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Background: Liver metastasis (Li) is one of the most common distant metastatic sites for gastric cancer.
A deeper understanding of its mechanism of action from a bioinformatics perspective may provide new
insights. Therefore, the aim of this study was to use single cell RNA sequencing (scRINA-seq) to evaluate cell
subtypes and understand the molecular mechanism of gastric cancer Li.

Methods: The scRNA-seq data GSE163558 of gastric cancer and Li were downloaded from Gene
Expression Omnibus (GEO). Single cell data were analyzed by various R packages such as Seurat, CellChat,
gene set variation analysis (GSVA), monocle, gene set enrichment analysis (GSEA), and survival analysis and
the results were plotted by ggplot2, R4.1.1. Protein expression was confirmed by immunohistochemistry in
an additional patient cohort.

Results: The genes APOD, CXCLS, and FUN are involved in epithelial cell metastasis. The infiltration of
cytotoxic CD8 T cells was more frequent in gastric primary tumors (PT5) than in Lis. IL7R high natural killer
(NK) cells that had high TXNIP and RIPOR?2 expression were located at the site of Li and corresponded to a
favorable prognosis. NK cells with high TNEAIP3 expression were located at the PT site and corresponded
to a poor prognosis. Furthermore, the gene expression of myeloid cells was different depending on their
localization in the PT site or Li. MHC-I signaling pathway was found to be activated in the PT compared
to MHC-II at the site of Li, as revealed by cell-cell interaction, and HLA-E-CD94/NKG2A of NK cells was
only activated in the PT and not in the Li.

Conclusions: The present study revealed the difference between Li and gastric PT by scRNA-seq,
demonstrating the impact of partial gene expression on patient prognosis. Our study provides new insights

into gastric cancer and Li.
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Introduction

Patients with solid cancers mostly die because of metastasis.
The clinical presence of metastasis detected by clinical
imaging is an indication of an almost certain death in
most patients; thus, the prevention of metastatic tumors
is a clinical priority (1). Gastric cancer is the third most
common cause of cancer death and the fifth most common
cancer worldwide (2,3). Liver metastasis (Li) remains a
major obstacle in the treatment of malignant diseases,
especially for tumors giving metastasis in this organ,
such as gastric and intestinal cancer and breast cancer
(4,5). Although improvements in the existing diagnostic
techniques and treatments improved the outcomes of
patients with gastric cancer, the survival when Lis are
present is extremely poor, with a median overall survival
of only 2 months (6). Therefore, the understanding of the
biological and molecular mechanisms of gastric cancer and
Li is an urgent priority.

Single cell RNA sequencing (scRNA-seq) is a promising
high-throughput approach to study cell subtypes in tumor
tissue samples (7-10). The development of this technology
has enabled a comprehensive analysis of the human immune
system (9,11-13). scRINA-seq enables the finding of the
links and differences between primary tumors (P'Is) and
metastasis by characterizing tumor cell populations as
well as by establishing developmental “trajectories” of
tumor cells (14-16). Therefore, performing single-cell
sequencing of gastric orthotopic tumors and Li with deep
data mining may allow the discovery of biological molecular
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mechanisms.

Metastatic tumor cell survival and proliferation in
the liver depend on the outcome of complex cellular
interactions between tumor cells and subpopulations in the
microenvironment (4,17,18).

Our work characterized and analyzed different cell
populations of gastric orthotopic tumors and Lis using
existing single-cell datasets. Key genes related to prognosis
in metastatic samples were identified by pseudo-time
analysis of malignant epithelial cell subsets. In addition, the
immune cell subsets infiltrated into the Li and orthotopic
tumor were compared to explore the similarities and
differences between Li sites and gastric orthotopic tumor
sites by analyzing cell-cell interactions. Therefore, our
work might provide a new understanding of gastric cancer
Li from a bioinformatics analysis perspective. We present
this article in accordance with the MDAR reporting
checklist (available at https://tcr.amegroups.com/article/
view/10.21037/tcr-23-1532/rc).

