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Background: Hematogenous metastasis (HM) poses a significant challenge in the treatment and outcome of gastric cancer (GC).
This study identified and characterized molecular subtypes of GC associated with HM to develop predictive models and enhance
precision medicine.

Methods: We analyzed bulk-RNA sequencing data from 64 micro-dissected primary GC samples to identify distinct molecular
subtypes and validated our findings using a patient-derived xenograft (PDX) model. Signature genes associated with HM were
identified using a machine-learning survival model and validated across multiple external cohorts. To evaluate potential therapeutic
agents for high-risk HM, we analyzed data from the Cancer Cell Line Encyclopedia.

Results: Two molecular subtypes were identified based on gene expression profiles in GC: stemness and gastric subtypes. The
stemness subtype was associated with a significantly increased risk of HM. Validation in the PDX model confirmed accelerated HM
in the stemness subtype. The machine survival learning model and differential gene expression analysis identified 10 stemness
signature genes and 7 gastric signature genes, which stratified HM risk groups based on a 17-gene signature score. High-risk HM

medicine.

groups exhibited significantly decreased hematogenous metastasis-free survival in three external cohorts.
Conclusion: Stemness subtype gastric cancer is associated with an elevated risk of HM. The identification of molecular
characteristics and the development of prediction tools offer practical tools in the clinical field and have a high potential for precision
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Introduction

Gastric cancer (GC), the fifth most common malignancy world-
wide, presents significant challenges in clinical management
owing to its heterogeneity and poor prognosis'!l. Despite recent
advances in surgical technology, chemotherapy, and immu-
notherapy for GC, the outcomes of patients with advanced GC
remain low!?. Patient survival significantly decreases when
tumor cells are detected in distant organs or the peritoneal
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HIGHLIGHTS

e A molecular subtype favoring hematogenous metastasis in
gastric cancer was identified.

e A machine learning-based single patient risk classifier
using a 17-gene signature predicts hematogenous metas-
tasis after curative gastrectomy.

e Potential therapeutic agents for high-risk hematogenous
metastasis gastric cancer were discovered.

cavity!¥, Although understanding the mechanisms underlying
metastasis is crucial for developing new treatment modalities,
the heterogeneity of GC hinders the unveiling of progression
mechanisms. Several studies on the molecular profiling of GC
have recently reported its molecular heterogeneity; however,
only a few have demonstrated the molecular characteristics
associated with poor survival®”!. For example, although the
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Cancer Genome Atlas (TCGA) group has proposed four mole-
cular subtypes of GC based on multi-omics analysis, their find-
ings had no discernible clinical relevance’®!. Additionally, the
Asian Cancer Research Group (ACRG) reported four molecular
subtypes and demonstrated distinct survival outcomes across
these subtypes!®l. However, none of the studies revealed an
association between the molecular characteristics and metastasis
of GC.

Gastric cancer (GC) exhibits three major metastatic pathways:
lymphatic, hematogenous, and peritoneal dissemination!®!,
Lymphatic metastasis, involving regional lymph nodes, is the most
common and often the earliest route of spread. Hematogenous
metastasis refers to the dissemination of tumor cells through the
bloodstream to distant organs such as the liver and lungs. In con-
trast, peritoneal metastasis involves the transcoelomic spread of
tumor cells within the peritoneal cavity, often resulting in extensive
local dissemination and ascites, which severely impact patient qual-
ity of life and survival. These metastatic patterns reflect fundamen-
tally distinct mechanisms of disease progression. Therefore, it is
evident that different treatment approaches should be established
according to metastasis patterns, which should be preceded by an
understanding of the molecular characteristics of both.

In this study, we analyzed bulk-RNA seq data from micro-
dissected primary GC samples and identified a molecular sub-
type and its molecular characteristics that favor hematogen-
ous metastasis. These results were validated using an
independent patient-derived xenograft (PDX) model. To iden-
tify molecular features associated with hematogenous metas-
tasis, we developed a machine-learning survival model using
the gradient-boosted algorithm. We discovered signature gene
sets in the primary tumor and validated their prognostic sig-
nificance associated with hematogenous metastasis in three
independent GC cohorts. These results provide new insights
into the molecular characteristics associated with hematogen-
ous metastasis and target discovery for future therapeutic
exploitation.

Materials and methods

This study was conducted and reported in accordance with the
REMARK guidelines for prognostic biomarker studies!”.

Patients and sample preparations

GC samples were obtained from patients who received curative
gastrectomy following the Declaration of Helsinki. The
Institutional Review Board approved the study (approval num-
ber: 2111-093-1272). Total RNA was extracted from formalin-
fixed paraffin-embedded (FFPE) blocks stored in the pathology
department. Hematoxylin—eosin-stained slides produced using
FFPE blocks of primary tumor tissues were reviewed and anno-
tated by an expert pathologist to select appropriate areas with
sufficient tumor cellularity and minimal contamination from
benign cells for microdissection. Subsequently, 8-pm thick
FFPE sections were deparaffinized using the deparaffinization
solution (Qiagen, Germantown, MD, USA). Total RNA was
extracted using the RNeasy FFPE Kit (Qiagen) according to
the manufacturer’s protocols and quantified using the Qubit
1X dsDNA high-sensitivity assay kit (Qiagen). The RNA
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integrity was assessed using the DV200 value (%), which repre-
sents the percentage of RNA fragments of > 200 nucleotides,
using the Agilent RNA 6000 nano kit (Agilent Technologies,
USA) with the 2100 bioanalyzer system (Agilent).

