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SUMMARY
Gastric cancer (GC) is one of the most frequent and lethal malignancies in the world. However, our under-
standing of the mechanisms underlying its initiation and progression is limited. Here, we generate a series
of primary GC models in mice with genome-edited gastric organoids, which elucidate the genetic drivers
for sequential transformation from dysplasia to well-differentiated and poorly differentiated GC. Further,
we find that the orthotopic GC, but not the subcutaneous GC even with the same genetic drivers, display
remote metastasis, suggesting critical roles of the microenvironment in GC metastasis. Through single-
cell RNA-seq analyses and functional studies, we show that the interaction between fibronectin 1 on stom-
ach-specific macrophages and integrin a6b4 on GC cells promotes remote metastases. Taken together, our
studies propose a strategy to model GC and dissect the genetic and microenvironmental factors driving the
full-range gastric tumorigenesis.
INTRODUCTION

Carcinogenesis is proposed to be a multistage process for cells

to progress from normalcy to malignancy, which might explain

up to several decades’ latencies in patients (Cooper, 2000).

Accumulating evidence suggests that various factors, including

pre-tumor and tumor cell-intrinsic genetic abnormalities and

microenvironmental dysregulations, contribute to each step of

this gradual transformation process. One example is demon-

strated in a genetic model of colon cancer. It shows that the

sequential mutations in APC, KRAS, TP53, and SMAD4 drive co-

lon epithelial cells transforming into dysplasia, adenoma, carci-

noma, and eventually metastatic cancer (Fearon and Vogelstein,

1990; Vogelstein et al., 2013). The next-generation sequencing

analyses reveal more and more genetic mutations, which can

be either driver mutations or passenger mutations, in human

cancers of different stages. However, whether and how these

mutations promote the initiation and progression of cancers re-

mains to be elucidated. Further, not only these factors intrinsic

of tumor cells, but also the tumor microenvironment plays a crit-

ical role in tumorigenesis and progression (Anderson and Simon,

2020; Chen and Song, 2022). There is emerging evidence indi-

cating that both systemic and microenvironmental factors play

critical roles in all steps of tumorigenesis. For example, can-
This is an open access article under the CC BY-N
cer-associated macrophages can promote progression and

metastasis through various mechanisms in different cancers,

including secreting cytokines, growth factors, and oxygen

(Pollard, 2004; Qian and Pollard, 2010). And tissue damages

can promote the initiation and progression of pancreatic ductal

adenocarcinoma through a gene-environment-induced epige-

netic reprogramming (Alonso-Curbelo et al., 2021). Neutrophil

extracellular traps promote the metastasis of breast and colon

cancers through the interaction of NET-DNA and CCDC25 of tu-

mor cells (Yang et al., 2020). A large amount of effort is required

to further dissect these intrinsic and extrinsic factors during the

whole process of carcinogenesis, especially in some types of

cancers so far less studied.

Gastric cancer (GC) is one of such obviously disproportion-

ately less studied human cancers. It is the fifth most common

cancer in the world and kills about 1 million people per year

(Sung et al., 2021). It is more common in East Asia, including

China. The risk factors for GC include Helicobacter pylori infec-

tion, diet, smoking, and inherited and non-inherited genetics

(He et al., 2021). Recently genomic analyses of large cohorts of

GC patients show that deficiency of tumor suppressors, such

as TP53, CDKN2B, CDH1, ARID1A, and PTEN, through muta-

tions, deletions, and/or DNA methylation, and gain-of-function

mutations or amplification of oncogenes, such as ERBB2,
Cell Reports 41, 111482, October 18, 2022 ª 2022 The Authors. 1
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MYC, and KRAS, are among the most frequent genetic abnor-

malities associated with GC in patients (Cancer Genome Atlas

Research, 2014; Cristescu et al., 2015; Nagaraja et al., 2019;

Wang et al., 2014; Yeoh and Tan, 2022). These mutations might

have an impact on the initiation, progression, metastasis, and

clinical outcomes of the disease. The combination of oncogenic

KRASG12D and loss of CDH1 and TP53 gives rise to aggressive

gastric adenocarcinoma with metastases in multiple organs

(Till et al., 2017). And intriguingly, disruption of TP53 and ARID1A

in human organoids leads to GC with a diffused type once trans-

planted into mice (Lo et al., 2021). Studies on patient-derived

tumor organoids show that knockout of TP53 and CDH1 in

wild-type gastric organoids was sufficient to allow culture

without R-spondin even though these organoids were still

dependent on exogenous Wnt-3A (Nanki et al., 2018). However,

despite these signs of progress, our understanding of themolec-

ular mechanisms underlying GC initiation and progression is still

very limited, which hampers the development of new treatments

for this lethal malignancy.

Animal models of GC, which can represent the whole trans-

forming process of carcinogenesis from normal epithelial cells

to metastatic cancer cells, are critical to dissect the underlying

pathology and molecular mechanisms. Although genetically en-

gineered mouse models have significantly contributed to the

basic and translational studies on GC, they are time-consuming,

costly, and technically inconvenient (Seidlitz et al., 2019; Yu

et al., 2014). Recent progress in organoid culture and genome

editing provides an alternative strategy to generate cancer

models more efficiently (Na et al., 2022; O’Rourke et al., 2017;

Pan et al., 2022; Roper et al., 2017; Wang et al., 2022). Here,

we applied a similar strategy to model GC in mice. And with

thesemodels, we dissected the genetic andmicroenvironmental

drivers for GC from dysplasia to well-differentiated carcinoma,

poorly differentiated carcinoma, and metastatic cancer.

RESULTS

The function of GC-related genetic drivers in
premalignant gastric organoids
Given the recent progress in cancer modeling with gene-edited

organoids, we decided to generate GC with this technique in

mice (Figure S1A). Briefly, normal gastric epithelial organoids

were derived from the stomach of Cas9-EGFP mice (Platt

et al., 2014). sgRNAs and cDNAwere introduced into these orga-

noids to disrupt the potential GC-related tumor suppressor
Figure 1. Modeling gastric cancers of different stages with CRISPR-C

(A) Representative bright-field (top) images and H&E (middle), and immunofluore

(Trp53�/�; Myc; sgPten), TMPC (Trp53�/�; Myc; sgPten; sgCdkn2b) mouse gast

(B) The diameters of WT, Trp53�/�, TM, TMP, and TMPC gastric organoids. Data

(C) The percentages of Ki-67+ cells in WT (n = 5), Trp53�/� (n = 5), TM (n = 5), TMP

SEM; p value was calculated by unpaired t test.

(D) The percentages of hollow and solid organoids in WT, Trp53�/�, TM, TMP,

calculated by unpaired t test.

(E) Representative bright-field (top) and H&E (bottom) images in the TM, TMP, an

(F) Statistical graph showing the volume of the subcutaneous TM, TMP, and T

calculated by unpaired t test.

(G) Representative Ki-67 (top) and CK7 (bottom) staining of the subcutaneous TM

(H) Representative CDK4 (top) and ERBB2 (bottom) staining of the subcutaneou
genes and overexpress oncogenes, respectively. Then these

gene-edited gastric organoids were transplanted into the recip-

ient mice, of which tumorigenesis was monitored. We analyzed

the genetic landscape, including mutations (truncating, in frame,

missense, and splice site mutation), copy number variations

(shallow deletion, deep deletion, gain, and amplification), and

structural variations, of 1,590 GC samples from the cBioPortal

dataset (https://www.cbioportal.org/). TP53 was one of the

most frequently altered genes (Cancer Genome Atlas Research,

2014), which was disrupted in up to 56% of GC patients. PTEN

and CDKN2B were also among the most frequently altered

genes in human GC, with mutation ratios of 25% and 34%,

respectively.MYCwas amplified in 55% of patients (Figure S1B;

Table S1). Remarkably, these alterations tended to co-occur in

GC patients (Figure S1C; Table S1). About 9% of all GC patients

harbored TP53, MYC, PTEN, and CDKN2B variations together

(Figure S1D; Table S1). Therefore, we decided to test the roles

of these genes and their combinations in gastric tumorigenesis.

We cultured gastric organoids from young adult Trp53�/�;
Cas9-EGFP mice in 3D Matrigel. sgRNAs against Pten and

Cdkn2b, linked with mCherry, and Myc cDNA, linked with lucif-

erase, were introduced into these organoids (Figure S1E). Lucif-

erase and mCherry could facilitate detecting the tumors derived

from these organoids. Compared with those fromwild-type (WT)

animals, Trp53�/� organoids had significantly increased size

(Figures 1A and 1B). Then, we introduced Myc cDNA and the

luciferase reporter gene into Trp53�/� organoids (Figure S1F).

