARID1A loss to
mucin regulation. Although the precise basis for these differences
remains unclear, potential explanations include distinct genetic con-
texts (TP53 loss alone versus combined Trp53 and Pten loss), the
accumulation of unidentified mutations during prolonged organoid
culture.

Given the prevalence and tumorigenic functions of ARID1A
mutations, there has been attractive to explore potential ther-
apeutic strategies for ARID1A-altered tumors. Previous studies have
shown that ARID1A-inactivated ovarian carcinomas exhibit defects
in the mevalonate pathway and are therefore sensitive to statin
treatment, alone or in combination with immune checkpoint
blockade54. Multi-omics analyses have suggested that ARID1A-
mutated gastric cancers may be responsive to bromodomain and

NF-κB inhibition55. We found that Arid1a loss leads to Brd9-medi-
ated upregulation of mucin genes. Thus, we propose that targeting
Brd9 or the non-classic BAF complex may represent an effective
therapeutic strategy for SRCC, which is characterized by excessive
mucin accumulation. Our finding are consistent with observations
in other cancer types, including sarcoma39, rhabdoid tumor56, and
liver cancer57. It will be of great interest to test inhibitors of the
non-classic BAF complex in patients harboring ARID1A mutations.
Nevertheless, we also note that ARID1A may play complex roles in
both malignant cells and nonmalignant cells, such as its function in
tumor-infiltrating T cells58. Therefore, therapeutic strategies tar-
geting ARID1A-deficient tumors should be carefully evaluated for
potential systemic effects.

Methods
Ethics statement
For studies involving mice described below, all animal procedures
were approved by the Institutional Animal Care and Use Committee
(IACUC) of West China Hospital. The maximal tumor volume per-
mitted under the approved protocol was 1500mm³. Tumor size was
monitored regularly throughout the study, and no tumors from any
mice exceeded this predefined limit.

Mice
All thesemice were bred and kept in the SPF animal facility of Sichuan
University, and no mouse was excluded in the experiments. Trp53−/−

mice from The Jackson Laboratory (Stock No: 002101, RRID:
IMSR_JAX:002101) and Trp53−/−; Cas9-expressing mice obtained by
breeding Trp53−/− mice with Cas9 knock-in mice from The Jackson
Laboratory (Stock No: 026179, RRID: IMSR_JAX:026179) were served as
donor mice (both in C57BL/6 background). BALB/cA-nu mice were
purchased from Beijing HuaFukang Biological Technology Co., Ltd.
(6–8-week-old).

Mouse organoid culture
Mouse organoid cultures were established and maintained as
described previously32. Specifically, normal mice stomach was
mechanically minced into pieces of 5-mm3 cubes and incubated in
DPBS with 2.5mM EDTA on ice. After incubation, the released gastric
gland fractions were resuspended with Matrigel (Corning, Cat#
356237) and seeded in 48-wells plate. Tumor tissues were harvested
and washed with ice-cold DPBS, and then minced into pieces. Incu-
bating the minced tumor tissue in digestion medium containing
0.5mg/ml collagenase IV (GIBCO, Cat# 17104-019) and 1.0mg/ml
collagenase I (GIBCO, Cat# 17100-017) in DMEM/F12 medium at 37 °C
until it dissociates into single cells or cell clusters. Tumor cells were
collected by centrifugation and resuspendedwithMatrigel. Organoid
culture medium was DMEM/F12 (GIBCO, Cat# C11330500BT) sup-
plemented with 2mM GlutaMAX (GIBCO, Cat# 35050-061), 1% Peni-
cillin and Streptomycin (GIBCO, Cat# 15140-122), 1× B27 (GIBCO,
Cat# A3582801), 1× N2 (GIBCO, Cat# 17502048), 10mM Y-27632,