Methods
Data sources

Gene Expression Omnibus (GEO, http://www.ncbi.
nlm.nih.gov/geo/) stores researchers’ raw and processed
sequencing data and is a powerful public database (19).
Data were downloaded from the GEO database with the
serial number GSE163558. The 3 samples GSM 5004180,
GSM5004181, and GSM5004182 from gastric P'Ts and the
2 samples GSM5004188 and GSM 5004189 from Lis were

downloaded for integration and analysis.

Integration of single cell data

The R package Seurat 4.3.0 was downloaded from Seurat
net (https://satijalab.org/seurat/) and installed for single-cell
data integration analysis. Seurat is a powerful software for
single-cell data analysis, enabling an efficient processing of
data from the 10x genomics platform (20).

Pseudotime analysis of cell progression

Pseudotime analysis is a method to simulate time. Monocle
utilizes advanced machine learning techniques to learn
explicit master graphs from single-cell data to rank
cells, which can robustly and accurately resolve complex
biological processes (21). The pseudotime analysis of
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epithelial cells by monocle2 was used combined with Seurat
to evaluate gene changes. The R package monocle2.22.0,
based on R 4.1.1 was downloaded from the functional net
(http://cole-trapnell-lab.github.io/monocle-release/).

Gene survival analysis

GEPIA2 (http://gepia2.cancer-pku.cn/) integrated data
from The Cancer Genome Atlas (TCGA) and GEO has
information on multiple disease subtypes (22). The GEPIA2
online analysis platform was used for survival analysis of the
genes.

Immunomarker analysis

The expression of immune markers of different subtypes
of T cells was based on the results of previous academic
studies on cytotoxic markers NKG7, GZMA, GZMB, and
GNLY (23). The results of immunomarker analysis were
performed using the R package pheatmap visualization tool.

Gene set variation analysis (GSVA)

The R package BiocManager was used to download the
R package GSVA (24). The correlation between the
hallmark of tumors and samples was obtained through the
enrichment analysis of a single sample gene set of GSVA.

Gene set envichment analysis (GSEA)

Functional enrichment analysis of significant hallmark gene
sets comparing myeloid cells was performed using Hallmark
iterative system, and fgsea (1.16.0) and plotGseaTable ()
were used for the analysis and plot.

Cell-cell interaction analysis

The tumor microenvironment consists of a variety of
cell types that communicate through ligand receptor
interactions. Targeted ligand receptor interaction can be
analyzed by CellChat, which is a single cell data analysis
method (25). Therefore, the R package CellChat 1.4.0 was
used to analyze the cell interaction between gastric PT and
Li cells.

Differential gene analysis

Differential gene analysis was used to analyze the differences
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among NK cell subsets and among myeloid cell subsets,
which was performed using the function FindMakers in the
R package Seurat, R 4.1.1. Statistical significance was set as
logfc >1 and corrected P less than 0.05.

Patients and immunobistochemistry (IHC)

The study was reviewed and approved by the Ethics
Committee of The Second Affiliated Hospital of Wannan
Medical College (Wuhu, China) and the ethical number
is WYEFYLS2023138. The study was conducted in
compliance with the principles of the Declaration of
Helsinki (as revised in 2013). All participants provided full
written informed consent.

The case inclusion criteria included age 18 years or
above; newly diagnosed primary gastric tumor and Li
confirmed by histology; without other treatments. The
exclusion criteria included history of other malignancies.
Three patients with newly diagnosed primary gastric tumor
and Li who attended The Second Affiliated Hospital of
Wannan Medical College were invited to participate in this
study. All patients provided full written informed consent.
We obtained three pairs of fresh tissue samples which
contained primary gastric tumor tissues and Li tissues from
these patients.

ITHC was performed as previously described (26) on
clinical specimens of gastric orthotopic tumor and Li using
the primary antibodies against APOD (1:100, ab108191,
Abcam, Cambridge, UK), 7UN (1:100, ab40766, Abcam),
CXCL5 (1:100, ARG66029, Arigo, Hsinchu, Taiwan,
China), TNFAIP3 (1:100, ab270264, Abcam), IL7R (1:100,
AG2272, Beyotime, Shanghai, China) and CD94 (1:100,
ab235441, Abcam).

