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Metastatic gastric carcinomais a highly lethal cancer that responds poorly
to conventional and molecularly targeted therapies. Despite its clinical
relevance, the mechanisms underlying the behavior and therapeutic
response of this disease are poorly understood owing, in part, to a paucity
of tractable models. Here we developed methods to somatically introduce
different oncogeniclesions directly into the murine gastric epithelium.
Genotypic configurations observed in patients produced metastatic gastric
cancers that recapitulated the histological, molecular and clinical features
of allnonviral molecular subtypes of the human disease. Applying this
platform to both wild-type and immunodeficient mice revealed previously
unappreciated links between the genotype, organotropism and immune
surveillance of metastatic cells, which produced distinct patterns of
metastasis that were mirrored in patients. Our results establish a highly
portable platform for generating autochthonous cancer models with
flexible genotypes and host backgrounds, which can unravel mechanisms of
gastric tumorigenesis or test new therapeutic concepts.

Gastric canceristhe fourthleading cause of cancer-associated deaths
and the fifth most commonly diagnosed cancer worldwide'. Whilelocal-
ized disease can be cured inabout half of patients, effective treatment
strategies are currently lacking for advanced and especially metastatic
disease, resulting in abysmal survival rates* ™.

Genome sequencing studies have classified gastric cancer
into four major molecular subtypes. One subtype is defined by

Epstein-Barr Virus infection and, because of its viral etiology, we do
not consider it further here. The remaining subtypes are defined by
(1) chromosomal instability (CIN), (2) genomic stability (GS) and (3)
microsatellite instability (MSI)*””. The CIN subtype, which is the most
common, typically harbors TP53 mutations and a high frequency of
recurrent copy-number alterations (CNAs)®. GS tumors display far
fewer chromosomal aberrations and are devoid of TP53 mutations,
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instead frequently harboring mutations that inactivate CDHI or acti-
vate WNT signaling. CIN and GS tumors also differ in their histopathol-
ogy; CIN tumors show prominent features of intestinal differentiation,
whereas GS tumors show diffuse histological features’. The MSI sub-
type is defined by the presence of MSI and mutations in mismatch
repair genes suchas MLHI1 or MSH2. Presumably due to theirincreased
mutational load and potential for neoantigen production, MSI tumors
elicita T cell-dominated immune response'®" and frequently respond
to immune-checkpoint blockade? . Notably, mutational gains and
amplifications of the MYCgene, which canbe foundin all gastric cancer
subtypes, are associated with early progression of intestinal metapla-
sia to gastric cancer®®.

Genetically engineered mouse models (GEMMs) are valuable for
understanding genotype-phenotype relationships and for evaluating
new therapeutic concepts in a range of tumor types; however, due to
the need to intercross various germline strains, traditional GEMMs
are time- and resource-consuming, making it difficult to model and
interrogate the spectrum of tumor genotypes that exist in patients or
to conduct large-scale preclinical studies™ ™. Likewise, interrogating
the genetics of tumor-host interactions is cumbersome, requiring a
prohibitive number of intercrosses to produce a genetically defined
cancer inanaltered host strain. For gastric cancer, existing GEMMs only
model some molecular subtypes on a single host background and, in
contrast to patients, rarely progress to metastatic disease'®. Therefore,
new models that capture the genetic diversity and metastatic progres-
sion of human gastric cancer and enable facile changes in the host could
transform the study of this disease.

We and others have devised methods to somatically introduce
cancer-predisposing lesions or other genetic elementsinto murine tis-
sues using electroporation, thereby producing electroporation-based
GEMMs (EPO-GEMMs)" 2, In this approach, transposon-based vectors
encoding complementary DNAs or CRISPR-Cas9 constructstargeting
endogenous genes are introduced into the tissue via survival surgery
through abriefelectric pulse, whereby they are taken up by a subset of
cells. Ifaparticularlesion or combination of lesions provides aselective
advantage, focal tumors arise at the electroporation site. Herein, we
developed surgical methods and electroporation conditions suitable
for engineering mice with gastric tumors harboring a range of cancer
genotypes and show that the resulting platform can faithfully model
the three major nonviral subtypes of the human disease. Further-
more, we illustrate the power of combining this approach with mice
of different genetic backgrounds to explore tumor-hostinteractions
relevant to metastatic spread. The portability, flexibility and speed of
these gastric EPO-GEMMs creates new possibilities for exploring how
gastric cancers evolve, spread and respond to therapy in the complex
invivo environment.

Results

EPO-GEMMs of CIN and GS gastric cancer

To generate gastric cancer EPO-GEMMs, survival surgery was coupled
with direct tissue electroporation to deliver genetic elements to the
murine stomach epithelium (details on the procedure arein Extended
DataFig.1a-iand Methods). The surgery was well tolerated, with over
97% of the animals surviving the procedure. It resulted in temporary
weightloss and signs of local and systemic inflammation, which began
to resolve within a week (Extended Data Fig. 1j-0). The genetic ele-
ments in the gastric cancer EPO-GEMMs consisted of a transposase—
transposon vector pair, used to express a defined oncogene, and a
plasmid coexpressing Cas9 with a single-guide RNA (sgRNA), used to
knock out atumor-suppressor gene of interest (Fig. 1a). Because MYC
is frequently (-70%) gained or amplified across gastric cancers®®, we
used atransposon vector containing human MYC cDNA as the universal
oncogene and adapted sgRNAs to target different tumor-suppressor
genesinaccordance with their mutationin distinct subtypes of gastric
cancer (Fig. 1b).

To model CIN gastric cancer, we combined the MYC transposon-
transposase system with a Cas9-sgRNA vector targeting Trp53 (here-
after referred to as p53) to recapitulate a genotype commonly seen
in patients® (Fig. 1b). Mice electroporated with all three plasmids
consistently developed tumors (96% penetrance) that harbored the
predicted disruptions of the p53locus (Extended DataFig. 2a). Median
survivalwas 45 d post-electroporation (Fig. 2a). In contrast, mice elec-
troporated witheither MYCor Cas9-sgp53 vector alone did not develop
tumors within1year (Fig. 2a).

The MYC-p537 tumors could be detected by palpation and ultra-
sound imaging (uponreachingasize of -3 mm) and they developed at
the electroporation site through a stepwise progression of precursor
lesions (Extended Data Fig. 2b-n) to moderately well-differentiated
adenocarcinomas of the intestinal phenotype (Fig. 2b and Extended
Data Fig. 3a-i)°. Initially, these tumors were predominantly (>50%)
well differentiated (Extended Data Fig. 3a—c); at later stages, they
transitioned from adenomatous to diffuse (Extended Data Fig. 3d-e)
and eventually were almost entirely (>90%) composed of solid regions
of poorly differentiated gastric carcinoma (Extended Data Fig. 3f-i).
The well-differentiated areas expressed E-cadherin, CK8 and highlevels
ofthe proliferation markerKi67, and they stained partially positive for
mucin 6 and the parietal cell marker H"/K* ATPase (Fig. 2b and Extended
DataFig. 3j-1). Of note, the same histological features were observedin
tumors generated using the murine instead of the human MYC cDNA,
confirming the use of human MYCas avalid approach, as established in
GEMMs of other cancer types'** (Extended Data Fig. 3m-p). To further
showcase the genetic flexibility of the platform, we used an optimized
CRISPR base editor that can introduce precise single-nucleotide vari-
ants by C-to-T base substitutioninstead of indel-mediated gene knock-
out”. Introducing arecurrentbut previously uncharacterized p53 point
mutation (Q97*) resulted in tumor generation, demonstrating the
oncogenic function of this mutation and the compatibility of CRISPR
base editing with the EPO-GEMM platform (Extended Data Fig. 3q-s).

Next, we proceeded to model the GS subtype of gastric cancer.
Because human GS tumors frequently harbor alterationsin WNT path-
way genes and/or CDHI (encoding E-cadherin) (Fig. 1b), we replaced
the p53 sgRNA with an sgRNA targeting Apc or Cdhl (Extended Data
Fig. 4a,b). Delivery of these configurations to the gastric epithelium
consistently produced tumors, with penetrance of 80% for MYC-sgApc
and 40% for MYC-sgCdhland median survival of 44 and >110 d, respec-
tively (Fig. 2c and Extended DataFig. 4c). The MYC-Apc™”~ tumors had an
undifferentiated histology. These tumors largely retained expression
oftheepithelial markers E-cadherin and CK8 and showed the expected
stabilization of B-catenin and partial positivity for H'/K* ATPase and
mucin 6, as seen in human gastric cancer (Fig. 2d and Extended Data
Fig. 4d-j). In contrast, the MYC-CdhI”~ tumors displayed undiffer-
entiated histology along with the expected absence of E-cadherin
expression and lack of normal cell-cell adhesion between tumor cells
(Extended DataFig.4k-s). Notably, this diffuse undifferentiated histo-
pathology resembled thatin late-stage CIN tumors, which alsobecame
E-cadherin negative (Extended Data Fig. 4t-w). These observations
suggest that p53-associated epithelial plasticity may be importantin
the evolution of CIN tumors. Accordingly, we found that TP53and CDH1
mutations are mutually exclusive in samples from primary tumors of
human patients with gastric cancer (Extended Data Fig. 4x). Finally, to
illustrate how the range of tumor genotypes can be readily expanded,
we generated EPO-GEMMs by knocking out the Pten tumor-suppressor
gene, inaccordance with the documented role of PI3K activating muta-
tions in human gastric cancer® %, The MYC-sgPten configuration pro-
duced tumors with high penetrance (80%) and median survival of
27 d post-electroporation; these tumors histologically resembled
MYC-Apc”~ tumors (Extended Data Fig. 5a-e).

Our histological observations are consistent with an epithelial cell
of origin of the EPO-GEMM tumors, which was confirmed by generating
tumors with comparable latency and presentation in a CK8-CreERT2;
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Fig.1|Modeling molecular subtypes of gastric cancer in mice by a somatic
tissue engineering approach. a, Schematic of the EPO-GEMM s of gastric
cancer. A transposon vector harboring an oncogene in combination with
aSleeping Beauty transposase (SB13) and a CRISPR-Cas9 vector targeting
tumor-suppressor genes are delivered into the stomach by direct in vivo
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electroporation. b, MSK-IMPACT oncoprint displaying the genomic status

of recurrent oncogenes and tumor-suppressor genes in patients with gastric
cancer. Copy-number gains are shown for MYC. Associated molecular subtypes
(per TCGA®) are shown on the right.

LSL-Cas9 host that restricts tumor initiation to the CK8" epithelial
compartment (Extended Data Fig. 4t-w and Extended Data Fig. 5f-j).
Furthermore, given that CK8is ubiquitously expressedin the epithelial
compartment, we also used a Cre configuration thatis restricted to the
parietal cell lineage (Atp4b-Cre; LSL-Cas9), which is a potential cell of
origin in gastric cancer®*, Using both MYC-sgp53 and MYC-sgApc
genotypes resulted in tumor formation with similar histological fea-
tures to those of our non-Cre-restricted tumors, consistent with an
epithelial and potentially parietal cell of origin in the EPO-GEMMs
(Extended Data Fig. 5k-o).

Last, we characterized the degree of CIN of the tumors. Of note,
MYC-p537~ but not MYC-Apc™~, MYC-Cdh1™~ or MYC-Pten™ tumors
harbored recurrent genomic rearrangements, consistent with
the CIN subtype of human gastric cancer (Fig. 2e-f and Extended
Data Fig. 5p,q). Taken together, our data establish gastric cancer
EPO-GEMMs as fast and flexible models that recreate fundamental
histological and molecular features of the CIN and GS subtypes of
the human disease.