The proliferation of Trp53�/�; Myc (TM) organoids was signifi-

cantly accelerated compared with Trp53�/� organoids, indi-

cated by Ki-67 staining (Figures 1A and 1C). Further, wemutated

Pten in the TM organoids (TMP) (Figures S1G and S1H). And

there was a significant increase of Ki-67+ cells in the TMP orga-

noids compared with the TM organoids (Figure 1C). Further,

Cdkn2b was disrupted by sgRNA, which further increased the

size and percentage of Ki-67+ cells in the Trp53�/�;Myc; sgPten;

sgCdkn2b (TMPC) organoids (Figures 1A–1C and S1G). Interest-

ingly, most of the WT gastric organoids were hollow, similar to

previous reports (Barker et al., 2010; Stange et al., 2013), while

there were significantly increased solid organoids in the

Trp53�/�, TM, TMP, and TMPC groups (Figures 1A and 1D). Pre-

vious reports suggested that solid organoids might contain more

stem cell-like cells in some types of organoids (Broutier et al.,

2017; Santos et al., 2019). Immunofluorescence staining showed

that most of the cells in solid gastric organoids were SOX2 and

LGR5 positive while, in contrast, only a few of them in the hollow
as9-mediated engineered gastric organoids in mice

scence staining of Ki-67 (bottom) in WT, Trp53�/�, TM (Trp53�/�; Myc), TMP

ric organoids. Scale bar, 200 mm (top), 20 mm (middle), and 50 mm (bottom).

presented as the means ± the SEM; p value was calculated by unpaired t test.

(n = 5), and TMPC (n = 5) gastric organoids. Data presented as the means ± the

and TMPC organoids. Data presented as the means ± the SEM; p value was

d TMPC subcutaneous tissues. Scale bar, 2 mm (top) and 20 mm (bottom).

MPC tissues (n = 5). Data presented as the means ± the SEM; p value was

, TMP, and TMPC tissues. Scale bar, 20 mm.

s TMP and TMPC tissues. Scale bar, 20 mm.
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organoids (Figures S1I–S1K). These results suggested that the

TMP and TMPC organoids might have increased stemness.

Modeling the stepwise tumorigenesis of GC in mice
To test the tumorigenesis capacity of these premalignant orga-

noids in vivo, we transplanted them into nude mice subcutane-

ously (Figure S1A). Two months after transplantation, two out

of five recipient mice with TM organoids formed bulges at the in-

jection sites. They displayed porous structures with dysplastic

polypoid epithelium. Instead, all five mice with TMP organoids

developed tumors. Histological analyses indicated the TMP tu-

mors as well-differentiated adenocarcinoma. All the recipients

of the TMPC organoids developed aggressive tumors, which,

in contrast, displayed features of poorly differentiated adenocar-

cinoma (Figure 1E). And the TMPC tumors grew significantly

faster than the TMP tumors (Figures 1E, 1F, S1L, and S1M).

Immunohistochemistry (IHC) staining confirmed the expressions

of CK7, Ki-67, CDK4, and ERBB2, diagnostic markers of human

GC, in TMP and TMPC tumors (Figures 1G and 1H) (Birkman

et al., 2018; Ko et al., 2017). These results demonstrated that

gastric organoids with GC-associated mutations were able to

initiate malignancies in mice, and genetic drivers significantly

affected the malignancy of the resulting tumors.

Generating primary and orthotopic TMPC GC in mice
Then we set to generate primary and orthotopic GC. The pre-

malignant TMPC organoids were introduced into the submu-

cosa of the recipient’s stomach (Figure S2A). Luciferase living

image detected specific signal of the transplanted organoids

as early as 1 week after transplantation, and the luciferase in-

tensity increased over time, indicating the rapid growth of the

transplant (Figure 2A). About 1–2 months later, these recipient

mice displayed severe body weight loss and cachexia, typical

syndromes associated with GC patients (Figures S2B and

S2C). Biopsy dissection showed that solid tumors were formed

at the injection site on the stomach. Those tumors were

mCherry positive, indicating that they were derived from the

transplanted TMPC organoids (Figure 2B). Histologic analyses

revealed that these tumors were poorly differentiated adeno-

carcinoma, positive for Ki-67, CK7, and EPCAM staining

(Figure 2C).

Importantly, despite the histologic similarity of the subcutane-

ous and orthotopic tumors derived from the same TMPCorgano-

ids, we found that there were massive distal metastases in the

recipients with orthotopic tumors, with no detectable metasta-

ses in those with subcutaneous tumors (Figures 2D, 2E, S2D,

and S2E). Histologic analyses confirmed that these metastases

originated from the orthotopic TMPC tumors (Figure S2F). Tumor

organoids were cultured from the subcutaneous and orthotopic

TMPC tumors. Interestingly, orthotopic tumor organoids, but not

subcutaneous ones, displayed multiple protrusion structures,

which had been suggested to be associated with metastasis ca-

pacity in small cell lung cancer (Na et al., 2022; Yang et al., 2019)

(Figure 2F). These results strongly indicated that orthotopic GCs

had significantly increased metastasis capacity compared with

subcutaneous tumors, even though they were derived from the

same premalignant gastric organoids with the same genetic

drivers.
4 Cell Reports 41, 111482, October 18, 2022
Transcriptome analyses of the GC models of different
stages
To characterize molecular features of these GCs, we performed

transcriptome analyses of those tissues derived from TM, TMP,

and TMPC subcutaneous tumors. RNA-seq data confirmed that

Pten and Cdkn2b had been disrupted in tumor tissues (Fig-

ure S3A). And the heatmap of differentially expressed genes

suggested that TM tissues were distinct from TMP and TMPC

tissues (Figure 3A; Table S2). Gene ontology (GO) pathways

significantly enriched in TM groups were related to tissue ho-

meostasis, gland morphogenesis, and morphogenesis of a

branching epithelium, consistent with their largely normal

morphology (Figures 3A and 3B). And multiple extracellular ma-

trix related pathways were enriched in TMP groups, while DNA

replication, positive regulation of cell cycle process, and EMT

pathway were enriched in TMPC groups, supporting them as a

more aggressive malignancy (Figure 3B). Consistent with their

histology, TMPC tumors showed the highest poorly differenti-

ated scores (Rhodes et al., 2004). And in line with their fast

growth, they also expressed high levels of cell cycle genes (Fig-

ure 3C; Table S3). Importantly, the TM gene signature mimicked

that of tumor-adjacent normal tissues, while, in contrast, those of

TMP and TMPC tumors were similar to that of GC in the stomach

adenocarcinoma cohort of The Cancer Genome Atlas Program

(TCGA-STAD) (Figure S3B). And further, GC patients with high

expressions of the TMPC gene signature had significantly poorer

prognoses than those with high expressions of the TMP gene

signature (Figure S3C).

Importantly, the orthotopic TMPC tumors were clearly sepa-

rated from the subcutaneous TMPC ones by PCA (Figure 3D).

The upregulated and downregulated genes in the orthotopic

TMPC tumors, compared with the normal gastric epithelium,

were significantly positively and negatively, respectively, en-

riched in human GC (NES = 1.46, q = 0.00, and NES = �1.72,

q = 0.00, respectively) (Figure S3D) (Li et al., 2018). Canonical

carcinoma marker genes were highly expressed in orthotopic

TMPC tumors, such asMki67, Brca1, Egfr, Ceacam1, Ceacam2,

etc., while markers for the normal gastric epithelium, such as

Cdh1, Tff1, Tff2, Gkn1, and Gkn2, were significantly downregu-

lated in orthotopic TMPC tumors (Figure S3E). There were

3,125 and 1,258 genes up- and downregulated, respectively, in

orthotopic TMPC tumors compared with subcutaneous ones

(Figure 3E; Table S2). Among the upregulated ones were those

related to epithelium-mesenchymal transition and cell migra-

tion-related genes, such as Fgf2, Wnt5a, Mmp2, Ccr2, Ccr3,

Cxcl10, and Itgb4 (Figure 3E; Table S2). Gene set enrichment

analysis (GSEA) showed that multiple metastasis-related path-

ways were significantly positively enriched in the orthotopic

TMPC tumors comparing to the subcutaneous ones (Figure 3F).