Whole transcriptome sequencing (WTS)

WTS was conducted to examine the gene expression profiles of
tumor tissues. Libraries were generated using the Illumina
stranded total RNA prep with ribo-zero plus kit (Illumina, San
Diego, CA, USA). After rRNA depletion using the rRNA-tar-
geted DNA probes, first-strand cDNA was synthesized using
random hexamers, followed by second-strand synthesis with
deoxyuridine triphosphate. Subsequently, the cDNA was sub-
jected to adapter ligation using the Integrated DNA Technology
for Illumina DNA/RNA Unique Dual Indexes (Illumina) and
enriched with polymerase chain reaction. The final libraries
were evaluated using the Agilent DNA 1000 kit (Agilent) on
the 2100 bioanalyzer system (Agilent) and sequenced with a 75-
bp paired-end run on a NextSeq 550 instrument (Illumina).
Next, the sequencing quality was evaluated using FastQC, and
adapter and over-represented sequences were trimmed using
Trimmomatic. Trimmed reads were aligned to the human refer-
ence genome (GRCh38) using STAR aligner v.2.7.10 with
Ensembl annotations. The gene count matrix was generated
using the quantMode option of the STAR aligner. mRNA-
based gene expression was analyzed as log2(TPM + 1), where
TPM represents transcripts per million.

Generation of PDX models and RNA sequencing

For PDX model generation, we used same the method described
by Na et al"”). Tissues obtained from surgical resections were
cut into approximately 2-mm fragments and implanted subcu-
taneously into the flanks of 6-week-old female NOD/SCID/IL-
2y-receptor null NOD scid gamma (NSG) mice (The Jackson
Laboratory, Farmington, CT, USA). Tumor formations exceed-
ing 500 mm? at the implantation site were considered successful
engraftments. Mice with successful engraftments were sacri-
ficed, and the tumor tissues were harvested and preserved.
Total RNA was extracted from non-tumor tissues, patient
tumors, and PDX tumors using TRIzol™ (Invitrogen). Only
samples with an RNA integrity number > 5 were further pro-
cessed. The 101-bp paired-end libraries were created using the
TruSeq RNA Sample prep kit v2 (Illumina) with 1 pg RNA.
WTS and raw count matrix generation were conducted using the
same methods as for primary tumor WTS data generation.

Profiling molecular subtype and characteristics of GC

To identify molecular subtypes in GC, we performed non-nega-
tive matrix factorization (NMF) using the NMF R package.
Log2-normalized TPM + 1 data were used for clustering, and
the input genes were determined by selecting genes that showed
over 2 standard deviations across the samples. The stability of
clustering associated with a given k cluster was measured using
the cophenetic correlation coefficient!''l.  Differentially
expressed genes (DEGs) were identified using Student’s #-test.
The normalized gene expression profile was used to perform
single-sample gene set variation analysis (GSVA) using the
GSVA R package (v.1.42.0). The following parameters were
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used to evaluate the GSVA function: mx.diff = TRUE,
kedf = “Gaussian,” min.sz = 1, max.sz = Inf, tau = 0.25,
ssgsea_norm = TRUE, and abs.ranking = FALSE. To analyze
the gene network, the STRING database!'?! was used to identify
protein interactions among input DEGs (P-value < 1074, #-test)
corresponding to different subtypes. Cytoscape software was
used to visualize the gene network result. For the transcription
factor analysis, we used the Decoupler Python package (v. 1.6.0)
with default parameters.

Estimation of tumor microenvironment (TME) cells in
bulk-level transcriptome data

To calculate immune, endothelial, and epithelial cells and fibro-
blast fractions in the primary GC transcriptome and PDX host
transcriptome dataset, we used CIBERSORTXx for relative cell
fractions!'?!. For signature matrix generation, the single-cell
RNA count matrix from GSE183904 was used, as it represents
the largest publicly available gastric cancer single-cell dataset.
Unlike pre-defined LM22 or TR4 signatures, which are derived
from non-gastric tissues or immune cell-focused contexts, this
dataset enabled the construction of a gastric cancer-specific
signature matrix encompassing four major cell types: epithelial,
stromal, endothelial, and immune cells'"*!. To derive the TME’s
four-cell-type signature, we randomly selected 50 000 cells,
encompassing immune, epithelial, endothelial, and fibroblast
cells. We set CIBERSORTX to single-cell mode with 100 permu-
tations, a g-value of 0.01, a G.min of 300, and a G.max of 1 000.
For estimating the TME component cell in PDX host transcrip-
tome data, we converted the mouse gene symbols into their
human counterparts.

PDX transcriptome data analysis

To separate human and mouse NGS reads from the bulk-RNA
sequencing FASTQ data of PDX samples, we used Xengsort!'*!
with a default setting. Human-specific reads were aligned and
quantified in the same manner as for the primary GC transcrip-
tome, and mouse-specific reads were aligned to mm38 and
quantified similarly. For the subtype classification of PDX
graft (human) transcriptome data, we used the Pycaret Python
library (3.0.4). Transcriptome data from our institution were
used as a training dataset. Input genes in the training data were
determined by selecting those with P-values of Student’s #-test
between stemness and gastric subtypes lower than 107°.
Transcriptome data were randomly divided in a 7:3 ratio for
model training and testing. The model was tuned using the area
under the curve (AUC). Finally, PDX graft transcriptome data
were classified using the constructed model.