Fig. 5 | Multi-omics integration reveals coordinated BRD9-driven gene activa-
tion following ARID1A loss. a Heatmap showing the expression levels of mucin
genes in SRCC, diffuse-type gastric cancer (DGC), and intestinal-type gastric cancer
(ITGC) patients from the TCGA-STAD cohort; the Korea University cohort
(GSE26899); the CCLE database; and TP and TPA tumor organoids. b Schematic
representation of the working hypothesis, in which Arid1a deficiency results in
elevated mucin expression. c Pie charts depicting the distribution of BRD9-bound
versus non-bound peaks within genomic regions showing increased chromatin
accessibility. d Intensity curves showing the average BRD9 signal across regions
with significantly increased BRD9 binding in TPA compared with TP gastric orga-
noids. eGeneOntology enrichment analysis of genes associatedwith BRD9binding
peaks within regions of increased chromatin accessibility. f Heatmap showing

chromatin accessibility changes and corresponding transcriptional alterations of
genes with increased accessibility and upregulated expression upon Arid1a
knockout. Mucin production-related genes are annotated. g Integrative Genomics
Viewer and box plots showing the BRD9 binding, accessibility, and expression
levels of Muc1 gene between TP and TPA organoids (n = 3 biological repeats).
h Integrative Genomics Viewer and box plots showing the BRD9 binding, accessi-
bility, and expression levels of Muc20 gene between TP and TPA organoids (n = 3
biological repeats). In this figure (g and h), center lines indicate the median, box
bounds indicate the 25th and 75th percentiles, and whiskers extend to the smallest
and largest observationswithin 1.5 × IQR from thehinges. P-valuesweredetermined
by the hypergeometric test in this figure (e) and by the two-sided likelihood ratio
test in this figure (g and h).
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200ng/ml FGF10 (Peprotech, Cat# 100-26-1000), 500 nM A-8301
(Peprotech, Cat# 9094360), 50 ng/ml mouse recombinant EGF
(Peprotech, Cat# AF-100-15-1000), 100 ng/ml mouse recombinant
noggin (Peprotech, Cat# 120-10C-250), 10mM Nicotinamide (Sigma,
Cat# N0636), 1mMN-acetylcysteine (Sigma, Cat# A9165), 10%Wnt3a
condition medium, 10% R-spondin1 condition medium). Organoid
medium was refreshed every 2–3 days.

Organoid genome editing
sgRNAs designed on the website of DNA2.0 Gene Design & Synthesis
(https://www.atum.bio/pipeline/dna) were cloned into the lentiviral
constructs U6-sgRNA-EFS-mCherry-P2A-puro. Human SCIN cDNA
sequences were obtained from the https://asia.ensembl.org/index.
html, digested by BglII (Cat#R0144S) and EcoRI (Cat#R0101S) endo-
nuclease from New England BioLabs, and followed by cloning into the
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retroviral plasmidMSCV-cDNA-IRES-GFP. The sequences of gRNAs and
primers targeting Pten, Arid1a, Scin, and Brd9 are listed in Supple-
mentary Dataset 2. Lentivirus packaging, infection, and verification
were done as previously reported31.

Generation of clonal organoid lines
After washing with PBS, organoids were dissociated using TrypLE™
dissociation reagent at 37 °C for 10min. Cell aggregates were removed
bypassing the suspension through a 35μmcell strainer, and thefiltrate
was centrifuged at 400 × g for 5min at 4 °C to collect the cell pellet.
The pellet was resuspended in culture medium supplemented with
10μMY-27632.Cellswere thendistributed into individualwells of a 96-
well plate by serial dilution. The plate had been pre-coated with 10μL
of Matrigel and overlaid with 100μL of organoid culture medium.
Wells containing a single cell were confirmed by microscopic exam-
ination. After 8–10 days, wells containing a single organoid were dis-
sociated with TrypLE™ and re-plated for clonal expansion.