Statistical analysis

When appropriate, statistical differences between groups
were evaluated using Student’s z-test or Wilcoxon test,
depending on the data distribution. Survival analysis was
performed using the log-rank test.

Results

Single cell landscape of gastric carcinoma in situ and Li

A total of 23,409 cells from gastric PT (n=3) and Li (n=2)
from the dataset GSE163558 were subjected to integrative
analysis to investigate the differences between gastric
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Figure 1 Single cell landscape of gastric primary carcinoma and liver metastasis. (A) UMAPplot showing the distribution across the 5

samples. (B) UMAPplot showing the distribution of clusters of 6 classes of cells. FeaturePlots showing count (C), feature (D) of cellular

gene expression after SCTransform (SCT) as well as mitochondrial (pMT) (E) gene expression, respectively. (F) Heatmap presenting the

top 5 highly expressed genes per cluster. (G) Dotplot demonstrates the marker gene expression per cluster. (H) Bar graphs demonstrate the
proportion of each cluster of cell types in different samples. (I) Pie charts show the proportion of 6 clusters. UMAP, the Uniform Manifold
Approximation and Projection; NK cell, natural killer cell; PT, primary tumor; Li, liver metastasis.
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primary cancer and Li (Figure 14). After clustering for cell
dimensionality reduction, subpopulation identification
was performed, and T cells, epithelial cells, myeloid cells,
NK cells, B cells, and stromal cells were sorted (Figure
IB). RNA expression was normalized using SCTransform.
Gene count and feature abundance are shown in Figure
I1C,I1D. In addition, mitochondrial gene content,
erythrocyte gene content, and ribosomal RNA content
were analyzed (Figure 1E and Figure S1A,S1B). Erythroid
genes contain very little mitochondrial gene cluster in
epithelial cells, and ribosomal RNA is expressed in T and
B cells. The high gene expression and high quality of cell
data for each sample facilitated the subsequent analysis
(Figure S1C,S1D). The top 5 highly expressed genes in T
cell clusters were IL7R, CD2, CCLS, CD3D, and TRAC.
High expression of KRTS, KRT18, and KRT19 was found in
epithelial cells, consistent with previous findings. Myeloid
cells showed a high expression of S10048, S10049, CXCLS,
IL1B and NAMPT. The top 5 genes of the NK cell cluster
were NKG7, KLRD1, CCL4, TRDC, and CMCI. A high
expression of the antigen presenting genes HLA-DRA,
IGKC and MS4A1 was found in the B cell cluster. The
genes with the highest expression in the stromal cell clusters
were IGFBP7 and the fibroblast associated genes COLIAI,
COLI1A2 and COL3A1 (Figure 1F). The identification of
cell subpopulations was based on gene expression using cell
markers previously confirmed (Figure 1G) (27): T cells (CD2,
CD3D, CD3E, and CD3GQ), epithelial cells (EPCAM, KRT1S,
KRT19, and MUCI), myeloid cells (CD68, CSFIR, TPSABI,
and S10048), NK cells (GNLY, KLRFI, and KLRDI), B
cells (CD79A, MS4A1, and IGHG1), and stromal cells
(MCAM, VWF, PECAMI1, and DCN) were identified. Next,
the proportion of cell clusters was analyzed (Figure 1H,11);
T cells were mainly present in the Li sample Li2, epithelial
and stromal cells were mainly present in the PT2, NK cells
were mainly present in the Lil and Li2, myeloid cells were
present in the PT'1 and PT2, while B cells were not specific.
The proportion of T cells was 60.9% in the whole samples.
Thus, cell subpopulations in the single-cell dataset landscape
of gastric PTs and Lis were identified. The proportion of
epithelial cells, T cells, NK cells, and myeloid cells were
different between P'Ts and Lis.