Single-cell transcriptome profiling of the subcutaneous
and orthotopic TMPC tumors
To gain a deep insight into the cellular and molecular differences

between TMPC tumors developed subcutaneously and ortho-

topically, we performed single-cell RNA sequencing analyses

with 10x Genomics (Figure 4A and S4A; Table S4). Classic

marker genes were used to identify each population, such as

S100a8 and S100a9 for neutrophils, Lyz2 and Csf1r for
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(B) Representative bright-field (left) and red fluorescent (right) images of the orthotopic TMPC tumor. Scale bar, 1 mm. Circled areas indicate the tumor regions.
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and 20 mm (bottom).

(E) The diameters of subcutaneous and orthotopic TMPC mice (n = 9) showing visible liver (left) and lymph node (right) metastases. Each dot indicates a

metastasis (red) or enlarge (blue) locus. Data presented as the means ± the SEM; p value was calculated by unpaired t test.

(F) Representative images showing the morphologies of the subcutaneous (left) and orthotopic (right) TMPC tumor cells in 2D culture. Arrowheads indicate the

protrusion structures. Scale bar, 20 mm.
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Article
ll

OPEN ACCESS
macrophages, Col1a1 for fibroblasts, and Pecam1 and Egf17 for

endothelium (Figures 4B and S4B). Normal gastric mucosa

epithelial cells, identified with Gkn2, Tff1, and Tff2 expressions,

were only detected in the orthotopic tumor sample (Figure S4B).

Strikingly, the singleR annotated analyses revealed that all of

these populations in the mouse tumors were highly and specif-

ically correlated with those in GC patients (Sathe et al., 2020)

(Figures 4C and S4C; Table S3). The relative proportions of

non-tumor cells in the orthotopic tumor were larger than those

of the subcutaneous tumor (Figure 4D; Table S4). And consis-
6 Cell Reports 41, 111482, October 18, 2022
tently, orthotopic tumors possessed much higher putative pro-

tein-protein interaction potency (Figure 4E; Table S4). The ortho-

topic tumor cells, enriched in cluster 0, expressed high levels of

genes associated with metastasis stage (M1) in human GC (Fig-

ure 4F; Table S3). Importantly, the gene signature of the ortho-

topic tumor cells, compared with the subcutaneous ones, and

that of the cluster 0 were enriched in human GCwith metastases

(Figure 4G). Consistent with their enhanced metastatic capacity,

the pathways positively enriched in the orthotopic tumor cells

included the EMT pathway, the podosome regulation pathway,
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Figure 4. Single-cell transcriptome analyses reveal the cellular and molecular differences between the subcutaneous and orthotopic TMPC

tumors
(A) The UMAP plot of the subcutaneous and orthotopic TMPC tumors showing different cell types.

(B) The dot plot showing the expression levels of marker genes for each cell type.

(C) The heatmap showing the correlations between the indicated mouse cell types and human GC cell types annotated by singleR. The scRNA-seq data of GC

patients were analyzed from https://dna-discovery.stanford.edu.

(D) The proportion of each cell type in the subcutaneous and orthotopic tumors.

(E) The boxplot showing the signaling entropy levels of subcutaneous and orthotopic tumor cells. Statistical significance was determined by Wilcoxon rank-sum

test.

(F) The URD maps of tumor cells from the subcutaneous and orthotopic TMPC tumors. The dots were colored by sample origins (left), unsupervised clustering

(middle), and the expression level of metastasis scores (right), which derived from significantly highly expressed genes of GC patients withmetastasis, comparing

with those without metastasis in the TCGA-STAD cohort.

(G) The alluvial plots showing the composition variation of two molecular subtypes of GC patients with or without metastasis in the TCGA-STAD cohort. The

feature genes were derived from the signature genes of the subcutaneous and orthotopic tumor cells (left) or the clu0 and clu1 tumor cells (right).

(H) The Kaplan-Meier survival curves of TCGA-STAD patients with low and high expression levels of orthotopic tumor cell signature genes (left) and clu0 signature

genes (right). Statistical significance was determined by log rank test.
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and the Wnt pathway (Figure S4D). Further, high expression

levels of the orthotopic tumor signature genes were associated

with poor prognosis of GC patients. And similarly, high expres-

sion levels of the cluster 0 signature genes were also associated

with poor prognosis of GC patients (Figure 4H).

Further, fibroblasts in the orthotopic tumors expressed high

levels of genes involved in positive regulation of angiogenesis,

mesenchymal cell proliferation, and Wnt signaling pathway,

compared with those in the subcutaneous tumors (Figure S4E).

The high expression of orthotopic fibroblast gene signature

predicted poor prognosis in GC patients (Figure S4F). However,

gene signatures of neutrophils and endothelium did not show

prognostic value (Figures S4G–S4J). Of note, the orthotopic

macrophages expressed high levels of genes involved in in-

flammatory response, tissue remodeling, and extracellular

structure organization (Figure S4K). Their gene signature was

significantly associated with poor prognosis for GC patients

(Figure S4L).

The interaction of FN1high macrophages and ITGA6-
ITGB4+ tumor cells is associated with GC malignancy
and poor prognosis
To quantify the microenvironment complexity, we compared the

numbers of differential expression ligands and receptors be-

tween subcutaneous and orthotopic tumors. In total, there

were 282 significantly upregulated and 121 downregulated

ligand genes in orthotopic tumors compared with subcutaneous

ones (Figure 5A; Table S5). And 196 and 114 receptor genes

were significantly up- and downregulated, respectively, in the or-

thotopic tumors compared with subcutaneous ones (Figure 5A;

Table S5). iTALK cell-cell interaction analyses demonstrated

that the cell-cell interaction complexity was dramatically

increased in orthotopic tumors (Figure S5A; Table S5). Fn1 was

one of the most differentially expressed ligands between subcu-

taneous and orthotopic macrophages (Figures 5B and S5B;

Table S5). Integrin a6 could form a heterodimer with b4, and their

high expressions were associated with metastasis in various hu-
Figure 5. The interaction between macrophages and tumor cells throu

GC

(A) The bar plots showing the number of differential expression ligands (left) and

(B) The bar plot showing the relative ligand-receptor interaction strength scores f

tumors.

(C) The boxplots showing the expression levels of Fn1 and Itga6-Itgb4 betwe

respectively. Two-tailed Wilcoxon’s rank-sum tests were used to determine the

(D) The UMAP plot showing four subpopulations of macrophages in the subcuta

(E) The proportion of each macrophage subpopulation in the subcutaneous and

(F) The expression levels of theMAM (metastasis-associated macrophage) signat

sum tests were used to determine the significance levels.

(G) The relative Fn1 expression levels in four macrophage subpopulations. Statis

(H) The pie charts showing the ratios of FN1+ (top) and ITGA6-ITGB4+ (bottom

patients. Statistical significance was determined by Chi-squared test.

(I) FN1 (left) and ITGA6-ITGB4 (right) expression levels of normal and tumor sa

Wilcoxon rank-sum test.

(J) Representative ITGB4 (white), FN1 (green), and F4/80 (red) staining of the subc

higher magnifications. Scale bar, 5 mm. Arrowheads indicate the interactions bet

(K) Representative ITGB4 (white), FN1 (green), and F4/80 (red) staining of tumor

interactions between FN1high macrophages and ITGB4+ tumor cells.

(L) The Kaplan-Meier survival curves of GC patients with low and high expression l

Statistical significance was determined by log rank test.
man cancers (Kariya et al., 2017). Itga6 and Itgb4 were among

the top receptors highly expressed in the tumor cells, compared

with non-tumor cells (Figure S5C; Table S5). And orthotopic

macrophages and tumor cells expressed significantly higher

levels of Fn1, Itga6, and Itgb4 than the subcutaneous ones,

respectively (Figure 5C).

The tumor-associated macrophages (TAMs) in GC could be

divided into four subpopulations on the Uniform Manifold

Approximation and Projection (UMAP), with specific markers,

C1qc, Arg1, Spp1, and Ly6c2, respectively (Figures 5D and

S5D; Table S4). There were more C1qc+ TAMs in the subcutane-

ous tumors while more Arg1+ and Spp1+ TAMs in the orthotopic

tumors (Figures 5E and S5E; Table S4). C1qc+ TAMs displayed

M1 features with anti-tumor capacity, indicated by increased

phagocytosis score and decreased angiogenesis score. Instead,

the Arg1+ and Spp1+ TAMs were M2-like with high angiogenesis

scores and low phagocytosis scores (Figures S5F and S5G;

Table S3). Moreover, Arg1+ and Spp1+ TAMs also expressed

high levels of metastasis-associated macrophage (MAM) gene

signatures, compared with C1qc+ and Ly6c2+ TAMs (Figure 5F;

Table S3) (Nieto et al., 2021; Zhang et al., 2020). Fn1 was prefer-

entially expressed in the metastasis-associated Arg1+ and

Spp1+ macrophage subpopulations (Figure 5G; Table S4). In pa-

tients, 9.62% of TAMs expressed FN1, while only 0.87% of mac-

rophages could be detected with FN1 expression from the

normal tissues. Meanwhile, 24.05% of normal gastric epithelial

cells expressed ITGA6-ITGB4 and 53.75% of GC tumor cells in

contrast, measured by 10x Genomics scRNA-seq analyses of

seven GC patients and their paired normal tissues (Sathe et al.,

2020) (Figure 5H). Consistently, in the TCGA-STAD cohort, the

expression levels of FN1 and ITGA6-ITGB4 in gastric tumors

were both significantly higher than those in the adjacent normal

tissues (Figure 5I).