Model of MSI gastric cancer

The MSI subtype of gastric cancer, characterized by an increased fre-
quency of mutations™* and a particular base substitution signature®,
has not been recapitulated using traditional GEMMs®® (Fig. 1b). To
generate suchmodels, we combined the MYCtransposon-transposase
system with a CRISPR vector co-targeting p53 and the mismatch repair
gene Msh2. This approach allows for direct comparison of isogenic
MSI(MYC-p537-Msh2”") and microsatellite stable (MSS) (MYC-p53™")
gastric cancers.

Consistent with the less-aggressive nature of MSI compared to
MSS tumors in human patients with gastric cancer®, the median sur-
vival of mice electroporated with Msh2 sgRNAs was longer than that
of MYC-p53™~ controls (53 versus 45 d, respectively; 73% penetrance;
Fig. 3a). Of note, the tumors resulting from MYC-sgp53-sgMsh2 EPO
harbored geneticalterations of the Msh2locus and lacked MSH2 expres-
sion in the tumor (Fig. 3b and Extended Data Fig. 6a), so despite the
extended survival, Msh2 disruption seemed to confer aselective advan-
tage duringtumorigenesis. These MSI tumors again displayed amixture
of well-differentiated E-cadherin-expressing adenocarcinoma and
poorly differentiated gastric carcinoma at late-stage disease (Fig. 3b
and Extended DataFig. 6b-g). Furthermore, whole-exome sequencing

(WES) revealed a significantly higher number of genetic alterations
in MSI versus MSS tumors, mainly consisting of single-nucleotide
variants, small indels (mostly of a single base pair) and a C > T- and
T > C-dominated base substitution signature consistent with human
MSI cancers® (Fig. 3c-d and Extended Data Fig. 6h).

The high mutational burden of MSI tumors typically results in
abundant tumor neoantigens presented on major histocompatibility
complex class I molecules that can facilitate a T cell-mediated anti-
tumor response’ and contribute to increased tumor responsiveness
to immunomodulatory drugs'®'>"**', Accordingly, MSI EPO-GEMMs
had moreinfiltrating CD45"and CD3" cells (consisting mostly of CD8"
T cells) than their MSS counterparts, albeit with substantial intratu-
moral heterogeneity, possibly reflecting the random process of gener-
atingimmunogenic neoantigens® (Fig. 3e and Extended Data Fig. 6i).
Furthermore, neither MSS nor MSIEPO-GEMM s responded to anti-PD-1
checkpoint blockade, mimicking the results observed in other MSI
mouse models®, yet MSI tumors responded to anti-CTLA-4 checkpoint
blockade (Fig. 3f and Extended Data Fig. 6j,k). This observation could
reflect the different mechanisms of action of these immunomodulat-
ing agents®. Taken together, these results show that MSIEPO-GEMMs
largely recapitulate the genetic and immune-microenvironmental
patterns of human MSI gastric cancers.

Transcriptomic features of gastric cancer EPO-GEMMs

Human gastric tumors exhibit gene expression patterns that reflect
features of their molecular classification®. Hence, we performed bulk
RNA sequencing on tumors from EPO-GEMMs that represent the GS,
CIN and MSI subtypes, as well as on healthy gastric tissue. Hierar-
chical clustering of all samples indicated that tumor genotype was
the most prominent factor dictating the transcriptional landscape
of different tumors (Fig. 4a). Consistent with human data® and the
role of p53loss in increasing plasticity®* (Fig. 2b and Extended Data
Fig.4), CIN tumors showed the greatest inter-tumoral heterogeneity.
We performed Gene Ontology analysis of six clusters that segregated
differentially expressed genes (DEGs) across all samples; this analysis
revealed transcriptional features that were either tumor-universal or
tended to group with specific tumor subtypes (Fig.4a and Supplemen-
tary Table1). First, as expected, proliferation-related pathways were
enriched and differentiation-related pathways were depleted across
all tumor samples. Second, MYC-Apc GS tumors showed a prominent
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Fig.2| CIN and GS gastric cancer EPO-GEMMs recapitulate hallmark
histological and molecular features of the corresponding human subtypes.
a, Kaplan-Meier survival curves of C57BL/6 mice electroporated with a MYC
transposon vector and a Sleeping Beauty transposase (MYC; black, n = 4 mice); a
CRISPR-Cas9 vector targeting p53 (sgp53; purple, n = 4 mice) or the combination
of all vectors (MYC-sgp53; blue, n =9 mice). b, H&E and immunohistochemical
staining for E-cadherin (E-Cad), Ki67 and cytokeratin 8 (CK8) of a MYC-p537~
gastric EPO-GEMM tumor. Representative of n = 9 mice. ¢, Kaplan-Meier survival
curves of C57BL/6 mice electroporated with a CRISPR-Cas9 vector targeting
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Apc (sgApc; gray, n =3 mice) or with the combination of Sleeping Beauty, a MYC
transposon vector and a CRISPR-Cas9 vector targeting Apc (MYC-sgApc; green,

n =10 mice).d, H&E and immunohistochemical staining for E-Cad, Ki67 and

CK8 of aMYC-Apc™~ gastric EPO-GEMM tumor. Representative of n =10 mice.

e,f, Sparse whole-genome sequencing analysis of CNAsin MYC-p537~ (n=7
independent samples derived from separate mice) (e) and MYC-Apc”™ (n=9
independent samples derived from separate mice) (f) gastric EPO-GEMM tumors.
Frequency plots are shown on the top and individual sample tracks are provided
onthebottom.

WNT signaling signature, consistent with their Apc-null status. Third,
CIN tumors exhibited a weak but statistically significant enrichment
of extracellular matrix (ECM) genes, which may reflect p53-related
ECMremodeling seenin other cancers® . Fourth, in agreement with
our immune-focused analysis above, MSS tumors under-expressed
genes involved in inflammatory signaling pathways, as well as genes
involved in metabolism and vesicular transport. On the other hand,
MSI tumors showed reduced expression of genes involved in oxida-
tive phosphorylation, perhaps due to mitochondrial damage linked
to mismatch repair deficiency®**.

These observations were reinforced by Gene Ontology analysis
of shared and unique DEGs for the distinct tumor genotypes, which
highlighted a relative depletion of p53 signatures in MYC-p53™ tumors
and enrichment ofimmune-related pathways in MSItumors (Extended
Data Fig. 7a-f and Supplementary Tables 6-19). In addition, genes
related to the epithelial-to-mesenchymal transition were upregulated
tovarious degreesin all tumor subtypes, suggesting high invasive and

metastatic potential (Extended Data Fig. 7c-e). Notably, the transcrip-
tional features of EPO-GEMM tumors correlated with those of human
gastric tumors of the respective subtypes, which was largely driven by
dominant MYC, proliferation and immune-related signatures (Fig. 4b,
Extended Data Fig. 7c-e and Supplementary Tables 2-4).

To assess immune cell infiltrates in different tumor subtypes,
we employed the CIBERSORT*? algorithm to identify immune cell
signaturesin bulk tumor samples. Hierarchical clustering segregated
a subset of MSI tumors (3 of 6 samples) as broadly enriched in most
immune signatures (Fig. 4c), including CD4*and CD8" T cells (Fig. 4d
and Supplementary Table 5). Of note, the immune cell infiltrates and
associated signaling pathways displayed similarities between murine
and human MSS versus MSI tumors, with the MSI tumors showing
increased expression of inflammatory pathways and most immune
cell signatures (Extended Data Fig. 7g and Supplementary Tables 20
and 21). Overall, these gene expression data further demonstrate the
molecular fidelity of EPO-GEMMs to their human counterparts and
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EPO-GEMM tumors. Representative of n = 11 mice. ¢, WES analysis of somatic
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tumors (n =3 independent mice each). SNP, single-nucleotide polymorphism;
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MYC-p537~ (MSS) or MYC-p537--Msh2”~ (MSI) gastric EPO-GEMM tumors for CD45
(red, top) or CD3 (red, bottom). Quantification to the right (n = 6 independent
mice each). Data are presented as mean + s.e.m. f, Kaplan-Meier survival curves
of C57BL/6 gastric cancer EPO-GEMMs of either MYC-pS3™~ genotype (left) (n =14
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mediated blockade of CTLA-4 (9H10, 200 pg) (solid line) or IgG control (dashed
line). Treatment was initiated (day 0) after tumor formation was confirmed by
abdominal palpation. Statistical analyses were one-sided log-rank test (a,f) and
unpaired t-test (e). NS, not significant; *P<0.05.
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Fig. 4| EPO-GEMMs recapitulate transcriptional features of human gastric
cancer subtypes. a, Heat map of DEGs across the indicated EPO-GEMM samples
(each column represents one mouse; healthy n=4,MSIn=6,MSS-CINn=9,
MSS-GS n =6 independent samples derived from separate mice). Hierarchical
clustering segregated all samples based on six signatures (1-6). Key pathways
enrichedin each signature are shown on the right. Complete lists of genes and
pathway predictions are provided in Supplementary Table 1. TCA, tricarboxylic
acid; ER, endoplasmic reticulum. b, Comparison of GSEA NES for Hallmark
pathways enriched in EPO-GEMM (x axis) and human (y axis) tumors versus
healthy stomach for the indicated genotypes/subtypes. Key pathways are
highlighted. Circle size represents the adjusted Pvalue. Complete lists of
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pathways and NES scores are provided in Supplementary Tables 2-4. ¢, Heat map
of CIBERSORT signatures for distinctimmune subpopulationsin the indicated
EPO-GEMM tumor and healthy gastric samples. d, Boxplots of CIBERSORT
signature scores for the indicated immune populations and EPO-GEMM tumors
((n=9(MYC-p537"),n=6(MYC-Apc™"),n=6 (MYC-p53"-Msh2”") andn=4
(healthy stomach) independent samples derived from separate mice). The center
horizontal line denotes the median (50th percentile) value; the box extends
from the 25th to the 75th percentile of each group’s distribution of values.

The whiskers mark the 5th and 95th percentiles. Complete lists of CIBERSORT
signature scores are provided in Supplementary Table 5. Two-sided Wilcoxon
signed-rank test.

identify pathways that may underlie both common and unique features
of gastric cancer subtypes.

Metastatic organotropismin gastric cancer EPO-GEMMs
Perhaps the most clinicallyimportant feature of gastric cancer is its pro-
pensity to metastasize, a property thatis rarely observed intraditional

gastric cancer GEMMs'*'®. In contrast, gastric cancer EPO-GEMMs were
invasive and reproducibly metastasized to the liver, lungs, peritoneum
and adrenalglands (Fig. 5a-k and Extended Data Fig. 8a,b), as frequently
observed in patients; however, the organotropism of metastases dif-
fered across genotypes. Mice harboring Apc-null GS tumors showed a
higher frequency of liver metastasis (8 of 9, 88% of mice) compared to
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those harboring p53-null CIN tumors (5 of 9, 56% of mice) or Msh2-null
MSI tumors (3 of 10, 30% of mice) (Fig. 51-0). Notably, the capacity
of Apc-null GS tumors to colonize the liver was also noted following
introduction of an Apc-null tumor-derived line via tail veininjection, an
experimental metastasis assay that strongly favors seeding to the lung
(Extended DataFig. 8c). In contrast, p53-null tumors (whether MSS or
MSI) showed markedly more peritoneal metastasis (6 of 9, 67% of mice
for MSS, and 6 of 10, 60% of mice for MSI, compared to 2 of 9, 22% of
mice for GS tumors), whereas MSI tumors showed markedly less lung
metastasis (30f10,30% of mice, compared to 5 of 9, 56% of mice for GS
and 6 of 9, 67% mice for CIN tumors) (Fig. 51-n,p—-q).