Identification of key genes in the metastatic progression of
epithelial cells

The data of 2,878 epithelial cells from gastric PT (n=3) and
Li (n=2) from the dataset GSE163558 were extracted for
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analysis to further investigate the metastatic progression
of epithelial cells. After cluster dimension reduction,
the links among epithelial cells of different origins were
identified, with Lil being closer to PT1 and PT3, while
Li2 was closer to P12 (Figure 2A4). Pseudotime analysis was
performed using monocle2 (21), to evaluate hypermutated
genes (Figure S2A). Node predictions of the evolutionary
tree were consistent with UMAP clustering (Figure 2B).
The metastasis of the PT to the liver was in the direction
of pseudotime (Figure 2C). Combining the occupancy
across samples, pseudotime was PT2 in the early phase
and Lil and Li2 in the late phase (Figure 2D). Notably,
the 7UN gene was expressed in both the PT and Li, with
a trend toward higher expression in metastases than in
the PT (Figure 2E). As regards the analysis of the key
genes involved in the pseudotime progression, the top 10
most significant genes were APOD, CXCL5, GC, JUN,
REGIA, REG3A, S100412, S10044, S10048, and S10049
(Figure 2F). Cluster analysis was performed on the pseudo
temporal differential genes, and the expression of the
JUN gene was high in Li, consistent with the previous
result (Figure 2G). The survival analysis of stomach
adenocarcinoma (STAD) and liver hepatocellular carcinoma
(LIHC) from the TCGA dataset were integrated, and the
prognostic results of APOD [P<0.001, hazard ratio (HR)
>1], CXCL5 (P<0.001, HR >1), GC (P=0.0036, HR <1), and
FUN (P=0.0087, HR >1) genes were statistically analyzed
(Figure 2H-2K), revealing that results of these four genes
in STAD and LIHC were consistent with those of the
integrative analysis (Figure S2B-S2I). Thus, the analysis of
the epithelial pseudotime suggested that the genes APOD,
CXCL5, and 7UN might play promoting roles during the
progression of Li from gastric primary carcinoma. The
Jun gene, in particular, was expressed at higher levels
throughout the progression of metastasis in epithelial cells
and had a trend towards higher expression accompanied by
metastasis.

Distinct T cell subsets and immune effector analysis

T-cell clusters contained 14,259 cells, representing the
60.9% of the total sample. T-cell infiltration in PT and Li
tumors was analyzed. First, the dimensionality reduction
clustering of T cells into new cell clusters was performed,
and the cell clusters were renamed according to the top 5
highly expressed genes of each cluster as well as according
to an additional single-cell database CellMarker (28). The
T cells were divided into primary (left, PT) and metastatic
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Figure 2 Pseudotime analysis of epithelial cell metastasis. (A) Sample clusters of epithelial cells are exhibited in Dimplot. (B) Pseudotime
diagram, light representing late and dark representing early. (C) Cell types at different stages of the pseudotime analysis. (D) Proportion
of sample clusters of epithelial cells. (E) Pseudotime expression status of gene JUN, with red representing high expression. (F) The top
10 highly expressed genes significantly correlated with pseudotime. (G) The Heatmap demonstrates that the genes associated with the
pseudotime were divided into 3 clusters, with red representing high expression, blue representing low expression, and X-axis from left to
right representing the pre and post pseudotime. (H-K) The prognostic survival curves of genes APOD, CXCL5, GC, JUN in STAD and
LIHC cohorts of TCGA, respectively. STAD, stomach adenocarcinoma; LIHC, liver hepatocellular carcinoma.
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(right, Li) and divided into 10 clusters (Figure 34) to better
distinguish the T cell distribution in the PT from that in
the Li. Combining the proportion of sample source and cell
type, the results revealed that CD8Tem (effector memory
T cell) and CD8T-HSPAIA high and CD4Tm-IL7R high
were more numerous in the Li compared with that in the
PT. Conversely, exhausted T cells, CD8T-cytotoxic cells
and naive T cells were more numerous in the PT samples
(Figure 3A-3C). The results of differential gene analysis for
each cell cluster indicated differences in each subpopulation,
with the CD4Tm-IL7R subpopulation highly expressing
both LTB and TXNIP, and the CD8Tem subpopulation
highly expressing NKG7, GZMA and CD8A genes, which
was similar to the CD8T-cytotoxic subset. Notably, a class
of epithelioid T cells highly expressing KRTS, KRT18 and
KRT19 was identified (Figure 3D). Immune cell cytotoxicity,
depletion as well as co-stimulation are crucial events in the
tumor microenvironment. The exhausted T cell cluster
and the Treg-MKI67 cell cluster showed a high expression
of the ICOS, TNFRSF4, CD27 and TNFSF9 costimulatory
markers, and expressed the exhaustion markers ENTPDI,
LAYN, PDCDI, TIGIT and LAG3. CD8T-cytotoxic and
CD8Tem highly expressed the cytotoxic markers NKG7 and
GZMA, and among them, CD8T-cytotoxic showed a higher
expression of the GZMB, GNLY and PRFI genes compared
to other clusters (Figure 3E). These results suggested that
the distribution of the infiltrated T cells was different in
the PT and the Li, with cytotoxic CD8 T cells more in the
PT than in the Li. Exhausted CD8 T cells were also more
enriched in the PT. CD4 T memory and CD8 T effector
memory with partial cytotoxicity and co-stimulation were
enriched in the Li. Notably, a class of epithelium-like T
cells appeared in the PT, and this class of cells promoted
the malignant epithelial progression rather than promoting
tumor immunity.