To visualize the integrin-fibronectin interaction between tumor

cells and macrophages, we performed immunofluorescent

staining of the subcutaneous and orthotopic tumors with anti-

bodies against ITGB4, fibronectin 1, and F4/80, a marker for
gh FN1 and integrin a6b4 is associated with metastasis of orthotopic

receptors (right) between subcutaneous and orthotopic subpopulations.

rom microenvironment cells to tumor cells in the subcutaneous and orthotopic

en subcutaneous and orthotopic macrophages (left) and tumor cells (right),

significance levels.

neous and orthotopic TMPC tumors.

orthotopic tumors.

ure genes in four subpopulations of macrophages. Two-tailed Wilcoxon’s rank-

tical significance was determined by Wilcoxon rank-sum test.

) macrophages and epithelial cells in normal and malignant tissues from GC

mples in the TCGA-STAD cohort. Statistical significance was determined by

utaneous and orthotopic TMPC tumors. Scale bar, 20 mm. Box areas showing

ween FN1high macrophages and ITGB4+ tumor cells.

s from the gastric cancer patient. Scale bar, 10 mm. Arrowheads indicate the

evels of FN1-ITGA6-ITGB4 in the TCGA-STAD (left) andMDACC (right) cohorts.
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Figure 6. Macrophages promote the metastasis of orthotopic GC through the FN1-integrin a6b4 interaction

(A) The bar plot showing the wound closure score in TMPC tumor cells with sgScr, sgItgb4, or sgItga6 co-cultured with RAW264.7 cells with or without dCas9-Fn1

(M4-dCas9-Fn1 or M4-dCas9, n = 4). Data presented as the means ± the SEM; p value was calculated by unpaired t test.

(B) Ratio of M4-dCas9 or M4-dCas9-Fn1 adhering to the orthotopic TMPC tumor cells with sgScr, sgItgb4, or sgItga6 (n = 5). Data presented as the means ± the

SEM; p value was calculated by unpaired t test.

(C) Representative bioluminescent images of mice with orthotopic TMPC tumors sgScr, sgItgb4, or sgItga6.

(D) The luciferase fluorescence signal intensity of mice with orthotopic TMPC tumors sgScr, sgItgb4, or sgItga6 (n = 5). Data presented as the means ± the SEM;

p value was calculated by unpaired t test.

(legend continued on next page)
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macrophage. FN1high macrophages were close to or directly in-

teracted with ITGB4+ tumor cells in the orthotopic tumors, but

few of them did in the subcutaneous tumors (Figures 5J and

S5H). Similarly, we also observed direct contact between the

ITGB4+ tumor cells and FN1high macrophages in human GC tis-

sues (Figure 5K). With sorted TAMs from subcutaneous and or-

thotopic tumors, we found that more TAMs from the orthotopic

tumors but not those from the subcutaneous tumors could

bind with the tumor cells on the dish (Figure S5I). GC patients

with high expression levels of FN1-ITGA6-ITGB4 have signifi-

cantly decreased overall survival compared with those with low

expression levels (Figure 5L). Further, GC patients with high

expression levels of FN1-ITGA6-ITGB4 had significantly positive

enrichments of EMT and TGF-b signaling pathways, compared

with those with low expressions (Figure S5J). Taken together,

these data suggested a critical role of the interaction of FN1 on

macrophages with integrin a6b4 on tumor cells in themalignancy

and metastasis of GC.

The FN1-integrin a6b4 interaction between tumor cells
and macrophages is required for GC metastasis
To explore the functions of Itga6 and Itgb4 on GC metastasis,

we cultured TMPC organoids with sgScr, sgItgb4, or sgItga6.

Itgb4 and Itga6 loss significantly reduced the protrusion

numbers of tumor organoids (Figures S6A and S6B). Then we

performed a scratch assay of the TMPC tumor cells co-

culturing with RAW 264.7 cells, an immortalized mouse macro-

phage cell line (Figure S6C). Fn1 was upregulated in RAW 264.7

cells by CRISPRa (Figure S6D). We found that upregulating Fn1

in RAW 264.7 cells significantly increased the migration of the

TMPC cells. And further, disruption of either Itga6 or Itgb4

largely diminished the effect of Fn1 upregulation on the migra-

tion of tumor cells (Figure 6A and S6E). Meanwhile, there was

no significant difference in the migration ability between

TMPC tumor-sgItgb4 or sgItga6 cells and TMPC tumor-sgScr

cells (Figures S6F and S6G). And upregulation of Fn1 in the

RAW 264.7 cells significantly increased their direct binding

with tumor cells. And either Itga6 or Itgb4 loss in the tumor cells

significantly reduced their interaction with the RAW 264.7 cells

(Figures 6B and S6C).

Then we tested the functions of integrin a6b4 on GC progres-

sion in vivo. sgItga6 and sgItgb4 TMPC cells were orthotopically
(E) Representative bright-field images of livers frommice with orthotopic TMPC tu

bar, 3 mm.

(F) The percentages of mice with orthotopic TMPC tumors sgScr, sgItgb4, or sg

(G) The growth curve of subcutaneous TMPC tumors with sgScr, sgItgb4, or sgItg

unpaired t test.

(H) Bioluminescent images of orthotopic TMPC mice in PBS-Lipo- or Clo-Lipo-tr

(I) Quantification of bioluminescent intensity from orthotopic TMPC mice injected

p value was calculated by unpaired t test.

(J) Representative immunofluorescence staining images of ITGB4 (white), FN1 (gr

Lipo or Clo-Lipo. Scale bar, 100 mm.

(K) The weight of gastric tumors from orthotopic TMPC mice injected with PBS-L

calculated by two-tailed Mann Whitney test.

(L) Representative bright-field (left) and red fluorescence (right) images of gastric t

with PBS-Lipo or Clo-Lipo. Scale bar, 1 mm.

(M) The volumes of liver metastases from orthotopic TMPCmice injected with PBS

calculated by two-tailed Mann Whitney test.
transplanted into the stomach of recipients, with sgScr cells as

control. The results showed that sgItga6 and sgItgb4 tumors

grew significantly slower than the control TMPC tumors, mea-

sured by luciferase intensity and the tumor size (Figures 6C,

6D, S6H, and S6I). Further, five out of nine recipient mice with

sgScr TMPC tumors had visible metastasis loci on both liver

and lymph nodes, and one had only metastasis on the lymph

node, while, in contrast, only one out of nine recipients with

sgItga6 tumors had metastasis on lymph nodes, while none of

them had liver metastasis. And similarly, only one out of nine re-

cipients with sgItgb4 tumors had metastasis on lymph nodes

(Figures 6E, 6F, S6J, and S6K). Of note, once subcutaneously

transplanted into recipients, the growth of sgItga6 and sgItgb4

tumors was similar to the control TMPC tumors (Figure 6G).

These data suggested that integrin a6b4 had an orthotopically

specific function on the progress of GC.

To verify the role of macrophages on tumor progression, we

directly tested the potential functional roles of macrophages in

mice with orthotopic tumors by clodronate liposome (Clo-Lipo)

treatment. Mice with orthotopic TMPC tumors were treated

with Clo-Lipo weekly by tail vein injection. The progress of the tu-

mors was monitored by luciferase living imaging. The results

showed that Clo-Lipo treatment significantly reduced the

luciferase intensity, suggesting delayed tumor progression

(Figures 6H and 6I). After 3 weeks of Clo-Lipo treatment,

TMPC mice were sacrificed, and the tumors were analyzed.