The different metastatic profiles of gastric cancer subtypes in
the EPO-GEMMs were unexpected. To determine whether similar pat-
terns exist in the human disease, we analyzed clinically annotated
MSK-IMPACT* data (Fig. 50—q). Indeed, liver metastases accounted
for 39% (12 of 31) of metastases that harbored APC mutations, com-
pared to 24% (83 of 339) and 9% (1 of 11) of metastases harboring TP53
or mismatch repair mutations, respectively (Fig. 50). Likewise, none
(0 of 11) of the mismatch repair-mutant metastases was derived from
the lung, in contrast to 10% (3 of 31) and 8% (27 of 339) of APC- and
TP53-mutant metastases, respectively (Fig. 5p). Finally, only 3% (1 of
31) of APC-mutant metastases were of peritoneal origin, compared to
10% (33 of 339) and 18% (2 of 11) of TP53-mutant and MSI metastases,
respectively (Fig.5q). Corroborating these results, WNT pathway altera-
tions were significantly associated with liver but not lung metastasis,
whereas mutationsin TP53were associated with smallincreasesin the
metastasis incidence to both organs (Extended Data Fig. 8d)*.

Some patients with gastric cancer develop ‘Krukenberg
tumors™***, which arise from metastasis to the ovary. These poorly
understood tumors often occur in young women (median age 45 years)
and confer a dismal prognosis*. Owing in part to the lack of model
systems, the etiology of these tumors remains unresolved and there
is an ongoing debate as to whether the cancer cells spread from the
primary tumor through a peritoneal, lymphatic or hematogenous
route®. Remarkably, 10-20% of gastric cancer EPO-GEMMs developed
metastases to the ovaries, irrespective of genotype (Fig. 5r,s). The
capacity for ovarian metastasis was maintained in primary tumor lines
(1of3lines per genotype) assayed by tail veininjection (Extended Data
Fig. 8e). These dataindicate that, while other routes are possible, dis-
semination through the bloodstreamis a viable route for gastric cancer
metastasis to the ovaries. Together, these data highlight the relevance
of EPO-GEMMs as arobust platform to study metastatic gastric cancer
and suggest arole for tumor genotype in metastatic organotropism.

Natural killer cells suppress gastric cancer metastasis

Studies using carcinogen-induced or transplantation models have
revealed roles forimmune cells inboth facilitating and limiting meta-
static spread, but little is known about the influence of the immune
system on metastasis in autochthonous, genetically defined models
that most closely resemble the human scenario***”. Thus, we harnessed
the host flexibility of the EPO-GEMM approach to engineer MYC-Apc™~
tumorsintwo recipient strains: (1) wild-type C57BL/6 mice, which are
fullyimmune-competent; or (2) Rag2-112rg double-knockout (R2G2)
mice, which are deficient in T, B and natural killer (NK) cells and have

reduced levels of neutrophils, macrophages and dendritic cells.
Tumor-bearing R2G2 mice showed reduced survival and a greater
incidence of liver metastasis compared toimmunocompetent recipi-
ents (Fig. 6a-c). These data indicate that the immune system sup-
presses metastasis as tumors develop in an autochthonous gastric
cancer model.

NK cells are aprominentimmune cell type that can limit metastasis
in certain transplantation-based models*s. To assess the role of NK cells
in an autochthonous context, we administered NK1.1-targeting anti-
bodies inimmunocompetent mice from the time of electroporation,
whichresultsin systemic depletion of NK and related cells*. These mice
displayed decreased overall survival and increased liver metastasis
compared to isotype-treated controls (Fig. 6d,e); however, primary
tumor size at end point did not differ (Extended Data Fig. 9a), suggest-
ing that the contribution of NK cells to survival was mainly due to the
suppression of metastasis. Reinforcing this point, results were similar
when NK cells were depleted only after detection of a palpable primary
tumor (Extended Data Fig. 9b,c) or when we examined metastatic
potential of circulating tumor cells following tail vein or intrasplenic
injection (Extended DataFig. 9d-g). Notably, liver metastasis was more
strongly enhanced by NK1.1-mediated depletion than by using R2G2
hosts, suggesting that non-NK immune cells that are absent in R2G2
mice (for example, neutrophils*®) might promote metastatic spread
in this setting. Taken together, these data show that NK cells play an
importantrole in curtailing gastric cancer metastasis to the liver.

CDS8'T cell surveillance of MSI gastric cancer metastasis

To characterize how the immune system restricts metastatic
spread across gastric cancer subtypes, we performed experimental
metastasis assays using cell lines derived from primary EPO-GEMM
tumors representing the GS (MYC-Apc™"), CIN (MYC-p53™") and MSI
(MYC-p537--Msh2™") subtypes. Mice were treated with NKL.1versus IgG
controlantibody starting 2 days beforetail veininjection and metastasis
development was assessed 3-4 weeks later. NK cell depletion led to a
significant increase in both liver and lung metastatic burden in mice
injected with either CIN (MSS) or MSI cancer cells (Fig. 7a); however,
the metastatic potential of MSI tumors remained lower than that of
MSS tumors even following NK cell depletion, an effect that reached
statistical significancein the lung (Fig. 7a). Corroborating these results,
only17% (2 of 12) ofimmunocompetent mice injected with MSI gastric
cancer cells developed overt lung metastases, compared to 75% (8 of
12) of mice injected with MSS tumor cells (Fig. 7b,c). Nevertheless, the
MSIand MSS subtypes showed similar abilities to form lung metastases
with comparable overall lung tumor burden following tail vein injec-
tion into immunodeficient R2G2 mice (Fig. 7b,c and Extended Data
Fig. 9h), indicating that there was no appreciable difference in their
cell-intrinsic potential to colonize the lung.

Because mismatch repair-deficient tumors can present high
amounts of neoantigens andelicit T cell-mediated immune responses
(Fig.3c-f)", we reasoned that cytotoxic T cells may also contribute to
the surveillance of MSItumors. We therefore depleted either CD4" or
CD8" cells and assessed the metastatic potential of either MSS or MSI
tumor cells following tail vein injection. Whereas MSS cells formed
metastases across all conditions, MSI cells seeded metastases only in

Fig. 5| Gastric cancer EPO-GEMMs display metastatic patterns that
recapitulate the human disease. a-e, Representative gross pathology images
of liver (a), lungs (b) and peritoneal metastases at the diaphragm (c), body wall
(d) and abdomen (e) from MYC-p537 gastric cancer EPO-GEMMs. Arrows point
to macroscopic tumors. f-i, Representative H&E-stained histological images of
liver (), lung (g) and peritoneal (h,i) metastases from MYC-p537~ gastric cancer
EPO-GEMMs. j k, Representative macroscopic (j) and H&E-stained histological
(k) images of an adrenal metastasis from MYC-pS37~-Msh2"~ gastric cancer EPO-
GEMMs. I-n, Petal plots of metastasis incidence in the specified organs of EPO-
GEMMs harboring the indicated genotypes. The radius of each petal corresponds

to the fraction of mice developing metastases (mets) in the indicated organ;

the outermost ring corresponds to 100% (n = 9-10 independent mice). Detailed
numbers are provided in the statistical source data. o-q, Incidence of liver (0),
lung (p) or peritoneal metastasis (q) in EPO-GEMMs and in the MSK-IMPACT
cohort of patients with esophagogastric cancer with the corresponding genetic
alterations. The exact number of independently analyzed tumorsis indicated.
Statistical analysis by Fisher’s exact test. r-s, Representative macroscopic (r) and
H&E-stained histological (s) images of an ovarian metastasis from a MYC-p537~
gastric cancer EPO-GEMM.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00686-w

the CD8-depleted condition (Fig. 7d,e). These results are consistent
with reduced metastasis incidence that we estimated in MSI patients
ofthe MSK-IMPACT cohort (Fig. 7f).Insum, these datareveal abimodal
surveillance of gastric cancer metastasis, a genotype-agnostic control
by NK cells supplemented with MSI-specific control by CD8 T cells.

Discussion

Here we present a suite of fully somatic mouse models of gastric cancer,
termed gastric cancer EPO-GEMMs, produced by delivery of genetic
elements directly to the stomach using tissue electroporation. By
combining different mutational events associated with distinct tumor
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Fig. 6 | NK cells suppress gastric cancer metastasis. a, Kaplan-Meier survival
curves ofimmunocompetent C57BL/6 mice (BL/6, green; same cohort as
shownin Fig. 2c) and immunodeficient R2G2 mice (purple, n = 8 mice) with
electroporation-induced MYC-Apc™~ gastric cancer. b, H&E staining of liver
metastases from mice ina. Representative of n = 5mice (BL/6) or n =8 mice
(R2G2) per group. ¢, Quantification of the number of liver metastases (left)
and the percentage area of total liver occupied by metastases (right) froma

subset of miceina (BL/6 n=5mice; R2G2 n =8 mice). d, Kaplan-Meier survival
curves of BL/6 MYC-Apc™~ gastric cancer EPO-GEMM s treated with an NK1.1-
targeting antibody (purple, n =22 mice) or IgG control (green, n = 21 mice). e,
Quantification of the number of liver metastases (left) and the percentage area
of total liver occupied by the metastases (right) in arandomly chosen subset of
mice fromd (IgG n =7 mice; NK1.1n = 7 mice). Statistical analyses were one-sided
log-rank test (a,d) and two-tailed Mann-Whitney U-test (c,e).

subtypes, we demonstrate that this platform can produce models of
all three nonviral molecular subtypes of human gastric cancer. These
models mirror defining histological and transcriptional properties of
their respective human subtypes and present similar patterns of chro-
mosomal (in)stability and mutational signatures. Moreover, each model
reproducibly metastasizes to clinically relevant anatomical sites. These
features demonstrate the relevance of gastric cancer EPO-GEMM s for
discovery and preclinical studies, including in the context of metastasis.

The genetic flexibility of the gastric cancer EPO-GEMMs eliminates
the need for extensive strain intercrossing and enables rapid testing
of any genetic combination by simply changing the sequence of elec-
troporated constructs. Moreover, synchronous cohorts of animals
that will develop genotypically defined tumors can be produced in a
day, thereby greatly simplifying the execution of mechanistic and pre-
clinical studies. Thus, gastric cancer EPO-GEMMs offer advantages over
carcinogen-induced models, which do not produce genetically defined
tumors*~° and Cre/lox-based models, which are limited to available
germline strains, yield asynchronous cohorts and entail substantial
animal waste as unavoidable byproducts of strain intercrossing'*".
Furthermore, EPO-GEMMs generate focal cancersin adult mice, avoid-
ing the confounding effects of tissue-wide gene activation/inactivation
during embryogenesis or, conversely, the requirement for tamoxifen
(which caninduce gastric metaplasia®*?) to recombine germline alleles
inadulthood. Finally, EPO-GEMMs offer the unique capability to readily
change the host, which provides a flexible and robust platform to study
tumor-host interactions. Given these features, EPO-GEMMs are well
poised for use in the evaluation of new therapeutic strategies based
ongeneticand molecular biomarkers (extending beyond MSl status),
a potentially valuable capability as such biomarkers are becoming
prevalentintheevolvinglandscape of gastricadenocarcinomaresearch
and treatment™*,

Anotablelimitation of the EPO-GEMM approachis thatit does not
provide precise control over the cell of origin for tumor development
and could induce somatic alterations in stromal cells. Nevertheless,

we verified that tumors originate from the epithelial compartment
and provided evidence that they originate specifically from parietal
cells, supporting previous findings that gastric cancer can originate
from these cells®*%, Furthermore, previous work using direct in vivo
electroporation of CRISPR-Cas9 vectors to model pancreatic cancer did
not detect somaticalterationsin normal cellsby ultra-deep sequencing,
suggesting that these events are very rare at best and thus unlikely to
influence the course of tumorigenesis®. In addition, the engineering
of multiple alleles using pooled plasmids entails the risk of introducing
intratumoral heterogeneity, which should be takeninto consideration
and could potentially be monitored by using stable constructs linked to
fluorescentreporters. Finally, theinjection technique mayinrare cases
lead to a breaching of the mucosal muscle layer, thereby artificially
facilitating metastatic spread.