NK cells promote immunity in Li while promoting tumor
development in the primary site

NK cells are involved in tumor immunity. A total of
1,419 NK cells were isolated from the total sample to
distinguish PT$ from Lis. Next, cell clusters were redefined
as class 8 cells after dimensionality reduction clustering
with 2 NKT cell clusters (Figure 44). A class of NK cells
with high TNFAIP3 expression derived from gastric PT
samples was identified combining sample source and cell
type occupancy, as well as a class of NKT cells with high
IL7R expression mainly derived from Li (Figure 4B and

© Translational Cancer Research. All rights reserved.
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Figure S3A,S3B). The results of top 5 highly expressed
genes per cell cluster were found: IL7R high cluster highly
expressed the cytotoxic related gene GNLY, TNFAIP3
high cluster expressed the cell cycle mediator RGCC,
heat shock protein family gene HSPAI1A, and the tumor
progression promoting gene CXCR4 (Figure 4C). The
TNEAIP3 high cluster highly expressed heat shock protein
family genes as revealed by the comparison of the TNFAIP3
high cluster with the IL7R high cluster. The IL7R high
cluster then expressed the tumor suppressor associated
genes TXNIP and RIPOR?2 (Figure 4D). The GSVA used
to perform the hallmark enrichment analysis of the 8
NK cell clusters revealed that the TNFEAIP3 high cluster
showed an enrichment of hallmark pathways associated
with tumors compared with the other clusters (Figure 4E).
Next, the survival analysis from TCGA indicated that IL7R
was a good prognostic factor for the survival of patients
with LIHC (P=0.017, HR <1), while the high expression
of TNIFAIP3 was a poor prognostic factor (P=0.39, HR
>1) (Figure 4F-4@G). The survival analysis of patients
with STAD also similarly showed that patients with high
TNEFAIP3 expression had a worse prognosis (P=0.13, HR
>1) (Figure S3C-S3D). Thus, there were two distinct NK
cell populations, TNEAIP3 high and IL7R high, in the PT
and Li samples. The former promoted the progression of
the tumors, and the latter inhibited tumor progression.

