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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 a634 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-
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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,
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Figure 2. Orthotopic TMPC tumors display distal metastases

(A) Representative bioluminescent images of the orthotopic TMPC mice at 1, 4, and 6 weeks.

(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.
(C) Representative H&E, Ki-67, CK7, and EPCAM staining of the orthotopic TMPC tumors. Scale bar, 50 um. Box area showing lower magnification. Scale bar,
500 pm.

(D) Representative bright-field (top) images and H&E staining (bottom) of liver from subcutaneous (left) and orthotopic (right) TMPC mice. Scale bar, 2 mm (top)
and 20 um (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 um.
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Figure 6. Macrophages promote the metastasis of orthotopic GC through the FN1-integrin «6B4 interaction
(A) The bar plot showing the wound closure score in TMPC tumor cells with sgScr, sgltgb4, or sgltga6 co-cultured with RAW264.7 cells with or without dCas9-Fn1
(M@-dCas9-Fn1 or Me-dCas9, n = 4). Data presented as the means + the SEM; p value was calculated by unpaired t test.
(B) Ratio of Me-dCas9 or Me-dCas9-Fn1 adhering to the orthotopic TMPC tumor cells with sgScr, sgltgb4, or sgltga6 (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, sgltgb4, or sgltga6.
(D) The luciferase fluorescence signal intensity of mice with orthotopic TMPC tumors sgScr, sgltgb4, or sgltga6 (n = 5). Data presented as the means + the SEM;
p value was calculated by unpaired t test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

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

CDK4 Polyclonal antibody
Anti-Cytokeratin 7 antibody

Cas9 (S. pyogenes) (E7TM1H)
XP® Rabbit mAb

Anti-beta Catenin antibody
Anti-ErbB2/HER2 antibody
Anti-EPCAM antibody
Anti-GFP antibody

Anti-Fibronectin antibody [IST-9] -
BSA and Azide free

Anti-ITGB4 antibody

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

Sox2 (D9B8N) Rabbit mAb

Anti-LGR5 Rabbit Polyclonal Antibody
PTEN (138G6) Rabbit

Anti-c-Myc (phospho S62) antibody [EPR17924]
CD45

CD11b

F4/80

The sequences of sgRNAs used in this study
Scramble

Pten

Cdkn2b

Itga6 sg1

Itga6 sg2

Itgb4 sg1

Itgb4 sg2

Fn1

The sequences of primers used in this study
Gene

Trp53 Common

Trp53 mut

Trp53 Wild

Cas9 Wild

Cas9 Wild

Cas9 Mutant

Cas9 Mutant

Pten

Cdkn2b

Itga6

Itgb4

The sequences of RT-PCR primer used in this study

el Cell Reports 47, 111482, October 18, 2022

Proteintech
Abcam
Cell Signaling Technology

Thermo Fisher Scientific
Abcam
Abcam
Abcam
Abcam

Novus biologicals
Abcam

Cell Signaling Technology
OriGene

Cell Signaling Technology
Abcam

BioLegend

BioLegend

BioLegend

GACATTTCTTTCCCCACTGG
GGATCGTTAGCAGAAACAAA
GTTGGGCGGCAGCAGTGACG
GCCTGCTCTACCTGTCCGCG
CCGGATCACGTTGTCCTCGC
CAGGGCCCTGTTGCAGCCCA
GCAGCAGCAGCTTCACCCAT
GCCAATAGGCGCGCGGTCGG

Forward primer

CAGCCTCTGTTCCACATACACT
AGGCTTAGAGGTGCAAGCTG
CTGGCTTCTGAGGACCG

CTCCGTCGTGGTCCTTATAGT

GAGCCATTTCCATCCTGCAG
ACCGAAGCTACTGGGTCT
CCTTGGAGAACGGATGTCTTT
GGATGGCAAGAAAGAGGTAGTG

Cat# 11026-1-AP; RRID: AB_2078702
Cat# ab181598; RRID: AB_2783822
Cat# 19526; RRID: AB_2798820

Cat# MA5-32540; RRID: AB_2809817
Cat# ab134182; RRID: AB_2893179
Cat# ab213500; RRID: AB_2884975
Cat# ab290; RRID: AB_303395

Cat# ab6328; RRID: AB_30542

Cat# NBP2-38297
Cat# ab6640; RRID: AB_1140040

Cat# 23064; RRID: AB_2714146
Cat# TA324287

Cat# 9559; RRID: AB_390810
Cat# ab185656

Cat#109820; RRID: AB_492872
Cat#101216; RRID: AB_312799
Cat#123132; RRID: AB_11203717

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Reverse primer
TGGATGGTGGTATACTCAGAGC
N/A

N/A

N/A
AGCCTGCCCAGAAGACTCC
N/A
GCTAACCATGTTCATGCCTTC
CTAGCCGAACACTCCCTAGG
CTAGTGCCGAGGGATGTTTC
GTTTGTCCCTTCGGCTCTC
GTAGGTTCCCAGAAGGTGAATG

(Continued on next page)
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(p < 0.05) by comparing human normal with tumor samples, mouse TM with TMP&TMPC group, separately. The R package gmp was
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 (MO or M1) were divided into different subgroups based on the distribution of gene signatures,
and those with unknown metastasis stages were filtered. Then, significantly up-regulated genes in patients with metastasis (M1) were
defined as metastasis signature genes comparing to those without metastasis (M0). Alluvial maps were 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 ImagedJ 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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