Machine learning survival analysis

To construct the machine learning survival model that predicts
hematogenous metastasis-free survival (HMFS), we used gradi-
ent boost models using the scikit-survival Python library (v.
0.22.2). For the comparison of the c-index between survival
model, we also used the Cox proportional model and the ran-
dom forest model by using the scikit-survival Python library. For
the generation of the survival model, we first calculated the
standard variation of each gene and then normalized the gene
expression dataset with the mean and standard variation. Next,
we randomly divided the training and test datasets in a 7:3 ratio

and calculated the c-index according to the standard variation
cut-off value. The following parameters were used to generate
the survival model: learning rate = 1.0; max_depth = 1; ran-
dom_state = 0. Finally, we generated the survival model with
genes whose expression showed over 1.0 standard deviation
between samples. PDX dataset validation was performed using
PDX graft transcriptome data with the same genes that were
used as input data for model generation among the stage I, II,
and III samples. GSVA, using predictive genes, was performed
using Fisher’s exact test as follows:

Predictive genes AUC > 0:6 ineach gene set
Non predictive genes AUC < 0.6 ineach gene set

Odds Ratio

Generation and validation of hematogenous metastasis risk
score

Among the highly predictive genes in the gradient boost survival
model (mean time-dependent AUC > 0.8), we selected 10 genes
that showed significantly elevated levels in the stemness subtype
(P < 0.05, #-test) as the stemness signature genes. For gastric
subtype signature, we selected genes that showed lower mean
time-dependent AUC < 0.2 and showed significantly elevated
expression in the gastric subtype (P < 107, ¢-test). Stemness and
gastric scores were calculated using the single-sample gsva
(ssGSVA) function in the GSVA R package. Finally, we defined
the hematogenous metastasis risk score as the difference
between the stemness and gastric scores.

Hematogenous metastasis risk score

stemness signature gsva score  gastric signature gsva score

For defining the cut-off value of the hematogenous metastasis
risk score to identify hematogenous metastasis risk groups, we
conducted K-means clustering for the stemness and gastric
scores from GSE66229 microarray data using the scikit-learn
Python library (version 1.3.1).

External data

Gene expression data from TCGA were downloaded from the
University of California, Santa Cruz Genomics Institute
(https://xenabrowser.net/). Microarray data were obtained
from the gene expression omnibus database (GSE66229 and
GSE84437). Gene expression, PRISM repurposing drug
screening data, and sample meta data of the Cancer Cell
Line Encyclopedia (CCLE) were downloaded from DepMap
(https://depmap.org, Public 22Q4 + and 24Q2 for PRISM
data).

Survival and statistical analyses

All statistical analyses were primarily performed using the
SciPy library of Python. The Lifelines Python library was
used for all survival analyses, including the log-rank test and
multivariate Cox proportional-hazard analysis. Statistical sig-
nificance was defined as a two-sided P-value < 0.05. For
TCGA dataset survival analysis, we analyzed 63 samples
with complete records of progression-free interval time and
metastasis site information. For the survival analysis of
GSE84437, we analyzed 330 samples with complete records
of metastasis information including metastasis sites and dates.
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The hazard ratios were calculated using the multivariate Cox
proportional hazard analysis model. For the survival analysis,
we excluded stage IV, i.e., metastasis before the curative gas-
trectomy. Hematogenous metastasis was defined as recur-
rence at distant organs, including the liver, bone, adrenal
gland, and lung. Metastasis to the peritoneal cavity and
ovary was defined as peritoneal metastasis.

Result

Identification of molecular subtypes of primary GC

We conducted unsupervised clustering of bulk RNA-seq data
from 64 micro-dissected primary gastric cancer (GC) speci-
mens using non-negative matrix factorization (NMF). The
optimal number of clusters was determined to be two, based
on the highest cophenetic coefficient (Figure STA. http://links.
lww.com/JS9/E243), resulting in two distinct molecular sub-
types (Fig. 1A, Figures S1B. http://links.lww.com/JS9/E243 and
S2A. http://links.lww.com/JS9/E243). One cluster exhibited
the elevated expression of canonical cancer stem cell-associated
genes, including STMN1, NES, and BMI1 (P = 1.20 x 107,
1.70 x 1072, and 2.18 x 1072, ¢-test, respectively; Fig. 1B, Figure
S1C. http://links.lww.com/JS9/E243). This cluster also demon-
strated significant enrichment of stemness-related gene sets
according to single-sample gene set variation analysis
(ssGSVA) (P = 7.62 x 107> and 5.69 x 1073, t-test, respectively;
Fig. 1B) ['®!, The other cluster showed upregulation of gastric
mucosal lineage markers such as TEF1, MUCSAC, and PSCA
(P=9.76 x 107, 5.99 x 107, and 2.76 x 1073, ¢-test, respec-
tively; Fig. 1B, Figure S1C. http://links.lww.com/JS9/E243)
[17:181  Based on these transcriptional characteristics, we
defined the first group as the stemness subtype and the second
as the gastric subtype (Fig. 1A).

Molecular characteristics of stemness subtype GC

To identify molecular characteristics of the stemness subtype in
GC, we performed gene network analysis using differentially
expressed genes from the stemness subtype (Figure S2A. http:/
links.lww.com/JS9/E243). Notably, members of the mela-
noma-associated antigen A (MAGEA) family, such as
MAGEA3, MAGEA6, MAGEA10, and MAGEA12, were sig-
nificantly upregulated in the stemness subtype (P = 1.62 x
10713, 2.15 x 107", 6.24 x 107'%, and 4.11 x 107'%, t-test,
respectively, Figure S2B. http://links.lww.com/JS9/E243).
Moreover, the expression of the MAGEA family members
exhibited a binary pattern; in the stemness subtype, these
genes were highly expressed in most samples, whereas in the
gastric subtype, their expression was minimal or absent (Figure
S2B. http://links.lww.com/JS9/E243). Additionally, the expres-
sion of GABRA3, which shares a promoter with MAGEAS®,
was significantly increased in the stemness subtype (P= 1.61 x
1073, t-test, Figure S2B. http://links.lww.com/JS9/E243) °],
Furthermore, in the transcription factor activity analysis,
FOXM1, a master regulator of tumor metastasis, was the
most activated transcription factor in stemness subtype
GC?%221 (Fig. 1C). These findings suggested that the stemness
subtype of gastric cancer exhibits a dedifferentiated transcrip-
tional state, characterized by the reactivation of embryonic or
cancer-testis antigens.
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In gene set variation analysis (gsva), single sample gsva
(ssgsva) scores of the hallmark gene set, associated with a cell
cycle, were significantly elevated in stemness GC, including
E2F targets and G2M checkpoint (P = 9.76 x 107 and 7.15 x
1073, t-test, respectively; Fig. 1D) '), We found that angiogen-
esis-related genes were significantly upregulated in the stem-
ness subtype of GC (P = 1.24 x 1073, s-test; Fig. 1D). This
suggests an enhanced capability of the tumor to develop new
blood vessels to support tumor growth and metastasis. To
ensure that this observation was not due to contamination
from the TME in our bulk-RNA sequencing samples, we used
CIBERSORTXx to deconvolute the fractions of four major cell
types within the TME, namely epithelial and immune cells,
fibroblasts, and endothelial cells. The analysis showed no sig-
nificant differences in the fractions of these cell types between
the stemness and gastric subtypes, confirming that the observed
upregulation of angiogenesis genes was intrinsic to the cancer
cells (P =0.81,0.59, 0.79, and 0.91, t-test, respectively; Figure
S3A. http://links.lww.com/JS9/E243). Thus, we inferred that
the elevated angiogenesis observed was not due to contamina-
tion by endothelial cells in the micro-dissected samples but
rather from the cancer transcriptome. Therefore, the stemness
subtype of GC is characterized by a dedifferentiated transcrip-
tional state, marked by stem-like features, enhanced prolifera-
tive activity, angiogenic potential, and high metastatic
propensity.