Organoid subcutaneous transplantation
Trp53−/−;sgPten;sgScramble (TP) and Trp53−/−;sgPten;sgArid1a (TPA)
gastric organoids, TP-sgScramble and TP-sgScin tumor organoids, TPA
tumor organoids were dissociated into single cells using TrypLE™
Express, resuspended in Matrigel (Corning #356231), and mixed with
PBS at a 1:1 ratio. Cell viability was confirmed >90% by trypan blue
exclusion. The cell suspension (2 × 105 cells in 50μL total volume) was
aspirated into pre-chilled 29G insulin syringes and injected sub-
cutaneously into the right flank of 6–8-week-old BALB/cA-nu mice
(n = 6–7 per group). Tumor growth was monitored. Tumor sizes were
periodically measured using vernier calipers, and tumor volume was
calculated using the formula: 0.52 ×width2 × length (mm3). Refer to the
previous article for detailed methods32.

Organoid orthotopic transplantation
For the orthotopicmodel, organoids were collected and aspirated into
prechilled 29G insulin syringes. 6 to 8-week-old nude mice were
continuously anesthetized via a nose cone connected to an isoflurane
vaporizer. An abdominal incision was made using sterile surgical
scissors, and the stomach was gently exteriorized with forceps. Orga-
noids (5–8 × 10⁵ cells in 50μL Matrigel/PBS suspension) were injected
into the submucosal layer of the lower gastric corpus using a 29G
insulin syringe. The stomach was repositioned into the abdominal
cavity, and the abdominal wall was closed with 5–0 sutures. Post-
operative mice were monitored until fully ambulatory. Mice was
monitored weekly.

H&E and immunohistochemistry staining
Tumor tissues and organoids were fixed with 4% paraformaldehyde
overnight, then subjected to gradient dehydration, embedded in par-
affin, and preserved at room temperature. The standard protocol was

used for H&E and immunohistochemistry staining. Imaging was per-
formed using a Pannoramic MIDI. The H-score, a semiquantitative
assessment of immunohistochemical staining intensity and distribu-
tion, was calculated for each tumor sample to evaluate protein
expression. The staining intensity was visually graded on a scale of 0 to
3: 0 (Negative or no staining), 1+ (Weak staining), 2+ (Moderate stain-
ing), and 3+ (Strong staining). For each intensity grade (0, 1+, 2+, 3+), the
percentage of tumor cells exhibiting that specific intensity was esti-
mated. The H-score was then calculated using the following formula:

H� score = ð1 ×%of 1+ cellsÞ+ ð2 ×%of 2+ cellsÞ+ ð3×%of 3+ cellsÞ

The resulting score ranges from 0 to 300, where 0 represents no
staining and 300 represents strong staining in 100% of the tumor cells.

Western blotting
TP and TPA gastric organoid lysates were extracted in RIPA buffer
(Beyotime, Cat# P0013) supplemented with protease inhibitors
(Beyotime, Cat# P1045), followed by SDS–PAGE electrophoresis and
transfer onto PVDF membranes (Millipore). Primary antibodies were
applied in 5% non-fat milk and incubated overnight at 4 °C. HRP-
conjugated secondary antibodies were applied at a 1:10,000 dilution.
Images were obtained using NcmECL Ultra Reagent (NCM Biotech).

RNA extraction and RT-qPCR
Total RNA was extracted from TP, TPA-1, TPA-2, TP-sgScr, TP-sgScin−1,
TP-sgScin−2, TPA-sgScr, TPA-sgBrd9-1, and TPA-sgBrd9−2 tumor
organoids for RT-qPCR. Total RNA was extracted using TRIzol reagent
(Thermo Fisher Scientific, Cat# 15596026), and complementary DNA
(cDNA) was synthesized using the HiScript-III RT SuperMix kit
(Vazyme, Cat# R323-01) according to the manufacturer’s instructions.
Real-time quantitative PCR (RT-qPCR) was performed using Fast SYBR
Green Master Mix (Vazyme, Cat# Q711-02/03) on the StepOne Real-
Time PCR System (Thermo Fisher Scientific, Applied Biosystems
QuantStudio 3). Muc1, Muc5ac, mouse Scin, and human SCIN gene
primers for RT-qPCR are listed in Supplementary Dataset 2.