With these advantages and limitations in mind, we illustrate
the power of EPO-GEMMSs to uncover new biology. As one example,
histopathological comparison of each tumor subtype revealed that
late-stage p53-null CIN tumors, which are predominantly moderately
differentiated, harbor undifferentiated regions that lack E-cadherin
expression and resemble GS tumors produced by E-cadherin inac-
tivation. These observations suggest that CIN and GS subtypes are
subject to the forces of convergent evolution and, accordingly, we
noted mutual exclusivity of TP53and CDHI mutationsin primary gastric
cancer from patients.

Other insights arising from our initial characterization of
these models relate to metastatic organotropism. First, a subset of
EPO-GEMM animals develop metastatic spread to the ovaries, an enig-
matic but clinically important facet of gastric cancer presentation
that has not been previously modeled. Our results demonstrate that
these tumors can arise from different gastric cancer genotypes and
that hematogenous migration is a viable route for their establish-
ment. Second, EPO-GEMM models display genotype-specific pat-
terns of metastatic organotropism that, though not previously known,
were mirrored in patients. Hence, Apc-null GS tumors preferentially
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Fig.7|CDS8" T cells provide an added layer of metastasis immune surveillance
in MSI tumors. a, Metastatic burden (% tumor area) in the liver (left) or lung
(right) of BL/6 mice after tail vein injection of MYC-p537~ (MSS, blue, n=9 or

10 mice) or MYC-pS37~-Msh2”~ (MSI, red, n = 8 or 9 mice) gastric cancer cells.

Mice were treated with either an NK1.1-targeting antibody or IgG control. Data

are presented as mean + s.e.m. b, Incidence of lung metastasis after tail vein
injection of MSS or MSl gastric cancer cells intoimmunocompetent (C57BL/6) or
immunodeficient (R2G2) mice. Exact numbers of independent mice are indicated
on each bar. ¢, H&E staining of lungs isolated from mice in b. Representative

of n=11mice (MSlin R2G2) or n =12 mice (all other conditions) per group.

d, Incidence of lung metastasis after tail vein injection of MSS or MSI gastric
cancer cellsintoimmunocompetent (C57BL/6) mice that were treated with
either CD4- or CD8-targeting antibodies or an IgG control. Exact numbers of
independent mice areindicated on each bar. e, H&E images of lungs isolated
from miceind. Exact numbers of independent mice areindicated on each bar.

f, Fraction of metastatic samples in the MSK-IMPACT cohort of patients with
esophagogastric cancer with either MSS or MSl disease. The exact number of
independently analyzed tumorsis indicated on each bar. Statistical analyses were
ordinary one-way ANOVA (a) and Fisher’s exact test (b,d,f) .

metastasized to the liver (a pattern that may extend to other cancer
types'**?). Msh2-deficient MSI tumors were poorly metastatic, espe-
cially to lungs. p53inactivation conferred enhanced potential for peri-
toneal metastasis, mirroring a patient study in which alterationsin the
TP53 pathway were among the most common mutations in diffuse
gastric cancer with peritoneal metastases®. Finally, by targeting differ-
ent recipient strains, we identified genotype-specific mechanisms of
metastasisimmune surveillance. While NK cells suppressed metastatic
spreadinall nonviralmolecular subtypes of gastric cancer**5°%%7, CD8"
T cells provided additional suppression of MSItumors. Thisadded layer
of protection may explain the improved prognosis of MSI patients with
gastric and other gastrointestinal cancers®®.

Metastatic gastric cancer is a global health problem. Given the
flexibility and breadth of gastric cancer EPO-GEMMs, these models
may have a profound impact on gastric cancer research, analogous
to the impact of the ‘KPC’ mouse on pancreatic cancer research®,
and also enabling the study of a broad range of disease subtypes in
reduced time and with less animal waste. Furthermore, asshown here,
gastric cancer EPO-GEMMs allow for straightforward molecular stud-
ies on tumor-host interactions, now appreciated as central to cancer
biology and therapy response. Future work will leverage single-cell
approaches to characterize the extent of intratumoral heterogeneity
inthese models, which isamajor challenge in the clinic. We anticipate
that this platformwill facilitate basic discovery efforts and accelerate

the development of urgently needed therapeutic strategies for this
deadly but understudied disease.

Methods

Ethical regulations

Theresearch performed inthis study complies with all relevant ethical
regulations.

All mouse experiments were approved by the Memorial Sloan
Kettering Cancer Center (MSKCC) Internal Animal Care and Use Com-
mittee (IACUC). All relevant animal use guidelines and ethical regula-
tions were followed.

Celllines and compounds

The following cell lines were used in this study: MP, MApc and MP.
MSH, which were derived from EPO-GEMM gastric tumors with these
genotypes. To generate these cell lines, gastric tumors were minced,
digested in DMEM containing 3 mg ml™ dispase Il (Gibco) and 1 mg ml™
collagenase IV (C5138; Sigma) for 30 min at 37 °C, and plated on 10-cm
culture dishes coated with 100 pg ml™ collagen (PureCol; 5005;
Advanced Biomatrix). Primary cultures were passaged at least three
times to remove fibroblast contamination. Cells were maintainedina
humidified incubator at 37 C with 5% CO, and grown in DMEM supple-
mented with 10% FBS and 100 IU ml™ penicillin/streptomycin. All cell
lines used were tested and found negative for Mycoplasma.
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Reagents

Forinvivo experiments, mice were treated with anti-CTLA-4 (200 pg;
Bio X Cell; BEO131) or anti-PD-1antibody (200 pg; RMP1-14, Bio X Cell;
BEO146) three times per week viaintraperitoneal injection. Anti-NK1.1
(250 pg; Bio X Cell; BE0036), anti-CD8 (200 pg; Bio X Cell; BEOO61),
anti-CD4 (200 pg; Bio X Cell; BPO0O031) or the respective isotype con-
trol (Bio X Cell; BEO290 or BEO090) was given twice per week by intra-
peritoneal injection.

Animal studies

All mouse experiments were approved by the MSKCC IACUC. All rel-
evantanimal use guidelines and ethical regulations were followed. Mice
were maintained under specific-pathogen-free conditions and food and
water were provided ad libitum. Housing was on a12-hlight-dark cycle
under standard temperature and humidity of approximately 18-24 °C
and40-60%, respectively. Survival datareflect the use of humane end
points based ontumor burden and overall animal health. The following
mice wereused: C57BL/6N, Tg(Krt8-cre/ERT2)17BIpn/) (CK8-CreERT2,
JAX stock 017947), B6;129-Gt(ROSA)26Sortmi1(CAG-cas9*-EGFP)
Fezh/) (LSL-Cas9, JAX stock 024857), B6.FVB-Tg(Atp4b-cre)1)ig/Jcmi)
(Atp4b-Cre, JAX 030656), Nu/Nu Nude mice (JAX stock 002019) and
B6;129-Rag2tmilFwall2rgtmlRsky/DwlHsd (R2G2, purchased from
Envigo). Mice were used at 8-12 weeks of age and kept in group hous-
ing. To induce gene recombination in CreERT2 mice, tamoxifen
(0.5 mg per mouse), dissolved in corn oil, was administered via oral
gavage for 4 consecutive days. Mice were randomly assigned to
the experimental groups. While our experimentsincluded both female
and male mice, the cohorts were insufficiently powered to determine
whether there were meaningful sex-based differences. Therefore, no
apriorisex-based analyses were performed.

EPO-GEMMs

The 8-12-week-old wild-type C57BL/6N mice were starved for 2 h
before the procedure. Mice were anesthetized with isoflurane. Hair
was removed from the surgical site (epigastrium), then the site was
scrubbed with a povidone-iodine scrub (Betadine) and rinsed with
70% alcohol. After opening the peritoneal cavity, the stomach was
mobilized and openedin the area of the forestomach (Extended Data
Fig. 1a-d). Next, the inside of the stomach was rinsed with saline to
remove any residual food (Extended Data Fig. 1e). Subsequently,
the corpus/antrum region was used as a landmark, and the plasmid
mix (diluted in 50 pl of elution buffer; QIAGEN) was injected via a
30-gauge syringe into the epithelial compartment in the corpus
region generating a small depot (Extended Data Fig. 1f). Tweezer
electrodes (NepaGene CUY650P3) were tightly placed around the
injection bubble and an in vivo electroporator (NepaGene NEPA21
Type Il Electroporator) was used to deliver two pulses of electrical
current (75 V) given for 35-ms lengths ata 500-msinterval (Extended
DataFig.1g). Immediately after electroporation, all the layers of the
stomach were sutured at once in a continuous seam with absorbable
sutures (Ethicon, VICRYL, 5-0,J493G), and the peritoneal cavity was
rinsed with 0.5 ml prewarmed saline (Extended Data Fig.1h). The peri-
toneal cavity was sutured (absorbable sutures, Ethicon, VICRYL, 5-0,
J493G) and the skin closed with skin staples (Extended Data Fig. 1i).
The mice were kept at 37 °C until awake. Post-surgery pain was man-
aged with injections of buprenorphine (Buprenex, 0.5 mg kg™;
Covetrus) or meloxicam (2 mg kg™; Covetrus) for the following 3 d
and mice received DietGel 76A until they reached their pre-surgery
weight (usually 5-8 d).

Tumor formation was assessed by palpation and ultrasound
imaging; tumors could be detected when they reached a diameter of
3-4 mm. Mice werekilled following early tumor development or at the
end point (per IACUC guidelines, 1 cm® tumor size and/or compromised
health; tumor size was not exceeded). Genome editing in EPO-GEMM
tumors was confirmed by Sanger sequencing.

To generate EPO-GEMM tumors in C57BL/6 wild-type mice, the
following vectors and concentrations were used: a pT3-MYC transpo-
son vector (5 1g), a Sleeping Beauty transposase (SB13;11g) and/or a
pX330 CRISPR/Cas9 vector (20 pg; Addgene #42230) targeting the
respective tumor-suppressor genes. The Sleeping Beauty transposase
(SB13) and the pT3 transposon vector were agenerous gift from X. Chen
(University of California, San Francisco). The pX330 vector (Addgene
plasmid #42230) was a gift from F. Zhang of the Broad Institute.

The following sgRNAs were used to target the respective
tumor-suppressor gene locus:

¢ p53:ACCCTGTCACCGAGACCCC

*  APC: GCAGGAACCTCATCAAAACG

*  CDHI: CCCGTTGGCGTTTTCATCAT
*  MSH2: GACAAAGATTGGTTAACCAG
*  PTEN:GTTTGTGGTCTGCCAGCTAA

To generate the pX330 vector containing two sgRNAs, the vec-
tor was opened using the Xbal cloning site and the sgRNA-cassette
containing the second guide was PCR cloned into the vector using the
following primers: Xbal U6 forward: ATGCTTCTAGAGAGGGCCTATTTC-
CCATGATT and Nhel gRNA scaffold reverse: ATGTCGCTAGCTCTAGC
TCTAAAACAAAAAAGC.