Clo-Lipo treatment successfully depleted macrophages in the

orthotopic tumor tissues, indicated by flow cytometry (Fig-

ure S6L). And immunofluorescence staining confirmed that mac-

rophages were significantly reduced in these orthotopic tumors

with Clo-Lipo treatment (Figure 6J). The weight of gastric tumors

in Clo-Lipo-treated mice was significantly lower than those in

PBS-treated mice, suggesting that macrophages were essential

for the growth of the primary orthotopic tumors (Figure 6K).

Further, the liver metastasis was completely invisible in the

Clo-Lipo-treated mice (Figures 6L and 6M). Taken together,

these data indicated that macrophages played a vital role during

orthotopic GC progression. These results strongly suggested

that the interaction between integrin a6b4 complex on tumors

and upregulating FN1 on macrophages played a critical role in

the GC progression, which was mediated by the microenviron-

ment in the stomach.
mors sgScr, sgItgb4, or sgItga6. Arrowheads indicate themetastasis loci. Scale

Itga6 showing visible liver and lymph node metastases (n = 9).

a6 (n = 3). Data presented as the means ± the SEM; p value was calculated by

eated groups after 3 weeks of transplantation (n = 5).

with PBS-Lipo or Clo-Lipo (n = 5). Data presented as the means ± the SEM;

een), and F4/80 (red) of tumors from orthotopic TMPCmice injected with PBS-

ipo or Clo-Lipo (n = 5). Data presented as the means ± the SEM; p value was

umors (top) and liver metastases (bottom) from orthotopic TMPCmice injected

-Lipo or Clo-Lipo (n = 5). Data presented as the means ± the SEM; p value was
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DISCUSSION

Despite GC being one of the most common and lethal human

cancers, our understanding of the mechanisms for its initiation

and progression remains very limited. One of themajor obstacles

might be the lack of proper animal models that would represent

the multiple stages of this disease. The majority of current GC

animal models need chemical carcinogen treatment to initiate

or accelerate tumorigenesis, which is notoriously unstable and

unclear on molecular mechanisms. Though several genetically

engineered mouse models (GEMMs) of GC have been reported,

few of them can fully recapitulate the whole process of GC in pa-

tients, especially distal metastasis (Sethi et al., 2020). Here, we

report a new strategy to create genetics-defined in vivo (both

subcutaneous and, importantly, in situ) GC models in mice,

which represent the pathologies of GC at different stages, from

dysplasia to full-blown carcinoma with distal metastasis. With

this approach, any GC-associated genetic abnormality can be

introduced into gastric organoids by CRISPR-Cas9 genome ed-

iting, shRNA, or other techniques. Once subcutaneously or or-

thotopically transplanted into recipient animals, these organoids

would be transformed into GC through a process similar to that in

patients. The resulting tumors are defined by drivers. Remark-

ably, this approach is very convenient and timesaving,

compared with other strategies including GEMMs. Similar ap-

proaches have been applied to model lung cancers, colon-rectal

cancer, breast cancer, prostate cancer, and others (Artegiani

et al., 2019; Boj et al., 2015; Dekkers et al., 2020; Duarte et al.,

2018; Lo et al., 2020; Matano et al., 2015; Na et al., 2022; Nanki

et al., 2018; O’Rourke et al., 2017; Pan et al., 2022; Roper et al.,

2017; Takeda et al., 2019; Wang et al., 2022). A recent study

introduced TP53 and ARID1A mutations into human gastric or-

ganoids and generated subcutaneous malignancy in immune-

deficient recipient mice (Lo et al., 2021). These studies, including

ours, demonstrate that transplanting premalignant organoids

with cancer-associated mutations into recipients would be a

powerful and general strategy to model various types of human

cancers, which would be of value to investigate the molecular

and cellular mechanisms of tumorigenesis and to identify thera-

peutic targets and drugs.

A multistage transforming process has been generally pro-

posed to human cancer. But little direct evidence has been pro-

vided to confirm this hypothesis, except for colorectal cancers

(Artegiani et al., 2019; Vogelstein et al., 2013). About 30 years

ago, Dr. Correa proposed that ‘‘human gastric carcinogenesis

is a multistep and multifactorial process’’ (Correa, 1992). How-

ever, despite the clinical observations on these premalignant

and malignant stages, there has been a significant lack of

models that could stepwise represent the multistep process

of gastric carcinogenesis. In this study, we apply the new strat-

egy to create a series of GC models, which precisely recapitu-

late the stages of dysplasia, well-differentiated, poorly differen-

tiated carcinoma, and metastatic adenocarcinoma, which help

dissect the underlying driving factors, including both the genetic

and microenvironmental factors. Thus, we establish a stepwise

tumorigenesis model for GC, including that (1) TP53 loss and

MYC overexpression initiate the process to form dysplasia, (2)

PTEN loss fully transforms these dysplastic cells into low-grade
12 Cell Reports 41, 111482, October 18, 2022
adenocarcinoma, (3) CDKN2B loss deteriorates this disease

into poorly differentiated cancer, and finally (4) the microenvi-

ronmental factors, especially FN1high TAMs, drive its distal

metastases. Our work provides experimental evidence for the

long proposed stepwise gastric tumorigenesis (Correa, 1992).

Compared with the classic colorectal cancer model, which em-

phasizes only genetic mutations, we show that both the genetic

factors and tumor microenvironmental factors contribute to the

progress of GC. We propose that the initial genetic drivers play

significant roles at the early stages, while the microenviron-

mental factors might be critical for its aggressiveness at the

later stages. However, given the multiple subtypes of human

GC with distinct mutations and clinical pathology (Cancer

Genome Atlas Research, 2014), future studies need to test

whether tumorigenesis of all of these GCs might follow this pro-

posed model here. And further, the potential functions of the

numerous other GC-associated mutations and various other

microenvironmental factors in each step of GC tumorigenesis

need to be dissected.

The significant effect of the microenvironment on tumorigen-

esis has been well recognized. However, due to its complexity,

dissecting the specific microenvironmental factors and the un-

derlying mechanisms has been a daunting task. Based on our

surprising observation that the subcutaneous and orthotopic tu-

mors with the same genetic drivers display dramatic differences

in their metastatic capacities and single-cell analyses of interac-

tomes, we propose that the stomach-specificmacrophages pro-

mote metastases through the integrin-fibronectin interaction.

TAMs can be divided into the M1 and M2 subpopulations ac-

cording to their molecular features and functions in cancer (Mills

et al., 2000). Among the protumorM2macrophages, MAMs have

been proposed, which express high levels of DAB2 and promote

metastasis through secreting CSF1 and CCL2 (Marigo et al.,

2020; Qian et al., 2011; Qian and Pollard, 2010). Our study with

Clo-Lipo indicates that TAMs are critical for GC progression.

Further, we showed that at least some of these macrophages

could directly bind with cancer cells through the integrin-fibro-

nectin interaction. Upregulating Fn1 in macrophages increases

the migration of co-cultured tumor cells, which can be blocked

by the disruption of the integrin a6b4 complex. Depleting TAMs

or disrupting the integrin-fibronectin interaction significantly

repressed the progression of orthotopic tumors, but not the sub-

cutaneous ones. Concordantly, there is emerging evidence sug-

gesting that macrophages and other types of immune cells can

directly couple with cancer cells at multiple stages of tumor pro-

gression, which need further investigation.

Limitations of the study
Despite that TP53, PTEN, CDKN2B, and MYC are frequently

altered in human GCs and abnormalities of all these genes also

happen in about 9% patients, there are plenty of other genes,

such as ARID1A, CDH1, and FAT1/2/3/4, involved in GC.