Decreased hematogenous metastasis-free survival in
stemness subtype GC

Next, we analyzed the clinicopathologic characteristics of the
64 GC patients (Table S1. http://links.lww.com/JS9/E244).
Between the two molecular subtypes, most clinicopathologic
features did not show significant differences, except for
pathologic gross subtypes (P = 0.037, chi-square test;
Fig. 1A; Table 1). The stemness subtype predominantly exhib-
ited non-infiltrated types, macroscopically, such as Borrmann
type I and II. Additionally, T, N, and TNM stages did not
show significant differences between the two groups
(P = 0.347, 0.176, and 0.229, respectively, chi-square test;
Fig. 1A; Table 1). The history of adjuvant chemotherapy was
also similar between the two groups (P = 0.191; Fig. 1A;
Table 1). Subsequently, we conducted survival analysis and
observed a substantial difference in HMFS between the two
GC subtypes (P = 0.005, log-rank test; Fig. 2A). We found
that hematogenous metastasis was accelerated in the stemness
subtype GC. However, peritoneal metastasis-free survival
(P = 0.709, log-rank test; Fig. 2A) and overall survival (OS)
(P = 0.219, log-rank test; Fig. 2A) did not show significant
differences between the two groups. Since all early gastric
cancer samples, defined as mucosal or submucosal invasion,
were classified into the gastric subtype, we conducted
a survival analysis using advanced gastric cancer (AGC) sam-
ples to eliminate pathologic stage bias. In the AGC samples,
HMEFS was also significantly decreased in the stemness sub-
type (P = 0.013, log-rank test; Fig. 2B). Furthermore, perito-
neal metastasis-free survival and OS did not show significant
differences between the two groups (P = 0.595 and 0.333,
respectively, log-rank test; Fig. 2B). Finally, multivariable
Cox regression analysis revealed that the stemness subtype
was the most significant independent prognostic feature for
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Figure 1. Identification of the molecular subtypes in gastric cancer (GC). (A) Oncoprint table showing the clinicopathologic characteristics of the NMF clusters.
Each column represents a patient. Each feature is annotated based on the clinical variable (bottom). (B) Single-sample gene set variation analysis (GSVA) score
of Ben Porath ES1 and ES2 gene sets and log2-normalized TPM of STMN1, BMI1, NES, PSCA, TFF1, and MUCBAC genes in the stemness and gastric
subtypes. Boxes represent the 25th, 50th, and 75th percentiles, and whiskers show the 10th and 90th percentiles. Asterisk indicates the P-value of the t-test; *:
0.01<P<0.05,*:0.001 <P <0.01,**:0.0001 <P <0.001, **: P <0.0001. (C) Bar plot of the normalized enrichment score of the top 50 transcription factors.
The normalized enrichment score is colored from blue to red according to the score. (D) Bar plot shows t-values of hallmark gene sets in MsigDB relatively up- or
downregulated in the stemness subtype compared with those in the gastric subtype. Dark red bar indicates significantly upregulated gene sets (P < 0.05, t-test),
and dark blue bar indicates significantly downregulated gene sets (P < 0.05, t-test). Grey bars represent no significant differences.

hematogenous metastasis, considering age, sex, and T and
N stages, which are well-known prognostic factors after cura-
tive gastrectomy (P = 0.008; hazard ratio (HR) = 2.87;
Fig. 2C). To evaluate whether TME components influenced
HMFS, we conducted a multivariate Cox proportional
hazards analysis using representative TME signature genes,

including CD3G, PTPRC, THY1, FAP, PECAM1, and

PLVAP. None of these genes were found to be significant
predictors of HMFS (Figure S3B. http://links.lww.com/]S9/
E243). Therefore, we inferred that hematogenous metastasis
in GC is driven by tumor-intrinsic molecular characteristics,
rather than by components of the tumor microenvironment.
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Clinico-pathologic characteristics between molecular subtype of
gastric cancer