Difference in myeloid cell composition between primary
gastric tumor and Li

Myeloid cells play a crucial role in the tumor
microenvironment. Myeloid cells (n=2,589) from the gastric
primary cancer and the Li were collected and subsets were
analyzed for differences in composition. Myeloid cells were
subdivided into nine cell clusters based on the expression of
genes and markers (Figure 5A). The results of the UMAP
dimension reduction clustering were similar for Lil and
Li2, and similar for PT1 and PT3 (Figure 5B). The high
expression top gene parts of the 9 cell clusters were similar,
but some differences were found between PT and Li
(Figure 5C-5F). DCs (CDl1c high) mainly existed in Li
samples, as revealed by the combination with the results of
cell proportion. In contrast, CXCL8 + and DCs (PDF4B
high) cell clusters were mainly found in PT samples.
Notably, neutrophils were present in each sample. Although
the PT and Li sites contained many of the same myeloid
cells, such as DCs (VCAN high), mono/macrophages,
and DCs (S100A12 high), the differential genes of PT
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Figure 3 Distinct T cell subsets and immune effector analysis. (A) UMAP of individual T cells. Each dot denotes one cell; color represents
cluster origin. (B) UMAP exhibits the integrated T cells across the 5 samples. (C) Proportions of different T cell clusters in PT and Li.
(D) Heatmap of the top 5 highly expressed genes for each cluster. (E) Heatmap of immune factors such as cytotoxicity, depletion, and

stimulation. Red represents high expression. UMAP, the Uniform Manifold Approximation and Projection; PT, primary tumor; Li, liver

metastasis.
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compared to Li showed that PT highly expressed the
LITAF, ILIRN, CTSL, and NAMPT genes, which were
associated with tumor immunity. Li highly expressed
ITGA4 and POUF?2 related to tumor migration and
proliferation (Figure 5G). The differential gene sets of PT
and Li were further subjected to GSEA. The results showed
that PT was associated with angiogenesis, coagulation and
inflammatory response, while Li was associated with MYC
targets, p53 pathway, myogenesis and allograft rejection
(Figure SH). Therefore, the different cellular composition
and gene expression of myeloid cells in the PT and in the
metastasis in the liver might have a different contribution to
the tumor. Our study provided an a priori reference for the
analysis in future research.

Differences in cell communication at PT compared to Li

The interaction between cells was analyzed to further
investigate the tumor microenvironment in both locations.
First, the cellular interaction of PT and Li was integrated
by CellChat (25), and the number and strength of cellular
interaction indicated that epithelial cell interaction with
other types of cells was strong (Figure 64 and Figure S4A).
Furthermore, the splitting of PT and Li showed that the
PT had more cellular interaction compared to the Li
(Figure 6B). The strength of epithelial, NK and myeloid
cells as receptors were high in PT, the strength of stromal
cells as legends were the highest, while T cell and B cell
interaction was less strong. The strength of NK cells,
myeloid cells, B cells as both legends and receptors became
stronger in Li, whereas epithelial cells weakly interacted
with other cells. Stromal cells increased the intensity
of incoming compared to PT (Figure 6C,6D). Despite
the large variation in intensity, the number of cellular
interaction was substantial. Epithelial cells in the PT had
more cell interaction pathways such as APP, MIF, CD46,
GALECTIN, and OCLN. MIF promoted tumors by
activating downstream pathways, such as proliferation,
angiogenesis, and tumor invasiveness. Epithelial cells in
the Li had more enriched pathways such as complement,
NECTIN, SPP1, GDF and VTN. SPPI contributed to
tumor epithelial mesenchymal transition, NECTIN is a
receptor of TIGIT. Notably, an activation of the NECTIN
pathway in PT samples was also observed (Figure S4B).
Next, we compared Li to PT by analyzing the activated
signaling pathways in different cell clusters (Figure 6E-6G and
Figure S4C-54E). The activation of antigen presentation
class II (MHC-II) signaling in Li was present in stromal

© Translational Cancer Research. All rights reserved.

Pan et al. Cell subsets of gastric cancer and Li

cells, NK cells, B cells, and myeloid cells, while epithelial
cells, NK cells and myeloid cells had activation of CXCL
or CCL signaling in the PT group. Combining the overall
significant signaling pathways for top ranking, CXCL,
ICAM, CCL, and IL1 signaling pathways were activated
in PT, while MHC-II, CD48 and SPPI were activated in
Li (Figure 6H). In addition, the information flow count of
CXCL and CCL was low, whereas that of MHC-II was
high in Li (Figure S4F). Taken together, the differential
cellular interactions of PT versus Li were mainly in MHC-
II, CXCL and CCL signaling pathways, and the number
and strength of interactions differed among cell types.