Whether and how these genes also play significant roles in GC

tumorigenesis need further investigations. Specifically, our study

suggests that TP53,MYC, PTEN, andCDKN2B alterations might

function at different stages of GC tumorigenesis. However, addi-

tional studies with large-scale GC cohorts of different stages

would be necessary to verify this conclusion.
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Antibodies

Recombinant Anti-Ki67 antibody [SP6] Abcam Cat# ab16667; RRID: AB_302459

CDK4 Polyclonal antibody Proteintech Cat# 11026-1-AP; RRID: AB_2078702

Anti-Cytokeratin 7 antibody Abcam Cat# ab181598; RRID: AB_2783822

Cas9 (S. pyogenes) (E7M1H)

XP� Rabbit mAb

Cell Signaling Technology Cat# 19526; RRID: AB_2798820

Anti-beta Catenin antibody Thermo Fisher Scientific Cat# MA5-32540; RRID: AB_2809817

Anti-ErbB2/HER2 antibody Abcam Cat# ab134182; RRID: AB_2893179

Anti-EPCAM antibody Abcam Cat# ab213500; RRID: AB_2884975

Anti-GFP antibody Abcam Cat# ab290; RRID: AB_303395

Anti-Fibronectin antibody [IST-9] -

BSA and Azide free

Abcam Cat# ab6328; RRID: AB_30542

Anti-ITGB4 antibody Novus biologicals Cat# NBP2-38297

Anti-F4/80 antibody [CI: A3-1] - Macrophage

Marker

Abcam Cat# ab6640; RRID: AB_1140040

Sox2 (D9B8N) Rabbit mAb Cell Signaling Technology Cat# 23064; RRID: AB_2714146

Anti-LGR5 Rabbit Polyclonal Antibody OriGene Cat# TA324287

PTEN (138G6) Rabbit Cell Signaling Technology Cat# 9559; RRID: AB_390810

Anti-c-Myc (phospho S62) antibody [EPR17924] Abcam Cat# ab185656

CD45 BioLegend Cat#109820; RRID: AB_492872

CD11b BioLegend Cat#101216; RRID: AB_312799

F4/80 BioLegend Cat#123132; RRID: AB_11203717

The sequences of sgRNAs used in this study

Scramble GACATTTCTTTCCCCACTGG N/A

Pten GGATCGTTAGCAGAAACAAA N/A

Cdkn2b GTTGGGCGGCAGCAGTGACG N/A

Itga6 sg1 GCCTGCTCTACCTGTCCGCG N/A

Itga6 sg2 CCGGATCACGTTGTCCTCGC N/A

Itgb4 sg1 CAGGGCCCTGTTGCAGCCCA N/A

Itgb4 sg2 GCAGCAGCAGCTTCACCCAT N/A

Fn1 GCCAATAGGCGCGCGGTCGG N/A

The sequences of primers used in this study

Gene Forward primer Reverse primer

Trp53 Common TGGATGGTGGTATACTCAGAGC

Trp53 mut CAGCCTCTGTTCCACATACACT N/A

Trp53 Wild AGGCTTAGAGGTGCAAGCTG N/A

Cas9 Wild CTGGCTTCTGAGGACCG N/A

Cas9 Wild AGCCTGCCCAGAAGACTCC

Cas9 Mutant CTCCGTCGTGGTCCTTATAGT N/A

Cas9 Mutant GCTAACCATGTTCATGCCTTC

Pten GAGCCATTTCCATCCTGCAG CTAGCCGAACACTCCCTAGG

Cdkn2b ACCGAAGCTACTGGGTCT CTAGTGCCGAGGGATGTTTC

Itga6 CCTTGGAGAACGGATGTCTTT GTTTGTCCCTTCGGCTCTC

Itgb4 GGATGGCAAGAAAGAGGTAGTG GTAGGTTCCCAGAAGGTGAATG

The sequences of RT-PCR primer used in this study

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Gene Forward primer Reverse primer

Fn1 ATGTGGACCCCTCCTGATAGT GCCCAGTGATTTCAGCAAAGG

Biological samples

Mouse sample This paper N/A

Bacterial and virus strains

DH5a TSV-A07

Chemicals, peptides, and recombinant proteins

DMED/F12(1:1) basic(1X) GIBCO Cat# C11330500BT

DMEM GIBCO Cat# C11995500BT

Penicillin/Streptomycin GIBCO Cat# 15140-122

GlutaMAX GIBCO Cat# 35050-061

B27 GIBCO Cat# A3582801

N2 GIBCO Cat# 17502048

N-acetylcysteine Sigma Cat# A9165

Nicotinamide Sigma Cat# N0636

EGF Peprotech Cat# AF-100-15-1000

Noggin Peprotech Cat# 120-10C-250

FGF10 Peprotech Cat# 100-26-1000

R-spondin-1 Peprotech Cat# 120-38-1000

A83-01 Peprotech Cat# 9094360

TrypLETM GIBCO Cat# 12604-028

T7E1 Vazyme Cat# EN303-01

Protein kinase K Solarbio Cat# P9460

D-luciferin potassium salt Biovision Cat# 7903-10PK

Matrigel Corning Cat# 356237

TRIzol Applied Biosystems Cat# 15596026

Collagenase I GIBCO Cat# 17100-017

Collagenase IV GIBCO Cat# 17104-019

SYBR Applied Biosystems Cat# A25741

DMSO MPbio Cat# 196055

DPBS GIBCO Cat# C14190500BT

FBS Multicell Cat# 086-150

Trypsin GIBCO Cat# 25200-072

Protease inhibitors Beyotime Cat# P1045

Library preparation and sequencing reagents

ChromiumTM Single Cell 30 Library & Gel Bead Kit

v3

10x Genomics Cat# PN-1000075

Deposited data

Data files for Omics data (raw data of RNA-seq and

scRNA-seq) of this paper

GEO GSE188761

Genetic alteration information of 8 stomach

adenocarcinoma studies

cBioportal https://www.cbioportal.org/

scRNA-seq of GC patients (Sathe et al., 2020) https://dna-discovery.stanford.

edu/research/datasets/

TCGA STAD cohort TCGA https://portal.gdc.cancer.gov/

MDACC cohort GEO GSE28541

Normal mouse stomach tissues GEO GSE118083

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Mouse: RAW264.7 Cells ATCC Cat# TIB-71, RRID: CVCL_0493

Human: HEK-293T ATCC Cat# CRL-1573, RRID: CVCL_0045

Oligonucleotides

CRISPR sgRNAs see Table S5 DNA2.0 https://www.atum.bio/

eCommerce/cas9/input

PCR and RT-qPCR primer, see Table S5 N/A https://sg.idtdna.com/

PrimerQuest/Home/Index

Recombinant DNA

psPAX2 Addgene RRID: Addgene_12260

pMD2.G Addgene RRID: Addgene_12259

V2TC-sgRNA (Na et al., 2022) N/A

PIL-Myc-Luci2 (Na et al., 2022) N/A

pMSCV-dCas9-VP64-p65-Rta (Hang et al., 2022) N/A

Software and algorithms

Code generated for this study This paper https://github.com/AilingZhong/

GC_TME_Project

Cellranger (v.3.0.0) 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software

ClusterProfiler (Yu et al., 2012) https://guangchuangyu.github.io/

software/clusterProfiler/

DESeq2 (Love et al., 2014) https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

Pheatmap bioconductor https://cran.r-project.org/web/

packages/pheatmap/

ggplot2 bioconductor https://cran.r-project.org/package=ggplot2

Ggpubr CRAN https://rpkgs.datanovia.com/ggpubr/

GSEA (Subramanian et al., 2005) https://www.gsea-msigdb.org/gsea/index.jsp

Samtools (Li et al., 2009) https://github.com/samtools/samtools

Seurat (v3) (Stuart et al., 2019) https://satijalab.org/seurat/

SingleR (Aran et al., 2019) https://github.com/dviraran/SingleR

STAR (Dobin et al., 2013) https://github.com/alexdobin/STAR

URD (Farrell et al., 2018) https://github.com/farrellja/URD

iTALK (Wang et al., 2019) https://github.com/Coolgenome/iTALK

ImageJ (Schneider et al., 2012) https://imagej.nih.gov/ij/; RRID:SCR_003070

GSVA (Hanzelmann et al., 2013) https://github.com/rcastelo/GSVA

Survival bioconductor https://cran.r-project.org/web/

packages/survival

Survminer bioconductor https://cran.r-project.org/web/

packages/survminer

Snapgene Snapgene https://www.snapgene.com

Graphpad Prism 9 Graphpad Software www.graphpad.com/scientifific-

software/prism/

FlowJo v10 FlowJo LLc www.flowjo.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Chong

Chen (chongchen@scu.edu.cn).
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Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability
The bulk RNA-seq and scRNA-seq data in this study are deposited in NCBI GEO: GSE188761. The analysis codes can be found in

GitHub (https://github.com/AilingZhong/GC_TME_Project). These accession numbers for the datasets are listed in the key resources

table. Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODELS AND SUBJECTS DETAILS

Mice
All the animal experiment protocols were approved by the Animal Care and Use Committee of Sichuan University. Trp53�/�mice and

Cas9-EGFP mice were purchased from Jackson Laboratories (Cat# 002,101 and 026179, RRID: IMSR_JAX:026179, respectively).

Nude mice were purchased from Beijing HuaFukang Biological Technology Co. Ltd (6-8-week old, male). All of these mice were

bred and kept in SPF animal facility of Sichuan university.