To generate EPO-GEMM tumors in CK8-CreERT2;LSL-Cas9 or
Atp4b-Cre;LSL-Cas9 mice, the following vectors and concentrations
were used: apT3-MYCtransposon vector (10 pg),apT3-U6 transposon
vector (20 pg) targeting the respective tumor-suppressor genes and
aSleeping Beauty transposase (SB13; 6 pg). The pT3-MYC transposon
vector (Addgene #92046) was a generous gift from X. Chen. The sgR-
NAs used totarget the respective tumor-suppressor gene loci were the
same as outlined above.

Statistics and reproducibility
Statistical analysis was performed as described in detail in the figure
legends.

No data or animals were excluded from the analyses. The investiga-
tors were not blinded to allocation during experiments and outcome
assessment. No statistical methods were used to predetermine sample
sizes but our sample sizes are similar to those reported in previous
publications'*”. Data distribution was assumed to be normal but this
was not formally tested. For in vivo experiments mice were randomly
assigned to the treatment groups after a tumor was detectable by
abdominal palpation or ultrasound imaging. In vitro samples were
randomly assigned to the respective groups. Further information on
researchdesignisavailablein the Nature Research Reporting Summary
linked to this article.

Invivoimmune-checkpoint blockade

Tumors were initiated by in vivo electroporation as outlined above.
After tumorsreached adiameter of 4-5 mm as confirmed by abdomi-
nal palpation and ultrasound imaging, mice were randomly assigned
to treatment with either anti-CTLA-4 (clone 9H10, cat. no. BE0131),
anti-PD-1 (clone RMP1-14, Bio X Cell, cat. no. BEO146) or IgG con-
trol (Bio X Cell, cat. no. BEOO87) and survival was monitored after-
wards. Animals were killed when they reached humane end points
as defined by the IACUC at MSKCC (1 cm?® tumor size and/or com-
promised health).

Experimental metastasis assays

For tail vein injections, 1 x 10° MP, MPMsh2 or MApc gastric tumor
cellswere resuspendedin400 pl PBS and injected into 8-12-week-old
C57BL/6N, Nude or R2G2 mice. For intrasplenicinjections,1x 10° MApc
gastric tumor cells were resuspended in 50 pl DMEM and injected into
the spleen, followed by surgical removal of the splenic half harboring
theinjectionsite (hemi-splenectomy), to avoid tumor formationinthe
spleen as a confounder while preserving splenic function.
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Analysis of metastasis burden

The presence of metastasesin various organs was determined at experi-
mental endpoint by gross examination under a dissecting scope. For
liver and lung metastasis, metastatic burden was further quantified
from single hematoxylin and eosin (H&E)-stained sections cut across
the largest organ plane by counting individual lesions per section or
estimating percentage of tumor area per organslice.

Histological analysis

Tissues were fixed overnight in 10% formalin, embedded in paraffin
and cut into 5-pm sections. Sections were subjected to H&E stain-
ing. Immunohistochemical and immunofluorescence staining was
performed following standard protocols. The following primary anti-
bodies were used: E-cadherin (1:500 dilution, BD Bioscience, 610181),
H+K (1:1,000 dilution, MBL International Corporation, D032-3), Ki67
(1:100 dilution, Abcam, AB16667), CK8 (1:1,000 dilution, BioLegend,
904801), MSH2 (1:200 dilution, Cell Signaling, D24B5), MYC (1:100
dilution, Abcam, AB32072), vimentin (1:200 dilution, Cell Signaling,
5741), B-catenin (1:200 dilution, BD Bioscience, 610153), MUC6 (1:100
dilution, LsBio, LS-C312108-0.1), CD45 (1:100 dilution, Cell Signaling,
70257),CD3 (1:100 dilution, Abcam, ab5690) and CD8 (1:2,000 dilu-
tion, Abcam, ab217344).

Flow cytometry

For in vivo sample preparation, gastric tumors were processed into
small pieces, digested in RPMI containing 2 mg ml™ collagenase D
and 100 pg mi™ DNase I for 30 min at 37 °C, filtered through a 70-um
strainer and washed with PBS. Red blood cell lysis was achieved with
an ACK (ammonium-chloride-potassium) lysis buffer (Lonza). Cells
were washed with PBS, resuspended in FACS buffer and used for sub-
sequent analysis. The following fluorophore-conjugated antibodies
were used (‘m’ prefix denotes anti-mouse): m.CD45 (AF700, 1:200
dilution, BioLegend cat.no.103128, lot B295205), m.CD3 (PE-Cy7,1:100
dilution, BioLegend, cat. no. 100220, lot B284568), CD3 (AF488,
1:100dilution, BioLegend, cat.no.100210, lot B284975), CD4 (BUV395,
1:50 dilution, BD, cat.no. 563790, lot 9275330), CD8 (PE-Cy7,1:50 dilu-
tion, BioLegend, cat. no. 100722, lot B282418), CD11c (BV650, 1:200
dilution, BioLegend, cat.no.117339, lot B296085). m.CD3 (BV650,1:300
dilution, BioLegend, cat.n0.100229), m.CD4 (BUV737,1:200 dilution,
BD, cat. no. 564298), m.CD8 (FITC, 1:300 dilution, BioLegend, cat.
no.100706) and m.CDlIc (BV785,1:200 dilution, BioLegend, cat. no.
117335). Flow cytometry was performed on a LSRFortessainstrument
(BD Biosciences) using FACSDiva (v.8.0, BD Biosciences) software and
datawere analyzed using FlowJo (v.10.1, TreeStar).

RNA extraction, RNA-seq library preparation and sequencing

Total RNAwas isolated from MP, MP.MSH2 and MAPC tumors or healthy
stomach (fromuntreated mice). Library preparation and sequencing
were performed at the Integrated Genomics Operation Core at MSKCC.
RNA-seq libraries were prepared from total RNA. After RiboGreen
quantification and quality control by Agilent BioAnalyzer,100-500 ng
oftotal RNA underwent polyA selectionand TruSeq library preparation
accordingtoinstructions provided by lllumina (TruSeq Stranded mRNA
LT kit, RS-122-2102), with eight cycles of PCR. Samples were barcoded
and run on a HiSeq 4000 or HiSeq 2500 in a 50-bp/50-bp paired end
run, using the HiSeq3000/4000 SBS kit or TruSeq SBS kit v.4 (Illumina).

RNA-seq read mapping, differential gene expression analysis
and heat map visualization

RNA-seq data were analyzed by removing adaptor sequences using
Trimmomatic®. RNA-seq reads were then aligned to GRCm38.91
(mm10) with STAR®*and transcript count was quantified using feature-
Counts® to generate a raw count matrix. Analysis of differential gene
expression between experimental conditions (using more than two
independent biological replicates per condition) and adjustment for

multiple comparisons were performed using DESeq2 package®*, imple-
mented in R (http://cran.r-project.org/). DEGs were defined as those
with >twofold change in gene expression with adjusted Pvalue < 0.05.
For heat map visualization of DEGs, samples were zscore-normalized
and plotted using pheatmap packageinR.

Functional annotation of gene sets

Pathway enrichment analysis was performed in the resulting gene
clusters (Fig. 4a) with the Reactome database using enrichR®. Sig-
nificance of the tests was assessed using combined score, described
as c=log(P) x z, where cis the combined score, Pis Fisher’s exact test
Pvalue, and zis zscore for deviation from expected rank.

Gene set enrichment analysis

Gene set enrichment analysis (GSEA)®® was performed using the
GSEAPreranked tool for conducting GSEA of data derived fromRNA-seq
experiments (v.2.07) against signaturesin the MSigDB database (http://
software.broadinstitute.org/gsea/msigdb). The metric scores were
calculated using the sign of the fold change multiplied by the inverse
of the Pvalue.

Gene signature score and immune cell type abundance
estimation

A rank-based single-sample gene-set scoring method was calculated
using package singscore in R”. Immune cell abundance estimation
was based on the LM22 signature*’, which contains a 547-gene signa-
ture matrix from 22 human immune cell types. LM22 signature and
singscore were used to estimate gene expression profiles for each
LM22 cell type.

CNA analysis

CNAs were inferred from sparse whole-genome sequencing data
as described previously®®®’, In brief, 1 pg of bulk genomic DNA was
extracted from gastric tumors using the DNeasy Blood and Tissue
kit (QIAGEN) and sonicated using the Covaris instrument. Sonicated
DNA was subsequently end-repaired/A-tailed, followed by ligation
of TruSeq dual indexed adaptors. Indexed libraries were enriched
via PCR and sequenced in multiplex fashion using the lllumina HiSeq
2500 Instrument to achieve roughly 1 x 10° uniquely mappable reads
per sample, a read count sufficient to allow copy-number inference
to aresolution of approximately 400 kb. For data analysis, uniquely
mapped reads were counted in genomic bins corrected for mappabil-
ity. Read counts were subsequently corrected for guanine/cytosine
content, normalized and segmented using circular binary segmenta-
tion. Segmented copy-number calls were illustrated as relative gains
and losses to the median copy number of the entire genome. Broad
events (chromosome-wide and several megabase-sized events) are
discernibleinagenome-wide manner.

Whole-exome sequencing

A total of 1 ug bulk genomic DNA was extracted from gastric tumors
using the DNeasy Blood and Tissue kit (QIAGEN) and WES was con-
ducted and sequenced by BGI. The data were then processed through
the Illumina (HiSeq) Exome Variant Detection Pipeline for detecting
variants by the Bioinformatics Core at MSKCC. First, the FASTQ files
were processed to remove any adaptor sequences at the end of the
reads using cutadapt (v.1.6). The files were then mapped using the
BWA mapper (bwa mem v.0.7.12). After mapping, the SAM files were
sorted and read group tags added using the PICARD tools. After sorting
in coordinate order, the BAMs were processed with PICARD MarkDu-
plicates. The marked BAM files were then processed using the GATK
toolkit (v.3.2) according to the best practices for tumor-normal pairs.
They werefirstrealigned using ABRA (v.0.92) and then the base quality
values were recalibrated with the BaseQRecalibrator. Somatic variants
were then called inthe processed BAMs using muTect (v.1.1.7) for SNV
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and the Haplotype caller from GATK with a custom post-processing
script to call somatic indels. Based on the information provided by
Agilent SureSelect XT Mouse All Exon kit, the total exome coverage
was ~49.6 MB. This coverage length was used to calculate mutations per
MB, and these values were compared to publicly available mutational
data downloaded from elsewhere®.

Human clinical data analysis

For transcriptomic analysis, TCGA stomach adenocarcinoma RNA-seq
data were downloaded through the R package TCGAbiolinks™ to
retrieve molecular subtypes and the raw and normalized (TPM) count
tables. Patients with matched healthy and tumor samples were identi-
fied and used to run subtype-specific differential expression analysis.
Results were used to calculate the rank score for GSEA and compared
to GSEAresults from the EPO-GEMMs. Microarray data from GSE62254
were downloaded and processed through R package limma”'. DEGs
between different molecular subtypes were identified and used for
GSEA.Normalized enrichment scores (NES) were plotted and compared
to EPO-GEMMs.