Organoid proliferation assay
Organoids were digested into single cells using TrypLE™ (GIBCO, Cat#
12605-028). A total of 5000 cells were seeded into each well of a 96-
well plate. After 5 days of culture, organoids were photographed using
anOlympus IX73P2F. The size of organoidswasmeasuredusing ImageJ
(Version 1.51).

Antibodies
The Recombinant Anti-MUC1 antibody (Cat# ab45167, RRID:
AB_776552) was obtained from Abcam; ARID1A/BAF250A (D2A8U)
Rabbit mAb (Cat# 12354, RRID: AB_2637010) and E-Cadherin (4A2)
Mouse mAb (Cat# 14472, RRID: AB_2728770) were obtained from Cell

Fig. 6 | Inhibition of BRD9 can reverse the SRCC phenotype caused by
ARID1A loss. a Quantification of relative Muc1 mRNA expression in TPA tumor
organoids transduced with sgScr or sgBrd9 and treated with DMSO or 10μM
dBRD9, as determined by RT-qPCR (n = 3 biological replicates). bQuantification of
relativeMuc20mRNA expression in TPA tumor organoids transducedwith sgScr or
sgBrd9 and treated with DMSO or 10μM dBRD9, as determined by RT-qPCR (n = 3
biological replicates). cBoxplots showing the SRCCsignature gene scores inDMSO
and dBRD9 treated TPA tumor organoids. Likelihood-ratio test was used to deter-
mine the significance level. The center line indicates the median, the box bounds
indicate the 25th and 75th percentiles, and the whiskers extend to the smallest and
largest observations within 1.5 × IQR from the hinges. P-value was determined by
the two-sided Likelihood ratio test. d Dose-response curves of TP and TPA tumor
organoids treated with dBRD9 (n = 3 biological repeats). e Representative H&E
(top) and AB-PAS (bottom) images of TPA tumor organoids treated with DMSO or

10μM dBRD9. Scale bar, 20μm. f Quantification of the percentage of SRCC-like
organoids in TPA tumor organoids treated with DMSO, 1 and 10μM dBRD9 (n = 3
biological replicates). g Quantification of the percentages of AB-PAS-positive cells
in TPA tumor organoids treated with DMSO or 10 μM dBRD9 (n = 5 biological
replicates). h Schematic diagram of the strategy for dBRD9 treatment in TPA
tumor-bearingmice. Created inBioRender. Pang, X. (2026) https://BioRender.com/
zy182ha. i Growth curves of the TPA subcutaneous tumors treated with vehicle or
dBRD9 (n = 7 mice). Tumor growth curves were analyzed by two-way ANOVA.
j Representative H&E (left) and AB-PAS (right) images of the TPA tumors treated
with dBRD9 and vehicle. Scale bar, 20μm. k Quantification of the percentages of
AB-PAS positive regions in the TPA tumors treated with vehicle or dBRD9 (n = 5
biological replicates). Data are presented as mean ± SEM, and p-values were
determined using unpaired two-tailed t-tests (a, b, f, g, k) and a two-tailed
Mann–Whitney test (h). Source data are provided as a Source Data file.
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Signaling Technology. The BRD9 polyclonal antibody (Cat# A303-
781A, RRID: AB_11218396) was obtained from Thermo Fisher Scientific.

In vitro treatment
Tumor organoids from TP and TPA mice were dissociated using Try-
pLE™ and seeded into 96-well plates at a density of 5000 cells per well.
After 24 h of culture, the organoids were treated with varying con-
centrations of dBRD9 (GlpBio, Cat# 2341840-98-8) (0, 0.001, 0.01, 0.1,
1, 10, and 100μM). After 72 h of treatment, the organoids were pho-
tographed and quantified using CCK8. The ratio of signet ring cell
organoids to total organoids was calculated from at least three inde-
pendent areas. Cell viability was determined by normalizing to the
DMSO group.