Gastric Stemness P-value
Subtype (N = 44) (N = 20)
Age 61.4 +10.9 65.4 +10.7 0.171
Sex 0.663
Male 29 (65.9%) 15 (75.0%)
Female 15 (34.1%) 5 (25.0%)
Gross 0.037
Bl 1(2.3%) 2 (10.0%)
BlI 4 (9.1%) 5 (25.0%)
BlII 26 (59.1%) 13 (65.0%)
BIV 2 (4.5%) 0 (0.0%)
EGC 11 (25.0%) 0 (0.0%)
Size1 54+ 35 54+28 0.986
WHO 0.084
MD 6 (36.4%) 9 (45.0%)
PCC 6 (36.4%) 4 (20.0%)
PD 1 (25.0%) 3 (15.0%)
WD 1(2.3%) 2 (10.0%)
Other 0 (0.0%) 2 (10.0%)
Lauren 0.254
Diffuse 21 (47.7%) 7 (35.0%)
Intestinal 19 (43.2%) 10 (50.0%)
Mixed 4 (9.1%) 1(5.0%)
Other 0 (0.0%) 1 (5.0%)
T stage 0.347
| 5 (11.4%) 0 (0.0%)
I 11 (25.0%) 6 (30.0%)
Il 10 (22.7%) 7 (35.0%)
v 18 (40.9%) 7 (35.0%)
N stage 0.176
NO 8 (18.2%) 6 (30.0%)
N1 10 (22.7%) 1 (5.0%)
N2 26 (59.1%) 13 (65.0%)
TNM 0.229
Stage | 8 (18.2%) 5 (25.0%)
Stage Il 13 (29.5%) 2 (10.0%)
Stage Ill 23 (52.3%) 13 (65.0%)

BI, Borrman type [; BlI, Borrman type II; BIll, Borrman type IIl; BIV, Borrman type IV; EGC, early gastric
cancer; MD, moderate differentiated; PCC, poorly cohesive carcinoma; PD, poorly differentated; WD,
well differentiated; WHO, World Health Organization.

Validation of accelerated hematogenous metastasis in
stemness subtype GC using PDX model

Subsequently, we analyzed independent PDX transcriptome data
to validate the accelerated hematogenous metastasis in patients
with stemness subtype GC. Additionally, we evaluated the TME
characteristics from the mouse transcriptomes. Since human tumor
cells are engrafted while stromal and endothelial cells are replaced
by their mouse counterparts, the PDX transcriptome sequencing
data represent a mixture of tumor-specific and stromal/endothelial-
specific transcriptomes derived from human (graft) and mouse
(host) cells, respectively®>2°!, First, we performed i silico decon-
volution transcriptional signal of human malignant cell (graft)
components and mouse (host) TME components (Method,
Figure S4. http://links.lww.com/JS9/E243). Next, we performed
machine-learning classification of PDX graft transcriptome data
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using primary GC transcriptome data as a training data set
(Method, Figure SSA. http:/links.lww.com/JS9/E243). The mod-
el’s classification performance exhibited significantly high, with
a receiver operating characteristic (AUC) of 1.0 (Figure S5B.
http://links.lww.com/JS9/E243 and SSC. http://links.lww.com/
JS9/E243). Finally, cancer-specific transcriptome data from 51
bulk-RNAseq of PDX samples were classified into 14 stemness
and 37 gastric subtypes (Table S2. http://links.lww.com/JS9/
E244). When patients from the PDX graft expression dataset
were stratified according to stemness or gastric subtypes, clinico-
pathologic characteristics showed similar results, including age,
sex, WHO and Lauren classifications, and T, N, and TNM stages
(Fig. 3A, Table 2). In survival analysis, the stemness subtype
exhibited a significantly decreased HMFS (P = 0.0001, log-rank
test; Fig. 3B). In addition, no differences were observed in perito-
neal metastasis survival and OS (P = 0.324 and 0.726, log-rank
test, respectively; Fig. 3B). To evaluate the TME, we calculated the
cellular fraction, including endothelial cells, fibroblasts, and
immune cells in the deconvoluted mouse transcriptome data
using CIBERSORTx. The fraction of endothelial cells in the host
microenvironment showed significantly higher differences in the
stemness subtype PDX cancer (P = 0.0335, #-test; Fig. 2C); however,
immune cell infiltration and fibroblast fraction did not show differ-
ences between the two subtypes (P = 0.902 and 0.461, t-test,
respectively; Fig. 2C). Thus, PDX data analysis validated decreased
hematogenous metastasis survival in stemness subtypes, as well as
increased endothelial cell in TME.

Development of machine learning model for prediction of
HMFS

To identify the molecular characteristics associated with
hematogenous metastasis in GC, we developed a machine-
learning survival model using the gradient boost algorithm
due to its higher predict performance between three machine
learning survival models including Cox’s proportional
hazard’s model, random forest survival model, and gradient
boost survival model (Figure S6A. http:/links.lww.com/JS9/
E243). For model generation, we first divided our bulk-
RNAseq samples into 70% for training and 30% for test
datasets. To construct the most optimal survival model with-
out supervision, we only used transcriptome data as input
data, and input gene selection was determined based on the
standard deviation of gene expression across samples by com-
paring the concordance index (c-index). Notably, the highest
c-index was achieved when the cut-off standard deviation was
set at 1.0 or 1.2 (Fig. 4A). For final model generation, we
excluded genes with a standard deviation of less than 1.0 in
their expression among 64 samples. Consequently, the predic-
tion of hematogenous metastasis in our test dataset showed
good performance (c-index = 0.732; Fig. 4B). In this survival
model, the expression of CERKL, GABRB2, CYP2C18, and
CEACAMS was the top discriminating feature (Figure S6B.
http://links.lww.com/JS9/E243). Next, we computed the
c-index using the PDX graft transcriptome to validate the
hematogenous metastasis survival model. The PDX dataset
demonstrated higher hematogenous metastasis prediction
performance compared to the internal test dataset
(c-index = 0.759; Fig. 4B).
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Figure 2. Prognostic significance associated with hematogenous metastasis of stemness subtype gastric cancer. (A) The Kaplan-Meier plot illustrates
hematogenous metastasis-free survival (left), peritoneal metastasis-free survival (middle), and overall survival (right) between the stemness and gastric subtypes
in primary GC patients (n = 64), color-coded using molecular subtypes. (B) The Kaplan-Meier plot illustrates hematogenous metastasis-free survival (left),
peritoneal metastasis-free survival (middle), and overall survival (right) between the stemness (n = 20) and gastric subtypes (n = 33) in patients with advanced
gastric cancer patients, color-coded using molecular subtypes. (C) Multivariate Cox proportional analysis used to identify independent prognostic features. For
each variable, the reference level is the first one. The diamond represents the hazard ratio, and error bars represent the 95% confidence intervals. HR: hazard

ratio; Cl: confidence interval.