For metastasis analysis, human datasets were obtained through
either the MSKCC Clinical Sequencing Cohort (MSK-IMPACT) via cBio-
Portal’>” or the MSK-MET cohort*, as indicated in the text. Meta-
static samples were clinically annotated and their genetic alterations
were assessed by IMPACT sequencing. For the liver/lung/peritoneum
tropism analysis (Fig. 50-q), MSK-IMPACT samples were selected as
follows: (1) cancer type, esophagogastric cancer; (2) sample type,
metastasis; and (3) genotype (MUT: APC, MUT: TP53 or MSI_TYPE:
instable). Then, the fraction of selected samples that was located in
the liver, lung or peritoneum was calculated as a percentage of all
metastatic sites. For the MSS versus MSI metastasis analysis (Fig. 7f),
MSK-IMPACT samples were selected as follows: (1) cancer type: esoph-
agogastric cancer; (2) MSI_TYPE:stable or instable. Then, the fraction
of selected samples that were derived from metastatic sites was cal-
culated as percentage of all (primary + metastatic) samples. For the
liver/lung metastasis incidence analysis from the MSK-MET cohort
(Extended Data Fig. 8d), patients with stomach adenocarcinomawere
filtered by the presence of WNT pathway or TP53 mutations, and then
analyzed for the incidence of liver or lung metastases, as described
in the published study*. Statistical comparisons were performed
through contingency table analyses using Fisher’s exact test in Prism
v.7.0 (GraphPad Software) for the MSK-IMPACT cohort, or as described
previously for the MSK-MET cohort*. Sex- or gender-based analyses
were not planned a priori; thus, sex or gender were not considered in
the human data analysis.

Immunoblotting

Cell lysis was performed using RIPA buffer (Cell Signaling Technol-
ogy) supplemented with phosphatase inhibitors (5 mmol I sodium
fluoride, 1 mmol I sodium orthovanadate, 1 mmol I"'sodium pyroph-
osphate and 1 mmol ' B-glycerophosphate) and protease inhibitors
(Protease Inhibitor Cocktail Tablets, Roche). Protein concentration
was determined using a Bradford Protein Assay kit (Bio-Rad). Proteins
were separated by SDS-PAGE and transferred to polyvinyl difluoride
membranes (Millipore) according to the standard protocols. Mem-
branes wereimmunoblotted overnight at 4 °C with antibodies against
MSH2 (Cell Signaling, D24B5) or 3-actin (Cell Signaling, 4970) in 5% BSA
in TBS-blocking buffer. Membranes were incubated with secondary
anti-rabbitantibody (Cell Signaling, 7074) for 1 hat room temperature.
Blots were developed in PerkinElmer’s Western Lightning ECL as per
the manufacturer’sinstructions.

Statistical analysis and figure preparation

Data are presented as mean + s.e.m. Statistical analysis was per-
formed by Student’s ¢-test, ANOVA, Mann-Whitney U-test, Wilcoxon
signed-rank test or Fisher’s exact test using Prismv.6.0 or 7.0 (GraphPad

Software), asindicated in the respective figure legends. Pvalues < 0.05
were considered statistically significant. Excel (Microsoft) was used to
calculate survival. Subsequently, survival was determined using the
Kaplan-Meier method, withalog-rank test used to determine statistical
significance. No statistical method was used to predetermine sample
sizeinanimal studies. Animals were allocated at random to treatment
groups. Figures were prepared using BioRender for scientificillustra-
tions and lllustrator CC 2021 (Adobe).

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

RNA-seq, WES and Sparse whole-genome sequencing data that support
the findings of this study have been deposited in the Gene Expres-
sion Omnibus under accession codes GSE199261, PRJINA1013074 and
PRJNA818675. Datasets derived from this resource that support the
findings of the present study are available in Supplementary Tables
1-21. The human gastric cancer genomic data were derived from the
TCGAResearch Network at http://cancergenome.nih.gov/. The dataset
derived from this resource that supports the findings of this study is
availableat https://gdc.cancer.gov/about-data/publications/pancanat-
las. All other data supporting the findings of this study are available
from the corresponding authors on reasonable request.
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Extended Data Fig. 1| See next page for caption.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00686-w

Extended Data Fig. 1| Description of gastric EPO-GEMM procedure and
analysis of body weight and inflammation post-electroporation. (A-I)
Step-by-stepillustration of the EPO-GEMM procedure: (a, b) After hair removal,
scrubbing of the surgical site with povidone-iodine, and rinsing with 70% alcohol,
incisions of the skin (A) and the peritoneum (B) of about 7 mm each are made in
the epigastric region. (c) The stomachis localized in the peritoneal cavity and
mobilized to the exterior using a curved forceps. The right forceps in the image
holds the forestomach. (d) To open the stomach, a4-mm incision is made in the
forestomach. (e) The stomachis rinsed with prewarmed saline using a flexible
oral gavage needle to remove any remaining food. (f) The epithelial part of the
stomach is mobilized to the exterior through the incision in the forestomach
using a curved forceps, and the plasmid mix isinjected into the epithelial layer of
the corpus region using a30G needle. A small liquid filled bubble forms around
theinjection area (arrow). (g) The Nepagene tweezer electrodes are loosely
placed around the plasmid-containing bubble and electric pulses are applied by
the Nepagene electroporator. (h-i) The stomachis reversed, and the forestomach
and all the layers are sutured at once in a continuous seam using absorbable

sutures (Ethicon 5-0). Afterwards, the peritoneal cavity is closed by single knot
sutures and the incision in the skin is closed by surgical staples. (j-1) Extent of
inflammation after electroporation with vehicle only. (J) Edema with limited
influx of neutrophils at the electroporation site seen 24 h after EPO, consistent
with early signs of local inflammation. Representative image of n =3 mice. (K)
Influx of neutrophils in the mucosal area (dashed line) at the electroporation
site seen 72 h after EPO, consistent with a developing inflammatory response.
Representative image of n=3 mice. (L) Acute inflammatory response
characterized by influx of neutrophils in the glandular (g) and muscle (m) layers
of thestomach at the electroporation site, seen 192 h after EPO. Representative
image of n =3 mice. (M) Changes in animal body weight over 8 days following
the EPO procedure. Individual lines represent independent mice (n =9 mice).
(n-o) Levels of white blood cells (N) and neutrophils (O) in the peripheral blood
of mice at the indicated time-points following electroporation with vehicle only.
Untreated mice that were not subjected to surgery or EPO served as controls
(n=3independent mice per group). Statistical analysis by unpaired two-sided
t-tests. Data are presented as mean values +/-s.e.m.
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Extended Data Fig. 2| Gastric cancer EPO-GEMMs develop through a stepwise
progression of precursor lesions. (a) Sanger sequencing results confirming
editing of the Trp53locus targeted by the indicated CRISPR/Cas9-sgRNAina
MYC-p53 EPO-GEMM gastric tumor. (b, ¢) Representative ultrasound images

of developing gastric EPO-GEMM tumors. Dashed yellow line demarcates

the stomach; dashed red line indicates the tumors. (d-f) Representative

gross pathology images of EPO-GEMM stomachs at different stages of tumor
development. Tumor formation at the electroporation site is evident in early-
stage tumors (E, arrows). (g-n) Histological analysis of precursor and early
gastric EPO-GEMM lesions. (g) Normal murine fundic mucosa (f = foveolar cells;
p = parietal cells; c = chief cells) (bar =500 pum). Representative image of n=3
mice. (h) Atrophy of the fundic mucosa with loss of chief and parietal cells

|WT sequence

|Primary tumor

| Metastasis

(bar =250 um). Representative image of n =3 mice. (i) Hyperplasiain the

fundic mucosa (arrow) withincreased basophilia of glandular epithelium

(bar =200 pm). Representative image of n=3 mice. (j) Mild to moderate
mucinous metaplasia (arrows) in the gastric fundus (bar =200 pm).
Representative image of n=3 mice. (k) Moderate to severe mucinous metaplasia
(arrows), hyperplasia, and dysplasia in the gastric fundus. There was also a focus
of adenomyosis (arrowhead) (bar =200 pm). Representative image of n =3 mice.
(1) Dysplasia (arrows) of glandular mucosa (bar =100 pm). Representative
image of n=3 mice. (m) Higher magnification of glandular dysplasia (arrows)
(bar =200 pm). Representative image of n=3 mice. (n) Glandular dysplasia,
hyperplasia (arrow = mitotic figures), and necrosis (arrowhead) in the gastric
fundus (bar =100 pm). Representative image of n =3 mice.
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Extended Data Fig. 3 | Histopathological analysis of CIN gastric cancer EPO-
GEMMs. (A-1) Histological characterization of tumor progression in MYC-p53 7/
tumors. (A-C) Initially, MYC-p53™ tumors were moderately well-differentiated
adenocarcinomas: (a) Areas of tubular gland formation (arrows) (bar =200 pm).
Representative image of n=3 mice. (b) Higher magnification of adenomatous
proliferation (arrow) ina typical early tumor. The tumor cells formed single

and multiple layers around the lumens (bar =100 pm). Representative image of
n=3mice. (c) Neoplastic glands (arrows) with cell debris (asterisks) in lumen.
Neoplastic glands were lined by tightly adherent pleomorphic columnar and
stratified epithelial cells with irregular large nuclei, clumped chromatin, and
prominent nucleoli (bar =100 pm). Representative image of n=3 mice. (d)
AsMYC-p53 tumors progressed, the area of glandular formation (arrows)
decreased and blended with larger sheets of tumor cells (arrowheads) typical

of adiffuse tumor phenotype (bar =200 um). Representative image of n = 3 mice.

(e) When MYC-p537 tumors transitioned from adenomatous to diffuse, the
tumors occasionally developed focal areas of micro-lobules (arrows) separated
by prominent stroma (arrowheads) (bar =250 pm). Representative image of
n=3mice. (f-i) Eventually, MYC-p53~ tumors lost all adenomatous features
and became diffuse tumors with solid sheets of neoplastic cells. Representative
image of n=3 mice. (F) These late-stage tumors featured small monomorphic
epithelial tumor cells with small basophilic nuclei and scant cytoplasm.

The neoplastic cells had a high nuclear/cytoplasm ratio consistent with

malignancy (bar =200 pm). Representative image of n=3 mice. (G) High
maghnification of an MYC-p53™ tumor characterized by sheets of tumor cells with
minimal stroma and a diffuse tumor phenotype. There were numerous mitotic
figures (arrows) and apoptotic/necrotic cells (arrowheads) (bar =100 pm).
Representative image of n=3 mice. (H) The tumors were highly invasive and
penetrated the submucosa and muscle layers of the stomach (arrows) and
spread into the sub-serosa (arrowhead) (bar =500 pm). Representative image
of n=3 mice. (I) The invasive tumors (arrows) penetrated all layers of gastric
muscle (arrowhead) (bar =200 pm). Representative image of n=3 mice.