In vivo treatment
TPA tumor organoids was cultured and performed subcutaneous
transplantation with 50,000 cells per site. Tumor volume was then
monitored using vernier calipers. When the subcutaneous tumors
reached approximately 100mm³, themicewere randomly divided into
two groups for intraperitoneal drug administration: one group
received vehicle control (10% DMSO+40% PEG300+ 5% Tween-
80 + 45% saline) and the other received the dBRD9 compound (Med-
ChemExpress, Cat# 2170679-45-3) treatment group. Daily dosing was
administered at 50mg/kg, with tumor volume measurements recor-
ded every three days using vernier calipers throughout the treatment
period. Micewere sacrificed and analyzed at the indicated time points.

RNA-seq analysis
Total RNAwas extracted from gastric TP and TPA tumor organoids, TP
tumor organoids (sgScr and sgScin), and TPA tumor organoids treated
with vehicle or dBRD9 for transcriptome profiling. RNA-seq libraries
were sequenced on an Illumina NovaSeq 6000 platform (150-bp
paired-end reads). After removing the adapters, ploy-N, and low-
quality reads, clean data were aligned against the reference mouse
genome (mm10) using STAR_2.6.0. Following this, raw counts were
normalized and significance scores. as well as log2-fold change values,
were calculated using the DESeq2 (v.1.22.2). The differentially expres-
sed genes were used to perform Gene Ontology enrichment analyses
with the R package clusterProfiler (v.3.10.1) (RRID:SCR_016884). Fur-
thermore, Gene Set Enrichment Analysis (GSEA) was employed to
identify significantly enriched pathways. Preranked function was per-
formed to clarify the overall transcriptome similarity between mouse
models and tumor tissues of SRCC patients. Data visualization was
conducted using the R packages ggpubr, ggplot2, pheatmap, and
Vennerable.

Constructing ATAC-seq libraries
Gastric TP and TPA organoids (5 × 104 cells/each group) were harvested
to construct ATAC-Seq libraries using a Chromatin Profile Kit (Novo-
protein, Cat. N248-01A). 1mL ice-cold PBS suspended organoids, then
centrifuged at 500× g at 5min. The supernatant was removed and 50μL
lysis buffer gently resuspended organoids. Tubes were placed on ice for
5min and added into 950μL wash buffer, then gently blown 5 times,
which was centrifuged at 500× g for 5min at 4 °C. The sediment was
added into a 40μL fragmentedmixture and transferred to PCR tubes for
30min at 37 °C. Then 10μL stop buffer was used to end the reaction for
5min at 55 °C. The DNA extracted beads were used for purifying frag-
ments. Transposed DNA fragments were amplified using the PCR system
from this kit. PCR conditions: 72 °C for 3min, 98 °C for 30 s, followed by
9–18 cycles of 98 °C for 15 s, 60 °C for 15 s and 72 °C for 10 s, 72 °C for
2min. Amplified libraries were purified with the DNA Clean Beads.

ATAC-seq analysis
Assay for Transposase-Accessible Chromatin using sequencing (ATAC-
seq) was performed on nuclei isolated from TP and TPA gastric

organoids to profile genome-wide chromatin accessibility. The Illu-
mina NovaSeq 6000 platform was utilized to sequence the library. To
remove adapters from the 150 bp paired-end raw data, NGmerge was
employedwith the option “NGmerge -a -v -n 20”. Bowtie2 softwarewas
used to construct an index for themousegenome (mm10), followedby
alignments using the option “–very-sensitive -X2000 -x mm10”.
Duplicates were removed using Picard’s MarkDuplicates tool. Mito-
chondrial genome contamination was eliminated using SAMtools and
awk commands, resulting in bam files. Normalized bw files were gen-
erated using deepTools with the option “bamCoverage -bs = 1
–normalizeUsing BPM” for subsequent visualization in the Integrated
Genome Viewer (IGV). Macs3 hmmratac standard workflow was uti-
lized for peak calling in ATAC-seq. The genomic distribution of
accessibility sites was determined using ChIPseeker with the option
“annotatePeak”, and the TSS region “tssRegion” was set as (−3000,
3000). The “gappedPeak” files were transformed into GrangesList
forms, and the peaks were converted into consensus counts. Data
normalization and differential comparison were performed using
DESeq2. Regions of differential accessibility were identified for
downstream analyses using a p-value cutoff of 0.05 (Wald test).