Activation of distinct signaling axes between cell types in
PT versus Li

The interaction between different cell types was analyzed
to further study the signaling axis between various types
of cells (Figure 7 and Figure S5). The interaction among
epithelial cells was the highest in PT (n=42), followed by
NK cells (n=31), myeloid cells (n=25) and stromal cells
(n=25). These signal interactions were weakened in Li, but
the interaction with stromal cells (n=32) became stronger
(Figure 74). A detailed signaling axis analysis showed the
increase of signal interaction between epithelial cells and
stromal cells in the Li, such as VEGFA-VEGFR1/R2
and GDF15-TGFBR2. However, MIF-CD74/CXCR4/
CXCR2/CD44, CXCL1/2/3/8-CXCR1/2 signaling in
epithelial cells and myeloid cells decreased, and MDK-
NCL and HLA-A/B/C/E/F signaling in epithelial cells
and NK cells also decreased (Figure 7E,7F). NK cells had
less interaction with epithelial cells and more interaction
with stromal cells in the Li than in the PT (Figure 7B). The
increased PTPRC-MRC1, GZMA-F2R and CD99 signaling
axes were between NK cells and stromal cells. The reduced
SEMA4D-PLXNB2, MIF-CD74/CD44 and ADGRES-
CD55 signaling axes were between NK and epithelial
cells (Figure 7G-7H). In addition, the interaction of NK
cells became less in Li, and LAMA4-ITGA2 + ITGB1
and COLIAI-ITGAL + ITGBI signaling were weakened
or absent in stromal cells and epithelial cells/NK cells
(Figure 7C and Figure S5C). The interaction between
myeloid cells and stromal cells was increased, and the
interaction between myeloid cells and epithelial cells
was decreased (Figure 7D). The increase of the MHC-II
signaling and the decrease of SEM4D-PLXNB2 signaling
and MHC-I signaling in the myeloid cells were found in Li
(Figure S5). Furthermore, the interactions between T cells,
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B cells and other cells were few at Li (Figure S5A,S5B), with
a decrease in the signaling axis of mainly MHC-I and an
increase in MHC-II at Li but not PT site (Figure S5F-S5H).
Notably, the HLA-E-CD94/NKG2A signaling between T
cells, B cells, and myeloid cells to NK cells was found in the
PT rather than in the Li.

Genes associated with Li in gastric cancer differentially
express in bistological level

The results of IHC of an independent cohort of patients
on the expression of APOD, JUN, and CXCLS5 proteins
revealed a low APOD expression in PT tissues and a high
expression in Li tissues (Figure 84). The expression of JUN
was low in PT tissues and medium to high in Li (Figure §B).
The expression of CXCLS was low or not expressed in PT,
while it showed a high expression in Li tissues (Figure 8C).
The expression of the above proteins was significantly
different in PT compared to Li tissues. These results are
consistent with our scRNA-seq analysis showing that
APOD, JUN, and CXCLS were upregulated during the
pseudotime course of Li in gastric cancer.

Next, TNFAIP3 protein expression, a marker of
TNFAIP3 high NK in PT, and IL7R protein expression,
a marker of IL7R high NK in Li were evaluated and the
results showed a high TNFAIP3 expression in PT compared
to Li (Figure 8D), while high IL7R expression was found in
Li tissues compared to PT (Figure SE). These results were
consistent with our scRNA-seq analysis results. HLA-E-
CD94/NKG2A signaling was enriched in PT based on cell-
cell communication analysis. CD94 protein expression was
high in PT tissues (Figure 8F).

The IHC of these additional sample cohorts further
strengthened our notion that APOD, FUN and CXCLS
promoted gastric cancer Li and that the subtypes of NK
were different in PT and Li.