Identification of hematogenous metastasis-related feature
from the machine learning survival model

Next, time-dependent evaluation of the AUC was performed to
assess the predictive power of each gene associated with hemato-
genous metastasis. Several significantly expressed genes in the
gastric subtype GC, such as MUCSAC and GKN1, showed low
time-dependent AUC, whereas the stemness subtype significantly
expressed genes, including MAGEA3, TOP2A, GGH, SPP1, and

OLRT1 demonstrated high time-dependent AUC (Fig. 4C; Table
S3. http://links.lww.com/JS9/E244). Moreover, a moderate corre-
lation was found between the mean time-dependent AUC of each
gene and the gene expression difference between the stemness and
gastric subtypes (r = 0.476; Fig. 4D). Thus, stemness subtype-
specific genes were predictive of hematogenous metastasis.
Additionally, using Fisher’s exact test, GSEA was conducted on
genes with mean time-dependent AUC exceeding 0.6. This
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Clinico-pathologic characteristics between molecular subtypes in
PDX data

Stemness Gastric P-value
Classification (N=14) (N=37)
Age 62.4 +12.0 61.5+10.5 0.778
Sex 0.454
Male 8 (57.1%) 27 (73.0%)
Female 6 (42.9%) 10 (27.0%)
Gross 0.396
Bl 1(7.1%) 2 (5.4%)
BII 4 (28.6%) 7 (18.9%)
BllI 7 (50.0%) 19 (51.4%)
BIV 1(7.1%) 0 (0.0%)
EGC 0 (0.0%) 5 (13.5%)
Size 6.5+ 24 58+ 23 0.351
WHO 0.71
MD 6 (42.9%) 9 (24.3%)
PCC 2 (14.3%) 8 (21.6%)
PD 5 (35.7%) 17 (45.9%)
WD 1(7.1%) 2 (5.4%)
Lauren 0.362
Diffuse 4 (28.6%) 11 (29.7%)
Intestinal 7 (50.0%) 14 (37.8%)
Mixed 2 (14.3%) 11 (29.7%)
Other 1(7.1%) 0 (0.0%)
T stage 0.319
| 0 (0.0%) 5 (13.5%)
I 1(7.1%) 2 (5.4%)
Il 7 (50.0%) 9 (24.3%)
v 6 (42.9%) 20 (54.1%)
N stage 0.265
NO 1(7.1%) 4 (10.8%)
N1 1(7.1%) 6 (16.2%)
N2 7 (50.0%) 7 (18.9%)
N3 5 (35.7%) 19 (51.4%)
TNM 0.445
Stage | 0 (0.0%) 6 (16.2%)
Stage Il 3 (21.4%) 6 (16.2%)
Stage Ill 10 (71.4%) 22 (59.5%)
Stage IV 1(7.1%) 3(8.1%)

analysis revealed that the hallmark angiogenesis gene set exhib-
ited the highest odds ratio among the hallmark gene sets, indicat-
ing a strong association with genes predictive of hematogenous
metastasis (odds ratio = 6.98; P = 0.011; Fig. 4E). Furthermore,
cell cycle-related gene sets, including hallmark E2F and G2M
targets, were significantly associated with hematogenous metas-
tasis (odds ratios = 5.34 and 4.46, respectively; P = 3.15 x 107°
and 8.02 x 107, respectively; Fig. 4E).

Identification of the hematogenous metastasis-associated
signature genes

We next sought to define a signature gene set that would be
useful in the clinical setting. Among the highly predictive hema-
togenous metastasis survival genes (mean time-dependent AUC
> 0.8) in a gradient boost survival model, we curated 10 genes,
namely MCM10, GGH, WDR72, KIF4A, SLC7AS5, PROX1,
RADS1, DLX4, NT5C3B, and QPCT that showed significantly
elevated expression in the stemness subtype for stemness
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signature genes, and seven genes, namely ADH1B, ZNF831,
CAMKH4, FAM189A2, MS4A1, KIT, and FCMR, that were sig-
nificantly elevated in the gastric subtype and showed low mean
time-dependent AUC for gastric signature genes (Fig. SA, Table
S4. http://links.lww.com/JS9/E244, Method. http:/links.lww.
com/JS9/E244). We validated this gene set in two independent
bulk-level microarray-based GC transcriptome cohorts
(GSE66229 and GSE84437) and the TCGA bulk-level RNAseq
cohort®®?¢]. In three external cohorts, the stemness score and
gastric score showed moderated to strong negative correlations
(Pearson 7 = — 0.57; GSE66228, r = - 0.67; TCGA, r = - 0.53;
GSE84437, Fig. 5B and Figure S7A. http://links.lww.com/JS9/
E243).

Next, we performed survival analysis to validate prognostic
significance of 10 stemness signature genes. In the survival
analysis, patients with a higher stemness score, classified
using the maxstat R package, exhibited significantly
decreased hematogenous metastasis survival in the
GSE66229 (P = 0.005, log-rank test, Figure S7B. http://links.
Iww.com/JS9/E243). Consistent with previous results, OS did
not show differences based on the stemness score difference
(P = 0.986, log-rank test, Figure S7B. http://links.lww.com/
JS9/E243). Although we validated the prognosis significance
of the stemness score, we could not access the risk at the
single-sample level using only the stemness score, owing to
the difference in the ssgsva score according to different gene
expression analysis methods, such as RNAseq and microarray
(Figure S7C. http://links.lww.com/JS9/E243). Therefore, we
defined the difference between the stemness and gastric scores
as the hematogenous metastasis risk score to facilitate risk
identification in individual samples (Fig. 5B, Figure S7C.
http://links.lww.com/JS9/E243, Method. http://links.Iww.
com/JS9/E243).