Constructing CUT&Tag-seq libraries
Gastric TP and TPA organoids (1 × 10⁵ cells/per group) were harvested
to construct CUT&Tag libraries. TP and TPA organoids were used for
BRD9 andARID1ACUT&Tag.Organoidswere harvested in 1.5mL tubes
for the CUT&Tag assay using the NOvoNGS CUT&Tag 3.0 High-
Sensitivity Kit (Novoprotein, Cat. N259-YH01-01A). A total of 10μL of
ConA beads were added to each tube and incubated with cells for
10min at 25 °C. The supernatant was removed and the primary anti-
body buffer with the appropriate primary antibody was added and
incubated for 2 h at 25 °C or overnight at 4 °C. The supernatant was
removed, and the secondary antibody buffer was added and incubated
for 1 h at 25 °C. Beads were washed twice. The chromatin was com-
bined with ChiTag™ 2.0 Transposome, then fragmented using Tag-
mentation Buffer for 1 h at 37 °C. ChIP DNA was purified using DNA
Clean Beads and amplified using the PCR system from this kit. PCR
conditions: 72 °C for 3min, 98 °C for 30 s, followed by 10–25 cycles of
98 °C for 15 s, 60 °C for 15 s, and 72 °C for 10 s, then 72 °C for 2min.
Amplified libraries were purified using DNA Clean Beads. The purified
ChIP DNA was used for library preparation.

CUT&Tag analysis
CUT&Tag (Cleavage Under Targets and Tagmentation) assays were
conducted on chromatin isolated from TP and TPA gastric organoids
using antibodies against ARID1A, BRD9, or control IgG. The Illumina
NovaSeq 6000 platform was employed to perform genomic sequen-
cing. Following quality control by the fastp standard workflow, the
Bowtie2 software was utilized to construct an index for the mouse
genome (mm10) and align paired-end cleandata of 150bp length using
the options “–local –very-sensitive-local –no-unal –no-mixed –no-dis-
cordant –phred33 -I 10 -X 700”. The SAMtools programwas utilized to
convert sam files to sorted bam files. Picard’s MarkDuplicates tool was
used to remove duplicates with the option “REMOVE_DUPLICATES=
true”. Normalized bw files were generated using deepTools with the
option “bamCoverage -bs = 1 –normalizeUsing BPM” for further
visualization in the Integrated Genome Viewer (IGV). Peak calling was
performed using the MACS2 and MACS3 software with the option
“narrow -q 1e-5 -f BAMPE -g mm –keep-dup all”. ChIPseeker was
employed to identify the genomic distribution of the peaks, with the
TSS region “tssRegion” set as (−3000, 3000) for annotation. The
“narrowPeak” files were transformed into GrangesList forms, and the
peaks were converted into consensus counts. Data normalization and
differential comparison were performed using DESeq2. Regions of
differential modification were identified for downstream analyses
using a p-value cutoff of 0.05 (two-sided Wald test).
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Referred SRCC patient transcriptome data analysis
We analyzed the genetic alteration data of 171 diffuse gastric carci-
noma samples (including 144 diffuse-type adenocarcinomas and
27 signet ring cell carcinoma) obtained from the cBioPortal (https://
www.cbioportal.org/) dataset. Subsequently, we investigated the
occurrence of genetic alterations in ARID1A, TP53, and PTEN,
encompassing various types of mutations (truncating, in-frame,
missense, and splice site mutations), copy number variations (shal-
low deletions, deep deletions, gains, and amplifications), as well as
structural variations in this dataset of individuals. Transcriptome
data and corresponding clinical information of GC patients (SRCC,
n = 12; Intestinal, n = 74) were obtained from The Cancer Genome
Atlas Stomach Adenocarcinoma (TCGA-STAD) project. Tran-
scriptome data of gastric cancer cell lines were acquired from the
Cancer Cell Line Encyclopedia (CCLE) database (SRCC, n = 5; other
types, n = 14), microarray data and corresponding Lauren classifica-
tions were acquired from GSE26899 (Diffuse-type, n = 21; Intestinal-
type, n = 59).