Discussion

The progression of gastric cancer as it spreads to other
organs might vary due to interactions between cancer cells
and immune cells residing in the tumor. Our results enhanced
the understanding of metastatic progression of malignant
epithelial cells and the influence of the PT, Li tissue, on
their phenotype. The simultaneous analysis of immune
cells from multiple tissues of PT and Li patients with
gastric PTs and Lis delineated a comprehensive landscape
across different tissues. Our study revealed that different
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cell types orchestrated organ phenotypes through cell-cell
signaling interactions. The PT and Li sites harbor distinct
immune cell populations, comprising Exhausted-T cells and
TNFAIP3 high NK cells within the PT microenvironment.
Functionally, these cells exhibit immunosuppressive traits or
are associated with tumor progression.

At the sample level, our results showed that the potential
tissue metastasis progression of epithelial cells was regulated
by genes such as CXCL5, APOD, GC and JUN. These
genes also affected patient survival. 7UN is a transcription
factor of proteins that regulate gene expression and function
particularly important during tumor evolution (29). The
analysis of previous scRNA-seq identified genes associated
with JUN during gastric cancer evolution (30). scRNA-
seq also explains that 7UN has a high expression pattern
upon leukemia progression that regresses after a treatment
but reoccurs at relapse and death (31). The results of FUN
protein expression by IHC supported our view at the protein
level. Our study revealed that 7UN also had high expression
during Li of gastric cancer and regulated metastasis.

At the cluster level, PT also had a very higher proportion
of CD8 T cells with high expression of cytotoxic than
concurrently exhausted T cells, in comparison to Li.
CD8 T cells are one of the main effector cells that exert
anticancer immune effects, and exhausted CD8 T cells
are a barrier for a successful cancer elimination (32). The
results of cell communication suggested a class of MHC-I
in epithelial cell interaction with other immune cells in PT.
Immune escape is essential for the progression of cancer.
It has been reported that the expression of HMC-I is low
in pancreatic ductal adenocarcinoma and infiltrating CD8
T cells are absent, thus promoting tumor progression (33).
Our study found that gastric cancer PT tissues had higher
MHC-I than Li, and our conclusion was that gastric cancer
highly expressed MHC-I and had infiltration of CD8 T
cells, leading to a better immune efficacy compared with Li.

Distant metastasis of malignant cells is a major cause
of cancer-related death. NK cells can exert killing effects
on malignant cells (34). Our study identified a cluster
of NK cells that highly expressed TNFAIP3 in primary
gastric cancer, and it was closely related to the regulation
of tumor metastasis, such as epithelial mesenchymal
transition and hypoxia. Immunohistochemical staining for
TNFAIP3 indicated its expression in PT tissue. Previous
studies reported that the heterozygous deletion of
TNFAIP3 improves the survival of patients with NK cell
lymphoma (35). Our study demonstrated that NK with high
expression of TNFAIP3 promoted tumor progression.
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Cell-cell communication showed how PT and Li differed
in antigen presentation. MHC-I had signalling activation
mainly in PT. MHC-II had signaling activation mainly in
Li. MHC-I presents antigen to CD8 T cells, and MHC-II
primarily presents antigen to CD4 T cells (36). Our study
revealed that the primary site of gastric cancer contributed
to the recognition and killing of tumor cells by CD8 T cells
because antigen presentation by MHC-I occurred between
the malignant epithelium and T cells. It was mainly the
presentation by MHC-II at the site of Li that mediated the
regulatory effect of CD4 T cells.

As our data only captured static RNA expression, future
techniques that can visualize cells might help understanded
better the cell dynamics in the primary and metastatic
microenvironments. It is important to note that our study
is a transcriptomic based alignment approach to analyze
cellular phenotypes. For instance, pseudotime analysis does
not fully represent the actual origin of cells and is used
to infer changes in cellular states, although this approach
provided insight into potential phenotypes. Our study
might inspire future works to ultimately reveal how the
properties of the tumor microenvironment of the primary
gastric cancer and metastasis are shaped.

Conclusions

This study revealed the difference cell subsets between Li
and gastric PT by scRNA-seq, demonstrating the impact
of partial gene expression on patient prognosis. Despite the
limitations in our study, it provides new insights into gastric
cancer and Li.
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