METHOD DETAILS

Organoid culture
Normal mice stomach was harvested and washed with ice-cold DPBS (GIBCO, Cat# C14190500BT), then mechanically minced into

pieces of 5-mm3 cubes and incubated in DPBS with 2.5 mM EDTA on ice. After incubation, the released gastric gland fractions were

resuspended with Matrigel (Corning, Cat# 356237) and seeded in 48-wells plate. Normal stomach organoids were cultured in the

gastric organoid culture medium (DMEM/F12 (GIBCO, Cat# C11330500BT) with 2 mM GlutaMAX (GIBCO, Cat# 35050-061), 1%

Penicillin and Streptomycin (GIBCO, Cat# 15140-122), 13 B27 (GIBCO, Cat# A3582801), 13 N2 (GIBCO, Cat# 17502048),10 mM

Y-27632, 200 ng/mL FGF10 (Peprotech, Cat# 100-26-1000), 500 nM A-8301 (Peprotech, Cat# 9094360), 50 ng/mL mouse recom-

binant EGF (Peprotech, Cat# AF-100-15-1000), 100 ng/mL mouse recombinant noggin (Peprotech, Cat# 120-10C-250), 10 mM

Nicotinamide (Sigma, Cat# N0636), 1 mM N-acetylcysteine (Sigma, Cat# A9165), 10% Wnt3a condition medium, 10%

R-spondin1 condition medium). 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 0.5 mg/mL collagenase IV (GIBCO, Cat# 17104-019) and 1.0 mg/mL

collagenase I (GIBCO, Cat# 17100-017) in DMEM/F12 medium at 37�C for 0.5 h. Tumor cells were collected by centrifugation and

resuspendedwithMatrigel. Medium for tumor organoidswas similar to gastric organoid culturemediumbut withoutWnt3a. Organoid

medium was refreshed every 2–3 days until passage.

Organoid genome editing
sgRNAs designed on the website of DNA2.0 Gene Design & Synthesis (https://www.atum.bio/pipeline/dna) were cloned into the len-

tiviral vector V2TC, which both expressed sgRNA andmCherry. These V2TC-sgRNA plasmids were transfected with the helper plas-

mids psPAX2 (RRID: Addgene_12260), pMD2.G (RRID: Addgene_12259) into HEK293T (ATCC, Cat# CRL-1573) cells by the calcium

phosphate transfection method. 36 and 48 h’s post-transfection, lentivirus containing supernatant was harvested and used for next

experiments. Organoids were dissociated into single cells using TrypLETM (GIBCO, Cat# 12604-028) and collected, then resus-

pended with lentivirus in 24-wells plate. The plate was centrifuged at 2000 rpm at 32�C for 1 h, then incubated for 2–3 h at 37�C.
Polybrene (4 ng/mL) is added to enhance the efficiency of the lentiviral infection. After incubation, cells were resuspended with Ma-

trigel and cultured as described above. Mutation validation was performed by the T7E1 (Vazyme, Cat# EN303-01) assay. All sgRNA

sequences and primer sequences used in this study were listed in the Table S6.

Organoid proliferation assay
Organoids were digested into single cells by TrypLE. 2,000 cells were seeded in a well of 96-wells plate. After 5 days culture, organo-

ids were photographed (Olympus, IX73P2F). The size of organoids was measured using ImageJ (Version 1.51).

Antibodies
Antibodies of Recombinant Anti-Ki67 (Abcam Cat# ab16667, RRID: AB_302459), Anti-Cytokeratin 7 (Abcam Cat# ab181598,

RRID: AB_2783822), Anti-ErbB2/HER2 (Abcam Cat# ab134182, RRID: AB_2893179), Anti-EPCAM (Abcam Cat# ab213500,

RRID: AB_2884975), Anti-GFP (Abcam Cat# ab290, RRID: AB_303395), Anti-Fibronectin (Abcam Cat# ab6328, RRID: AB_30542),

Anti-F4/80 (Abcam Cat# ab6640, RRID: AB_1140040), Anti-c-Myc (phospho S62) (Abcam Cat# ab185656) were from Abcam;

CDK4 Polyclonal (Proteintech Cat# 11026-1-AP, RRID: AB_2078702) was from Proteintech; Cas9 (S. pyogenes) (E7M1H) XP� Rab-

bit mAb (Cell Signaling Technology Cat# 19526; RRID: AB_2798820), Sox2 (D9B8N) Rabbit mA (Cell Signaling Technology Cat#

23064, RRID: AB_2714146), PTEN (138G6) Rabbit (Cell Signaling Technology Cat# 9559, RRID: AB_390810) were fromCell Signaling

Technology; Anti-beta Catenin (Thermo Fisher Scientific Cat# MA5-32540, RRID: AB_2809817) was from Thermo Fisher Scientific;
Cell Reports 41, 111482, October 18, 2022 e4



Article
ll

OPEN ACCESS
Anti-ITGB4 (Novus biologicals Cat# NBP2-38297) was from Novus biologicals; Anti-LGR5 Rabbit Polyclonal (OriGene Cat#

TA324287) was from OriGene; CD45 (BioLegend Cat#109820, RRID: AB_492872), CD11b (BioLegend Cat#101216, RRID:

AB_312799), F4/80 (BioLegend Cat#123132, RRID: AB_11203717) were purchased from BioLegend.

Western blotting
Organoid lysates were extracted in RIPA buffer (Beyotime, Cat# P0013) supplemented with protease inhibitors (Beyotime, Cat#

P1045), followed by SDS–PAGE gel electrophoresis and blotting onto PVDFmembranes (Millipore). Primary antibodies were applied

at 1:1000-1:2000 dilution in 5% non-fatty milk and incubated overnight at 4. HRP-conjugated secondary antibodies were applied at

1:10000 dilution. Images were obtained by NcmECL Ultra Reagent (NCM biotech).

Mouse model establishment
Both orthotopic and subcutaneous GCmouse model were generated in this study. Organoids were collected and aspirated into pre-

chilled 29G insulin syringes. For the orthotopic model, 6 to 8-week-old male nudemice were anesthetized using isoflurane inhalation.

The organoid suspension (23 105 cells per mouse) was directly injected into the submucosa of the lower third of the stomach. Mice

wasmonitoredweekly using bioluminescence imaging (PerkinElmer, IVIS spectrum). For the subcutaneousmodel, organoid suspen-

sion (23 105 cells permouse) was injected into 6 to 8-week-oldmale nudemice subcutaneously. The size of the tumorwasmeasured

by calipers.

H&E, immunohistochemistry and immunofluorescence staining
Fresh tumor tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and cut into 5 mm sections (Leica RM2125 RTS

Manual Microtome, RRID:SCR_018040). H&E staining was performed according to the standard protocol. For immunohistochem-

istry (IHC) and immunofluorescence (IF) staining, primary antibodies were applied as the protocol. A two-step detection kit

(ZSGB-BIO, Cat# PV-9001 and Cat# PV-9002) was used for IHC, and hematoxylin for nuclear staining. Imaging was performed

by Pannoramic MIDI. As for the IF staining, fluorescence-conjugated secondary antibodies were applied at 1:500-1:1000 dilution.

Imaging was performed using fluorescence microscopy (Zeiss, 880).

CRISPRa system
The CRISPRa system used in this study was CRISPR-dCas9-VPR (Chavez et al., 2015), which has a retrovirus-based backbone

as pMSCV-dCas9-VP64-p65-Rta (Hang et al., 2022). The system was used to upregulate Fn1 in RAW 264.7 (ATCC, Cat# TIB-71).

The sgRNA-BFP plasmid was derived from the lentiCRISPR v2 plasmid (RRID: Addgene_52961) by replacing the sequence of

Cas9 with BFP. Fn1 sgRNA candidates for CRISPRa were design using DNA2.0. The gene expression of Fn1 was measured

by qPCR.

RNA extraction and RT-qPCR
Total RNA extraction using TRIzol reagent (Applied Biosystems, Cat# 15596026) and complementary DNA (cDNA) synthesization us-

ing M-MLV Reverse Transcriptase (Invitrogen, Cat# 28025013) were performed under the manufacturer’s instructions. Real-time

quantitative PCR (RT-qPCR) was performed using PowerupTM SYBR Green Master Mix (Applied Biosystems, Cat# A25741) in

QuantStudioTM 3 (Applied Biosystems), Fn1 gene primers for RT-qPCR were listed in Table S6.

Wound-healing assay
Cell migration ability was determined using a wound-healing assay. Macrophage cell line RAW264.7 and TMPC tumor cells were co-

cultured at a 1:1 ratio. After cells reached 90% confluence, a pipette tip was used to scratch the cell monolayer across the center of

each well. Detached cells were washed with DPBS, and serum-free mediumwas added. Images were taken at 0 h and 36 h following

media replacement, wound areas were measured using ImageJ.