GSEA was performed using the clusterProfiler package for the
SRCC/DGC versus ITGC comparison in the TCGA-STAD cohort and for
the TPA versus TP comparison in tumor organoids. For organoid RNA-
seq data, mouse gene symbols were converted to human orthologs
before analysis. Hallmark, C2, and C5 gene sets fromMSigDB v7.1 were
used. The preranked function from GSEA software was performed to
clarify the overall transcriptome similarity betweenmousemodels and
tumor samples of GC patients. To define SRCC signature genes, we
used the standard DESeq2 pipeline to identify genes significantly
upregulated in the combined SRCC and diffuse-type gastric cancer
group relative to intestinal-type gastric cancer samples from the
TCGA-STAD cohort (P <0.05 and log2 fold change > 1).

Data visualization
TheRpackages ggpubr, ggplot2, and ggpairedwere used to create box
plots to visualize differences in gene expression and chromatin
accessibility levels. Heatmaps of differentially expressed genes were
generated using the pheatmap package. GO enrichment results were
presented using bar plots and dot plots created with ggplot2. Deep-
Tools was used to visualize protein-binding and chromatin accessi-
bility profiles. Matrix computation of protein-binding and accessibility
peaks was performed using the “computeMatrix reference-point
–referencePoint center -b 3000 - a 3000 - skipZeros” option.

Statistical analysis
Organoid diameter and number assays, tumor measurements, RT-
qPCR, morphological statistics, and in vitro treatment were analyzed
for statistical significance using two-tailed unpaired parametric Stu-
dent’s t-tests (Prism 9.0, GraphPad software). The data distribution
was assumed to be normal, but this was not formally tested. Statis-
tical test methods, sample sizes, and p-values are indicated in the
corresponding figure legends. For the in vitro treatment experi-
ments, all samples were randomly assigned to vehicle or treatment
groups. Tumor measurements were performed blindly. The mea-
surements of organoid shapes were analyzed blindly. For other
in vivo and in vitro experiments, the researchers were not blinded
while performing the experiments. No data were excluded from the
study. Statistical significance on RNA-seq, ATAC-seq, and CUT&Tag
data was determined using unpaired two-tailed t-test, Wilcoxon rank-
sum test, Wald test, hypergeometric distribution, or Likelihood-ratio
test. Statistical significance was defined as p < 0.05. All the quantifi-
cation and visualization of omics data analysis were performed
on R v3.6.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq, ATAC-seq, and CUT&Tag sequencing data generated in
this study have been deposited in the Gene ExpressionOmnibus (GEO)
database under the accession numbers GSE232288, GSE232289,
GSE232291, and GSE232292. RNA-seq: https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE232288; https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE232292; ATAC-seq: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE232291; CUT&Tag: https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE232289, Analysis code
for this project is available atGitHub (https://github.com/AilingZhong/
SRCC_Project) and archived at Zenodo (https://doi.org/10.5281/
zenodo.19588797). All data are included in the Source Data file or
available from the authors. Source data are provided with this paper.
The remaining data are available within the Article, Supplementary
Information or Source Data file. Source data are provided with
this paper.

Code availability
The analysis codes can be found in GitHub (https://github.com/
AilingZhong/SRCC_Project).
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