To identify the optimal cut-off value of the signature gene
score, we performed unsupervised clustering using the
K-means clustering algorithm to identify survival groups
using stemness and gastric scores in the GSE66229 cohort.
In the K-means clustering, the optimal number of clusters was
three (Figure S8A. http://links.lww.com/JS9/E243 and S8B.
http://links.lww.com/JS9/E243). Of note, clusters A and
C showed decreased HMFS compared to cluster B (Figure
S8C. http://links.lww.com/JS9/E243). Since nearly all samples
in the GSE66229 cohort from clusters A and B could be
distinguished when the risk score threshold was set at 0.15
(Fig. 5C), we finally defined the hematogenous metastasis
high-risk group as those with a risk score above 0.15 and the
low-risk group as those with a risk score below 0.15 (Fig. 5C).

Validation of the hematogenous metastasis risk score

To validate the hematogenous-metastasis risk score, we performed
survival analyses in three independent cohorts — GSE66229,
TCGA, and GSE84437. In every dataset, patients classified as
high risk displayed significantly shorter HMFS than those in the
low-risk group (GSE66229, P = 0.002; TCGA, P = 0.040;
GSE84437, P = 0.030; log-rank test; Fig. 5D). A pooled analysis
of the external cohorts confirmed this association (P = 2.57 x 107,
Figure S9A. http:/links.lww.com/JS9/E243).

Multivariate Cox regression in GSE66229 showed that
the risk group was the most powerful prognostic factor for
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Figure 3. Validation of decreased hematogenous metastasis survival of stemness subtype GC in the patient-derived xenograft (PDX). (A) Oncoprint table
showing the clinicopathologic characteristics using the molecular subtype in the PDX dataset (n = 51). Each column represents the corresponding patient of
xenograft cancer. Each feature is annotated based on clinical variables (bottom). (B) Kaplan—Meier plot of hematogenous metastasis, peritoneal metastasis, and
overall free survival of corresponding patients of xenograft cancer. Orange and blue lines represent stemness and gastric subtypes, respectively. P-value (p) of
the log-rank test is shown. (C) Boxplots of the CIBERSORTX fraction result of tumor microenvironment cells, including endothelial (left), fibroblast (middle), and
immune (right) cells, in PDX host transcriptome (mouse). Boxes represent the 25th, 50th, and 75th percentiles, and whiskers indicate the 10th and 90th
percentiles. An asterisk indicates the P-value of the t-test; *: 0.01 < P < 0.05; ns: P > 0.05.

HMEFS, outperforming previously reported molecular sub-
types (EMT and mesenchymal phenotype) as well as age,
sex, and TNM stage (Fig. SE) 7). The risk score also
retained its significance as the strongest independent pre-
dictor in both the TCGA and GSE84437 cohorts after
adjustment for age, sex, and pathologic stage (Figures
S9B. http://links.lww.com/JS9/E243 and S9C. http://links.
lww.com/JS9/E243).

Next, we analyzed the effect of adjuvant chemotherapy on
hematogenous metastasis-free survival in the GSE84437 cohort.
However, the history of adjuvant chemotherapy did not affect the

oncology outcome of the hematogenous metastasis high-risk
group (P= 0.23, log-rank test, Fig. SF). These results indicated
that hematogenous metastasis in gastric cancer was affected by
molecular characteristics of cancer cells, and current adjuvant
chemotherapy was not effective for these molecular subtypes GC.

Discovery of potential agents for hematogenous metastasis
high-risk group

Since the HM high-risk group did not show benefit from
adjuvant chemotherapy, we analyzed cancer cell line data to
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Figure 4. Machine learning survival analysis predicting hematogenous metastasis-free survival in GC. (A) A line plot showing the concordance index (c-index) of
the survival model using the number of estimators. The colors of the plot represent the results of the c-index at each cut-off condition, labeled right for input gene
selection. (B) The bar plot of the c-index value in the test dataset of the primary GC transcriptome data and PDX transcriptome dataset. (C) Time-dependent AUC
result of gene expression in the survival model. The colors of the plot represent each gene labeled on the right side, and the dashed line represents the mean
time-dependent AUC. (D) Correlation of log2 fold change of input gene expression between stemness and gastric subtypes and the time-dependent AUC value.
The Pearson r value is shown. (E) Gene set enrichment analysis of higher survival prediction genes in primary GC data (AUC > 0.6). The hallmark gene set from

MSigDB was used for this analysis. The top five enriched gene sets are labeled.

discover potential agents decreasing hematogenous metastasis
in GC. Among the 39 gastric cancer cell lines from the CCLE
data, a significant correlation between the stemness score and
gastric score was also identified (Pearsonr=-0.47, P = 0.003,
Fig. 6A). In addition, the hematogenous metastasis risk score
was significantly higher in the cells that was harvested from
liver metastasis compared to other sites such as the primary
tumor, lymph node, and ascites (P = 0.005, P = 0.012,
P = 0.007, t-test, respectively, Fig. 6B). These findings not
only validated our results at the cell line level but also demon-
strated that both the stemness score and gastric score accu-
rately reflect cancer cell-specific characteristics. Next, we
analyzed drug sensitivity data from the CCLE to discover
sensitive drugs for HM high-risk GC. Several drugs, including
olutasidenib, a mutant IDH1 target agent, showed significant
sensitivity to liver metastasis cells compared with ascites cells
(P =0.018, #-test, Fig. 6C, Table S5. http://links.lww.com/JS9/
E244). In addition, several clinical trial agents, such as MMV-
390 048, PI4K inhibitor, and IACS-10 759, selective oxidative
phosphorylation inhibitor, also showed significant sensitivity

to liver metastasis cells (P = 0.03, both, ¢-test, Fig. 6C). These
cell line results underscore the need for further investigation
in pre-clinical and clinical settings to discover potential ther-
apeutic agents.