(j-1) Representative immunohistochemistry staining of aMYC-p53 EPO-GEMM
gastric tumor for MYC (J), hydrogen/potassium ATPase (H+K) (K), and MUC6
(L). Representative images of n=3 mice. (M) Gross pathology image of a
mMyc-p53” tumor-bearing EPO-GEMM stomach. Representative image of
n=2mice. (n-p) Representative hematoxylin & eosin (H&E) staining (N) and
immunohistochemical staining for MYC (O) and E-cadherin (P) of amMyc-p53™~
tumor. Representative images of n=2 mice. (q) Gross pathology image of a
MYC-p53Q97* tumor-bearing EPO-GEMM stomach. Representative image of
n=1mouse. (R) H&E staining of aMYC-p53Q97* tumor. Representative image
of n=1mouse. (S) Sanger sequencing results confirming CRISPR base editing of
the Trp53locus targeted by the indicated CRISPR/Cas9-sgRNA ina MYC-p53Q97*
EPO-GEMM gastric tumor.
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Extended Data Fig. 4 | Histopathological analysis of GS gastric cancer
EPO-GEMMs. (a) Sanger sequencing results confirming editing of the Apc
locus targeted by the indicated CRISPR/Cas9-sgRNA ina MYC-Apc EPO-GEMM
gastric tumor. (b) Sanger sequencing results confirming editing of the Cdh1
locus targeted by the indicated CRISPR/Cas9-sgRNA ina MYC-Cdh1 EPO-GEMM
gastric tumor. (c) Kaplan-Meier survival curves of C57BL/6 EPO-GEMMs after
electroporation with either MYCand Cdhl1 vector (orange, n =9 mice) or MYC
vector only (black, n=4 mice). (d-f) Histological analysis of a typical MYC-Apc
EPO-GEMM gastric tumor: (D) MYC-Apc™™ tumors were diffuse with sheets of
neoplastic cells and little stroma (bar =250 pm). Representative image of
n=3mice. (E) Higher magnification of aMYC-Apc™~ tumor with tightly cohesive
neoplastic cells and scant extracellular matrix. There are abundant foci of
apoptotic and necrotic cells (arrows) (bar =250 pm). Representative image

of n=3mice. (F) MYC-Apc™" tumors had abundant mitotic figures (arrows)

and apoptotic cells (arrowheads) consistent with tumor growth and lack

of differentiation (bar =100 pm). Representative image of n =3 mice.

(g-j) Representative immunohistochemistry staining of aMYC-Apc EPO-
GEMM gastric tumor for MYC (G), hydrogen/potassium ATPase (H+K) (H),
beta-catenin (CTNNBI) (I), and MUC6 (J) Representative images of n =10 mice.

(k-m) Histological analysis of a typical MYC-Cdh1 EPO-GEMM gastric tumor:

(K) MYC-Cdh1™ tumors showed diffuse histology with sheets of tumor cells
subdivided by loose connective tissue (arrows) (bar =250 pm). Representative
image of n=3 mice. (L) MYC-Cdh1”" tumor cells lacked normal cell-cell adhesion
(arrows) consistent with loss of E-cadherin (bar =100 pm). Representative
image of n =3 mice. (M) MYC-Cdh1™ liver metastases shared the poorly
adherentindividual cell feature (arrows) of the primary tumor (bar =100 pm).
Representative image of n=3 mice. (n-s) H&E (N) and immunohistochemistry
staining for E-Cadherin (E-cad) (O), cytokeratin 8 (CK8) (P), vimentin (Vim) (Q),
MYC (R), and Ki67 (S) of aMYC-Cdh1 EPO-GEMM gastric tumor (bar =50 pm).
Representative images of n=4 mice. (t-u) H&E (T) and immunohistochemistry
for E-cadherin (E-Cad) (U) ina MYC-p53”~ EPO-GEMM gastric tumor in a CK8-
CreERT2; LSL-Cas9 mouse. Representative images of n = 6 mice. (v, w) H&E (V)
and immunohistochemistry for E-cadherin (E-Cad) (W) of an undifferentiated
MYC-p53”~ EPO-GEMM gastric tumor ina C57BL/6 (BL/6) mouse. Representative
images of n =9 mice. (x) MSK-IMPACT oncoprint displaying the genomic status
of alterations in TP53and CDH1 in gastric cancer patients. Alterations in p53and
CDH1 are mutually exclusive in this setting. Statistical analysis via cBioPortal "2,
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Extended Data Fig. 5| Gastric EPO-GEMM tumors originate from epithelial
cellsin the stomach. (a) Kaplan-Meier survival curves of C57BL/6 EPO-
GEMM s after electroporation with either MYCand Pten™" vectors (blue, n=

9 mice) or MYC vector only (black, n=4 mice). (b-e) Representative H&E (B)

and immunohistochemistry staining for E-Cadherin (E-cad) (C), Ki67 (D), and
hydrogen/potassium ATPase (H+K) (E) of aMYC-Pten EPO-GEMM gastric tumor.
(f) Schematic of CK8-Cre restricted EPO-GEMM experiments. A transposon
vector harboring MYCin combination with a Sleeping Beauty transposase (SB13)
and/or a CRISPR-Cas9 vector targeting either p53 or Apc were delivered into

the stomach of CK8-CreERT2; LSL-Cas9 mice by direct in vivo electroporation.
(g) Kaplan-Meier survival curves of C57BL/6 MYC-p53”~ EPO-GEMM s (blue
dashedline, n=9 mice, same cohort as shown in Fig. 2a) or CK8-CreERT2; LSL-
Cas9 MYC-p537~EPO-GEMMs (blue line, n=7 mice). (h) Kaplan-Meier survival
curves of C57BL/6 MYC-Apc” EPO-GEMM s (green dashed line, n =10 mice, same
cohortas shown in Fig. 2c) or CK8-CreERT2; LSL-Cas9 MYC-Apc™~ EPO-GEMMs
(greenline, n=6 mice). (i-j) H&E (I) and immunohistochemistry for E-cadherin
(E-Cad) (J) of a CK8-CreERT2; LSL-Cas9 MYC-Apc”~ EPO-GEMM gastric tumor.

Representative images of n =4 mice. (k) Schematic of Atp4b-Cre restricted EPO-
GEMM experiments. A transposon vector harboring MYCin combinationwith a
Sleeping Beauty transposase (SB13) and/or a CRISPR-Cas9 vector targeting either
pS3or Apc were delivered into the stomach of Atp4b-Cre; LSL-Cas9 mice by direct
invivo electroporation. (I-m) H&E of an Atp4b-Cre; LSL-Cas9 MYC-Apc™™ EPO-
GEMM gastric tumor (L) and a corresponding liver metastasis (M) (scale bar =1
mm upper row, 200 pm lower row). Representative images of n =2 mice. (n-o0)
H&E of an Atp4b-Cre; LSL-Cas9 MYC-p53”~ EPO-GEMM gastric tumor (N) and a
corresponding lung metastasis (O) (scale bar =1 mm upper row, 200 pm lower
row). Representative images of n =2 mice. (p) Sparse whole-genome sequencing
analysis of copy number alterations in MYC-Cdh1 gastric EPO-GEMM tumors
(n=4mice). Frequency plot is shown on the top and individual sample tracks

are provided on the bottom. (q) Sparse whole-genome sequencing analysis of
copy number alterations in MYC-Pten gastric EPO-GEMM tumors (n =5 mice).
Frequency plotis shown on the top and individual sample tracks are provided on
the bottom. Statistical analysis: (G, H) one-sided log-rank test.

Nature Cancer


http://www.nature.com/natcancer

Article https://doi.org/10.1038/s43018-023-00686-w

A MYC-p53 MYC-p53-Msh2 kDa

- 37

Actin

H10 MYC-p53 MY C-p53-Msh2 |
Variant - =0.038
& Frame_Shift_Del ) 5407 P
8 & Frame_Shift_Ins ' 2
g In_Frame_Del T 5 e
& Nonsense_Mutation (@) = 30
€6 & Nonstop_Mutation > ol
3 Translation_Start_Site S i’
. (o] 4
O4 $ 1 a20
—— e I [ O
2 ey [
; . BE__B___..|3 5 10
- - —— C e ol T e e B £
0 > £
NAN Y o b NN NNDLD wAN S Z .
Qrz} ,@° é\@ ch} Qq} Qq} ch} Q}’.\ Qe} & ;\\o‘\ \\o° Qq} Qe} Qe} QQ}QQ> QQ} Y 0 5 X
§ YIS FIEET IS S = &
SYTL S §S5 TN F 5 S&S SN & b=
o 22 e < e e D o998 e K o e o;’qg’ -
F§ESTEVE S SESFESIESE
CEFE CTEECLELSEC g ™
S § S
’q\‘b
J e MSI+1gG  « MSI + o-CTLA4 K
=0.2593 p=0.2593 p=0.1649 =0.3176
i e 200000~ 100 . —=-MSI ¢-PD-1Ab
100000 . . 1000004 ¢ & 80 i \] ——MSI IgG Ctrl Ab
o 60000 - ,» 60000 2 -
3 g © 60
S 40000- 8 40000+ =
g s 2 40
o = =}
F 20000- ¥ 20000 n
] 20
04 0- 0
Tcells: CD3+ CD4+ CD8+ CD11c+ cells 0 5 10 15 20 25

Time (days)
Extended Data Fig. 6 | See next page for caption.

Nature Cancer


http://www.nature.com/natcancer

Article

https://doi.org/10.1038/s43018-023-00686-w

Extended Data Fig. 6 | Histopathological and molecular analysis, and
response toimmunotherapy in MSI gastric cancer EPO-GEMM:s. (a)
Immunoblot of MSH2 and actin (loading control) in MSI or MSS gastric cancer
celllines (n=3lines each, derived from independent mice). (b) Most of the MSI
tumor was typically diffuse (bar =1mm). Representative image of n =3 mice. (c)
Higher magnification of an MSI tumor with tightly cohesive neoplastic cells and
scant extracellular matrix. There were abundant foci of apoptotic and necrotic
cells (arrows) (bar =250 pum). Representative image of n =3 mice. (d) Aregion of
diffuse phenotype inan MSI tumor composed of sheets of tumor cells (arrows)
and minimal stroma (arrowheads) (bar =200 pm). Representative image of
n=3mice. (e) Inrare areas, MSI tumors formed primitive glandular-like
structures (arrows) (bar =200 pm). (f-g) MSI tumors had numerous mitotic
figures (arrows) and apoptotic cells (arrowhead) (bar = 50 pm). Representative
images of n=3 mice. (h) Whole-exome sequencing analysis of insertions (INS)
ordeletions (DEL) in either MYC-p537~ or MYC-p53™-Msh2™ gastric tumors
(n=3independent mice each). The center horizontal line denotes the median

(50" percentile) value; box extends from the 25th to the 75th percentile of each
group’s distribution of values. The whiskers mark the 5th and 95th percentiles.
(i) Representative immunohistochemistry staining of intratumoral regions of
MYC-p537~ (MSS) or MYC-p537~-Msh2”~ (MSI) gastric EPO-GEMM tumors for CDS.
Quantification to the right (n=3 independent mice each). Data are presented as
mean values +/-s.e.m. (j) Number of CD3+, CD4+and CD8+ T cells (left) or
CD11c+ cells (right) in MSI gastric tumors after treatment of mice with antibodies
targeting CTLA-4 or IgG control (n=7 independent mice each). Statistical
analysis by two-tailed Mann-Whitney U-test. Data are presented as mean

values +/-s.e.m. (k) Kaplan-Meier survival curves of C57BL/6 gastric cancer
EPO-GEMMs of MYC-p537"-Msh2”~ genotype (n=8 mice IgG-treated, 4 mice
o-PD-1-treated) after antibody-mediated blockade of PD-1(RMP1-14, 200 pg)
(solid line) or IgG control (dashed line). Treatment was initiated (day 0) after
tumor formation was confirmed by abdominal palpation. Statistical analysis by
one-sided log-rank test; ns = not significant (P> 0.05).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Transcriptomic analysis of gastric cancer EPO-GEMMs.
(a, b) Venn diagrams showing overlap of differentially upregulated (A) or down
regulated (B) genes (vs. healthy stomach) for the indicated EPO-GEMM tumor
genotypes. Key pathways enriched in each gene subset are labeled according]ly.
Complete lists of pathway predictions are provided in Supplementary Tables
6-19. (c-e) Complete lists of the Hallmark Pathways and NES scores shown in

Fig. 4b, along with the NES scores for human gastric tumors of the corresponding

subtypes. (f) Gene set enrichment analysis (GSEA) for Hallmark p53 Pathway
comparing MYC-p53”~and MYC-Apc™~ gastric tumors. (g) Comparison of GSEA
NES scores for hallmark pathways (left) orimmune populations (right) enriched
inmouse (y axis) and human (x axis) MSI gastric tumors. Highlighted are key
immune populations enriched in MSI tumors. Circle size represents -log(adjusted
Pvalue). Acomplete list of NES scores is provided in Supplementary Tables 20, 21.