Tumor-macrophage co-culture assay
RAW 264.7 cells and TMPC tumor cells were co-cultured at a 1:1 ratio in RPMI 1640 medium (GIBCO, Cat# C11875500) with 10%

FBS (WISENT, Cat# 086–150). After 4 h of co-culture, the cells adhesion between RAW 264.7 cells (blue) and tumor cells (red)

were observed and photographed. ImageJ was used to count the total numbers of tumor cells and macrophages. And tumor-

macrophage interactions were calculated as the percentages of adjacent tumor-macrophages in total numbers of tumor and

macrophages.

Macrophages depletion in vivo

Orthotopic TMPC gastric cancer mice (6-8-weeks old) were randomly divided into two groups. Mice was treated with PBS-liposome

solution and clodronate-liposome solution (LIPOSOMA, CP-010-010), respectively, by weekly tail vein injection. Tumor burden in

mice was monitored using bioluminescence imaging.
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Flow cytometry
Spleen was obtained from orthotopic TMPC gastric cancer mice. Then spleen was crushed and filtered with 100 mm filter membrane

to obtain single cells, and RBCs were lysed by ACK lysis buffer on ice. CD45 (BioLegend, Cat# 109,820, 1:200), CD11b (BioLegend,

Cat# 101216, 1:200), and F4/80 (BioLegend, Cat# 123132, 1:200) staining were performed at 4�C for 30min. Flow cytometry analysis

was performed on Fortessa machines (BD Bioscience) and analyzed with Flowjo.

RNA-seq analyses
Two months after subcutaneous (TM, TMP, and TMPC) and orthotopic (TMPC) transplantation, the mice were sacrificed to obtain

their tumor tissue, and about 1cm3 tissue was taken for database construction. RNA libraries were prepared using standard Illumina

protocols. Transcriptome sequencing was performed by an Illumina NovaSeq 6000 sequencing platform with 150 bp paired-end

sequencing. After adapters, ploy-N, and low-quality reads removal, clean data were aligned to the mouse reference genome

(mm10) by STAR_2.6.0. Transcript abundances, significance levels and differentially expressed genes were generated and identified

by DESeq2 (v.1.22.2) (RRID:SCR_015687). The significantly up-regulated genes in each group were used to perform Gene Ontology

(RRID:SCR_002811) enrichment analyses with the R package clusterProfiler (v. 3.10.1) (RRID:SCR_016884). GSEA (RRID:SCR_

003199) was utilized to identify the significantly enriched pathways by default parameters. Preranked function was performed to

clarify the overall transcriptome similarity between mouse models and tumor tissues of GC patients. Pheatmap (v.1.0.12)

(RRID:SCR_016418) was used to visualize differentially expressed genes with z scores.

scRNA-seq analyses
Orthotopic and subcutaneous tumor tissues were removed from recipient mice and cut up with sterile scissors. Then tissues were

dissociated into 15 mL conical tubes by pipetting and resuspension in TrypLETM (GIBCO, Cat#12604-028) for 1 h at 37�C, until all
were single cells under the microscope and centrifuged at 600 g for 10 min. Cells were resuspended with 4% BSA solution on ice.

Single cell RNA-seq libraries were constructed by Chromium Single Cell 30 Reagent kits v.3 following the manufacturer’s protocol

(10xGenomics). Illumina NovaSeq 6000 platformwas utilized for transcriptome sequencing. To distinguish tumor cells from non-tumor

cells, we added exogenous sequence of vectors (Cas9, V2TC, and LUCI2LTR) into mouse reference genome(mm10), and

CellRangerV3 was performed for sequencing alignment and quantification. The Seurat (v.3.1.5) (RRID:SCR_016341) pipeline was im-

plemented for downstream analyses. Cells withmore than 25%mitochondrial counts or detected genes lower than 200 or above 7,500

were recognized as low quality cells or potential doublets, which were filtered out. Gene expression matrices of the remaining cells

were integrated by Seurat function ‘‘merge’’. After data normalization, ‘vst’ mode of ‘‘FindVariableFeatures’’ function was performed

for high virable genes detection. UMAP andURDwere performed for cells dimensionality reductions. ‘‘FindMarkers’’ function of Seurat

was implemented for differentially expressed genes (p.adj < 0.05 and abosolute avg.logFC >0.25) identification in each subpopula-

tions. Gene Ontology (RRID:SCR_002811) enrichments were calculated and visualized by the R package clusterProfiler

(RRID:SCR_016884). GSVA (RRID:SCR_021058) and limma (RRID:SCR_010943) were performed to calculate the pathway scores

and significance levels (FDR <0.01). Expression patterns were visualized with the R package pheatmap (RRID:SCR_016418).

LandSCENTwas used to calculate and quantify the entropy signaling in each cell based on the net13Jun12.m protein-protein network.

Cell-cell interaction analyses
To illustrate the global differences of microenvironment between subcutaneous and orthotopic tumors, iTALKwas employed to iden-

tify the most possible factors which could mediate tumor metastasis. For candidate ligand genes, differentially expressed genes (p-

adj < 0.05 and absolute log2FoldChange >0.25) were identified between subcutaneous and orthotopic samples for each non-tumor

subpopulation by FindMarkers function of Seurat, thenwematched them from the iTALK database to find the differentially expressed

ligand genes. As for receptor genes, since we focused on the effect of non-tumor cells on tumor cells, the genes with the highest

expressionweight (p-adj < 0.05 and absolute log2FoldChange >0.25) in the tumor cell populationwere selected as the potential tumor

receptor genes comparing to non-tumor cells. Candidate ligands (n = 200) and receptors (n = 26) were then constructed a putative

cell-cell communication network by iTALK. An interaction score which was defined as the product of the expression difference be-

tween orthotopic and subcutaneous non-tumor cell population and log2 fold-change of tumor receptors (comparing tumor cells to

other non-tumor cell populations) was used to rank these interactions. Finally, we acquired the top candidate ligand-receptor pairs

and compared their expression levels between subcutaneous and orthotopic cell clusters. p values were determined by Wilcoxon

rank-sum test.

Clinical correlation analyses
TCGAbiolinks (RRID:SCR_017683) was used to download the transcriptome data and clinical information of the TCGA-STAD cohort.

Patients without paired omics and clinical data were filtered in this study. The MDACC transcriptome matrix and corresponding clin-

ical prognostic information were downloaded from GSE2851 (Oh et al., 2018). The scRNA-seq data of human GC were downloaded

from https://dna-discovery.stanford.edu.To demonstrate the consistency and difference of transcriptome programming between

GC patients and mouse models. Firstly, GC patients’ transcriptome data of the TCGA-STAD cohort were divided into adjacent-

normal or tumor samples according to the clinical information. And the TM mouse was diagnosed as premalignant and the TMP

and TMPC asmalignant type. Then we used DESeq2 (RRID:SCR_015687) standard pipeline to get the differentially expressed genes
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(p < 0.05) by comparing human normal with tumor samples, mouse TMwith TMP&TMPC group, separately. The R package gmpwas

used to calculate the significant level of overlaps based on the hypergeometric test. And enrichment scores were calculated from the

proportion of overlapped gene counts. And singleR was used to calculate the similarity between mouse and human GC in the single-

cell resolution. The fine-tuning data were used to quantify the correlation coefficient in each cell type on the whole transcriptome be-

tween mouse and human gastric cancer. To better understand the metastasis mechanism in the TCGA-STAD cohort, patients with

clear metastasis stages information (M0 or M1) were divided into different subgroups based on the distribution of gene signatures,

and thosewith unknownmetastasis stages were filtered. Then, significantly up-regulated genes in patients withmetastasis (M1) were

defined asmetastasis signature genes comparing to thosewithoutmetastasis (M0). Alluvial mapswere used to visualize the results of

patient molecular classification.

Survival analyses
The R package survival and survminer were used to divide patients into subgroups based on the expression levels of specific-gene or

gene signature scores. Besides, the Kaplan–Meier plots were quantified and visualized by survminer, log rank test to calculate

p values between groups.

QUANTIFICATION AND STATISTICAL ANALYSIS

Zeiss software was used to analyze the nuclear and cytoplasmic distribution of proteins. Densitometric scanning of ImageJ software

(version 1.51) was used to quantify immunoblots. GraphPad (version 9.0.0) or R package ggpubr were used for the statistical analysis,

detailed statistical tests used were named within the text. p-value < 0.05 was considered statistically significant.
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