Nature Cancer


http://www.nature.com/natcancer

https://doi.org/10.1038/s43018-023-00686-w

Extended Data Fig. 8 | Invasive and metastatic features of gastric cancer EPO-
GEMMs. (a) H&E images showing the boundary (dashed lines) between normal
stomach and gastric tumors with areas of local invasion (arrows) in C57BL/6 EPO-
GEMMs with MYC-p537- (left) and MYC-Apc™ (right). Representative image of
n=3mice. (b) Petal plot of metastasis incidence in the specified organs of
MYC-Cdh1EPO-GEMMs. The radius of each petal corresponds to the fraction

of mice developing metastases in the indicated organ; the outermost ring
corresponds to 100% (n= 6 independent mice). (c) Macroscopic (left) and H&E
histology image (right) of liver metastasis in mice subjected to tail vein injection

MYC-Cdh1

Ovary Liver

Adrenal Lung

Peritoneum

D Human stomach adenocarcinoma (MSK-MET)
WNT pathway mutations TP53 mutations

20- [ No [ Yes 80- ] No M Yes
p=0.03  p=0.04
—_ =0.02  p=0. 3
% p=0.02  p=0.61 B
Tl 5 B _
3 g |
o o
€ 10/ E 40
Q Q
(&) o
C C
S S
S 51 5 201
= =
0- o .
X X X X
Q) Q) Q) Q)
& qé‘ & cf
< N\ W@ N\
SO S

of aMYC-Apc™" gastric cancer cell line. Images are representative of 3 metastasis-
bearinglivers from 10 mice analyzed. (d) Incidence of liver and lung metastases
among the MSK-MET cohort of gastric cancer patients with WNT pathway
mutations or TPS3mutations. Statistical analysis as reported*. (e) Macroscopic
(left) and H&E histology image (right) of ovarian metastasis in mice subjected to
tail veininjection of MYC-p537 gastric cancer cell lines. Images are representative
of one metastasis-bearing ovary from 10 mice analyzed for each of three
independent cell lines.
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Extended Data Fig. 9 | NK cells suppress gastric cancer metastasis to the
liver. (a) Primary tumor weights of a random subset of mice from Fig. 6d (IgG
n=4mice; a-NK1.1n=6 mice). (b, ¢c) Hematoxylin and eosin (H&E) staining

of liver metastases of C57BL/6 MYC-Apc” EPO-GEMMs treated with an NK1.1-
targeting antibody or the respective IgG control directly before tumor initiation
(B) (representative image of n =7 mice) or after palpable tumor formation (C)
(representative image of n = 8 mice). (d) H&E staining of livers of C57BL/6 mice
after tail vein injection of MYC-Apc™" gastric cancer cells and treatment with
either anantibody targeting NK1.1(right) or IgG control (left) (representative
images of n=8-9 mice per group). (e) Quantification of the number of liver
metastases (left) and the percentage area of total liver occupied by the
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metastasis (right) from mice in (D) (n=8 independent mice). (f) H&E staining of
livers of C57BL/6 mice after splenic injection of MYC-Apc™~ gastric cancer cells
and treatment with either an antibody targeting NK1.1 (right) or IgG control
(left). Representative images of n=12-14 mice per group. (g) Quantification

of the number of liver metastases (left) and the percentage area of total liver
occupied by the metastases (right) from mice in (F) (n=12 independent mice).
(h) Quantification of the percentage area of total lung occupied by metastases
inarandomly chosen subset of R2G2 mice from Fig. 7b (MSS n =7 mice; MSIn=6
mice). Statistical analysis: (A), (E), (G), (H) two-tailed Mann-Whitney U-test. Data
are presented as mean values +/-s.e.m.
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Extended Data Fig.10 | Flow cytometry gating strategy. (a, b) Representative flow cytometric analysis of MSI gastric tumors after treatment with antibodies
targeting CTLA-4 (A) or IgG control (B). Placement of gates was based on FMO controls.
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Antibodies used the following antibodies were used for flowcytometry: =
('m' prefix denotes anti-mouse): m.CD45 (AF700, 1:200, Biolegend Cat.# 103128, Lot# B295205), m.CD3 (PE-Cy7, 1:100, Biolegend,
Cat.# 100220, Lot# B284568), CD3 (AF488, 1:100, Biolgened, Cat.# 100210, Lot# B284975), CD4 (BUV395, 1:50, BD, Cat.# 563790,
Lot# 9275330), CD8 (PECy7, 1:50, Biolegend, Cat.# 100722, Lot# B282418), CD11c (BV650, 1:200, Biolegend, Cat.# 117339, Lot#
B296085), m.CD3 (BV650, 1:300, Biolegend, #100229), m.CD4 (BUV737, 1:200, BD, #564298), m.CD8 (FITC, 1:300, Biolgend,
#100706), m.CDlIc (BV785, 1:200, Biolegend, #117335).
m.CD45 (AF700, 1:200, Biolegend Cat.# 103128, Lot# B295205), m.CD3 (PE-Cy7, 1:100, Biolegend, Cat.# 100220, Lot# B284568), CD3
(AF488, 1:100, Biolgened, Cat.# 100210, Lot# B284975), CD4 (BUV395, 1:50, BD, Cat.# 563790, Lot# 9275330), CD8 (PECy7, 1:50,
Biolegend, Cat.# 100722, Lot# B282418), CD11c (BV650, 1:200, Biolegend, Cat.# 117339, Lot# B296085).
The follwoing antibodies were used for immunehistochemistry:
E-Cadherin (1:500,BD Bioscience, 610181), H+K (1:1000, MBL International Corporration, D032-3), Ki67 (1:100, Abcam, AB16667),
CK8 (1:1000, BioLegend, 904801), MSH2 (1:200, Cell Signaling, D24B5), MYC (1:100, Abcam, AB32072), Vimentin (1:200, Cell
Signaling, 5741), anti MUC6 (1:100, LsBio, LS-C312108-0.1), B-Catenin (1:200, BD Bioscience, 610153), CD8 (1:2000, abcam,
ab217344)
The follwoing antibodies were used for immunofluorescence staining:
CD45 (1:100, Cell Signaling, 70257), CD3 (1:100, abcam, ab5690)
Validation All used antibodies were titrated. All the antibodies are validated for use in flow cytometry or immunhistochemistry or
immunofluorescence. Data are available on the manufacturer's website the following antobodies have been validated by the
manufacturer:

Flowcytometry:

https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-cd45-antibody-3407
https://www.biolegend.com/ja-jp/products/pe-cyanine7-anti-mouse-cd3-antibody-6060
https://www.biolegend.com/en-us/products/alexa-fluor-488-anti-mouse-cd3-antibody-2835?Group|D=BLG242
https://www.bdbiosciences.com/en-br/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
buv395-rat-anti-mouse-cd4.563790

https://www.biolegend.com/de-at/products/pe-cyanine7-anti-mouse-cd8a-antibody-1906
https://www.biolegend.com/en-us/products/brilliant-violet-650-anti-mouse-cd11c-antibody-8840?GrouplD=BLG11937
https://www.biolegend.com/de-at/products/brilliant-violet-650-anti-mouse-cd3-antibody-7843?GrouplD=BLG242
https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies-ruo/
buv737-rat-anti-mouse-cd4.612761
https://www.biolegend.com/en-gb/products/fitc-anti-mouse-cd8a-antibody-153?GrouplD=BLG2559
https://www.biolegend.com/de-de/soluble-mhc/brilliant-violet-785-anti-mouse-cd11c-antibody-7963

Immune histochemistry:
https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-
mouse-anti-e-cadherin.610182

https://www.mblbio.com/bio/g/dtl/A/index.htm|?pcd=D032-3
https://www.abcam.com/products/primary-antibodies/ki67-antibody-sp6-ab16667.html
https://www.biolegend.com/Files/Images/media_assets/pro_detail/datasheets/904801_V06.pdf
https://www.cellsignal.com/products/primary-antibodies/msh2-d24b5-xp-rabbit-mab/2017?_requestid=772840
https://www.abcam.com/products/primary-antibodies/c-myc-antibody-y69-chip-grade-ab32072.html
https://www.cellsignal.com/products/primary-antibodies/vimentin-d2 1h3-xp-rabbit-mab/5741?gclid=EAlal QobChMI7ZGpifr-
gAMVazZiDBx1nfQL6EAAYASAAEgKOaPD_BwE&gclsrc=aw.ds
https://www.Isbio.com/antibodies/muc6-antibody-muc-6-antibody-clone-clh5-ihc-s-c312108/322074
https://www.bdbiosciences.com/en-au/products/reagents/microscopy-imaging-reagents/immunofluorescence-reagents/purified-
mouse-anti-catenin.610153

https://www.abcam.com/products/primary-antibodies/cd8-alpha-antibody-epr21769-ab217344.html

Immunofluorescence staining:
https://www.cellsignal.com/products/primary-antibodies/cd45-d3f8g-rabbit-mab/70257?_requestid=347990
https://www.abcam.com/products/primary-antibodies/cd3-antibody-ab5690.html




Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) cell lines were generated from the respective mouse tumor samples.

Authentication the genetics of the cell lines was confirmed by sanger sequencing of the genetic locus targeted by the respective CRISPR/Cas9
single guide RNA.

Mycoplasma contamination All cell lines were tested for mycoplasma and were found to be negative.

Commonly misidentified lines  no commonly misidentified cell lines were used.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57BL/6N mice were males and females, 8-12- weeks old and obtained from the jackson Laboratory; Tg(Krt8-cre/ERT2)17Blpn/J
(CK8-CreERT2, JAX stock #017947), B6;129-Gt(ROSA)26Sortm1(CAG-cas9*,-EGFP)Fezh/J (LSL-Cas9, JAX stock #024857), B6.FVB-
Tg(Atp4b-cre)llig/Jcmil (Atp4b-Cre, JAX #030656) and Nu/Nu Nude mice (JAX stock #002019) were obtained from jackson
Laboratory (male and female), and B6;129-Rag2tm1Fwall2rgtm1Rsky/DwlHsd (R2G2, purchased from Envigo) mice male, 8-12- weeks
old were obtained from envigo;

Wild animals This study did not involve wild animals

Reporting on sex Our experiments included both female and male mice. However, the cohorts were insufficiently powered to determine if there were
meaningful sex-based differences. No a priori sex-based analyses were performed.

Field-collected samples  not applicable to this study

Ethics oversight Memorial Sloan Kettering Cancer Center (MSKCC) Internal Animal Care and Use Committee

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z| All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For in vivo sample preparation, gastric tumors were processed into small pieces, digested in RPMI containing 2 mg/ml
collagenase D and 100 pg/ml DNase | for 30 minutes at 37C, filtered through a 70-um strainer and washed with PBS, then red
blood cell lysis was achieved with an ACK (Ammonium-Chloride-Potassium) lysis buffer (Lonza). Cells were washed with PBS,
resuspended in FACS buffer, and used for subsequent analysis.

Instrument Fortessa 3, BD
Cytek Aurora (CYTEK)

Software Collection: FACS Diva
Analysis: FlowJo 10.1

Cell population abundance Cell sorting was not performed in this study.

Gating strategy The starting cell population was gated on a SSC-A/FSC-A plot. Positive/negative populations were determined based on FMO

controls

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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