Discussion

Recent advances in molecular biology have enabled the devel-
opment of new therapeutic modalities and increased survival in
patients with cancer across various tumor types”?” >, However,
GC is considered as incurable especially with distant organ
metastasis or peritoneal seeding owing to its resistance to che-
motherapy and rapid progression*"). Therefore, a deeper inves-
tigation of molecular characteristics is crucial for understanding
the mechanisms of metastasis in GC and to develop new treat-
ment strategies. In this study, we analyzed bulk-RNAseq data
from 64 micro-dissected primary GC samples and 51 GC PDX
models combined with machine learning survival analysis to
uncover molecular characteristics associated with hematogen-
ous metastasis in GC.
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Figure 5. Identification and validation of hematogenous metastasis risk score. (A) Volcano plot of the fold change of gene expression between stemness subtype
and gastric subtype. Fold change of gene expression and -log,q(P-value) of the t-test are shown. Genes that showed highly predictive (mean time-dependent
AUC > 0.8 and AUC < 0.2) are colored from dark purple to yellow according to the AUC value. Stemness signature genes and gastric signature genes were
colored by red and blue, respectively. (B) Scatter plot showing the correlation between stemness and gastric scores in the GSE66229 cohort and colored from
blue to red according to the hematogenous metastasis risk score. (C) Scatter plot showing the correlation between stemness and gastric scores in the
GSEB6229 cohort. The yellow color represents the hematogenous metastasis low-risk group, and the blue color represents the hematogenous metastasis high-
risk group. The Pearson r value is shown. (D) Kaplan-Meier plot of hematogenous metastasis-free survival in the GSE66229 (left), the Cancer Genome Atlas
(TCGA) (middle), and GSE84437 (right) cohorts. Yellow and blue colors represent hematogenous metastasis low-risk and high-risk groups, respectively. P-value
of the log-rank test is shown. (E) Result of multivariate Cox regression analysis in the GSE66229 cohort. For each variable, the reference level is the first indicated.
The diamond represents the hazard ratio, and the error bars represent the 95% confidence intervals. HR: hazard ratio; Cl: confidence interval. (F) Kaplan-Meier
plot of hematogenous metastasis-free survival according to adjuvant chemotherapy history among the high-risk HM patients in the GSE84437 cohort. P-value of
the log-rank test is shown.

To the best of our knowledge, this is the first study to explore  various cancers®'3!. Moreover, single-cell RNA sequencing

the molecular characteristics of the GC subtype that favors  data analysis revealed that STMNT is also the isthmus stem
hematogenous metastasis. We found the elevated expression of  cell marker®*!. Similarly, several studies have reported the asso-
stemness markers in this subtype, such as STMNI1 and the ciation between the upregulated expression of MAGE-A gene
MAGE-A gene family. STMN1, a well-characterized protein  family and stemness of cancer>>*¢, Therefore, this molecular
involved in maintaining the cytoskeleton and regulating the  GC subtype exhibits a loss of differentiated phenotype and an
cell cycle, has been linked to stemness and poor prognosis in  acquisition of progenitor cell characteristics.
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Figure 6. Validation of hematogenous metastasis risk scores in cancer cell line data (A) Scatter plot of correlation between stemness and gastric scores in stomach
cancer cell lines from CCLE data, color-coded using the sample collection site. Pearson r and P-value are shown. (B) Boxplot of the hematogenous metastasis risk
score in stomach cancer cell lines from CCLE data between the sample collection sites. Boxes represent the 25th, 50th, and 75th percentiles, and whiskers indicate
the 10th and 90th percentiles. An asterisk indicates the P-value of the t-test; *: 0.01 <p <0.05. **: 0.001 <P < 0.01. Ns: p > 0.05. (C) Volcano plot of the fold change of
PRISM drug sensitivity between liver metastasis and ascites gastric cancer cell lines, fold change of PRISM LFC, and P-value of t-test are shown. Horizontal dashed
line indicated P = 0.05, and vertical dashed line indicated fold change = —1. Red color indicated cells that showed fold change < — 2 and P < 0.05.

When compared with previously reported molecular classifica-
tions of gastric cancer based on stemness and gastric scores, the
stemness subtype identified in our study appears to partially over-
lap with the MSS or MSI subtypes in the ACRG classification, as
well as the epithelial phenotype (EP) described by Oh et al. In
contrast, both the EMT subtype in the ACRG classification and
the mesenchymal phenotype (MP) defined by Oh et al exhibited
elevated gastric scores, indicating potential molecular similarity
with our gastric subtype in GSE66229 microarray data (Figure
S10A. http:/links.lww.com/JS9/E243 and S10B. http:/links.Ilww.
com/JS9/E243) 1671, Notably, neither the ACRG molecular sub-
types nor the EP/MP classification showed a significant association
with hematogenous metastasis or HM-free survival (Figure S10C.
http://links.lww.com/JS9/E243 and S10D. http:/links.lww.com/
JS9/E243). In contrast, our hematogenous metastasis (HM) risk
group demonstrated a robust and consistent association with HM-
free survival, independent of previously defined subtypes, suggest-
ing that our classification more effectively captures the metastatic
potential of gastric cancer (Fig. SA, S10C. http:/links.lww.com/
JS9/E243 and S10D. http://links.lww.com/JS9/E243). This is likely
because, unlike previous classifications that primarily focused on
pathological features and overall prognosis, our study was specifi-
cally designed to investigate transcriptomic characteristics asso-
ciated with hematogenous metastasis-free survival (HMFS).
Previously reported molecular subtypes of gastric cancer were
largely derived from bulk samples that contained substantial
tumor microenvironment (TME) components, potentially limiting
their ability to capture tumor cell-specific transcriptomic signals.
This contrasts with our RNA-seq data derived from microdissected
samples, where EMT-related gene expression — a surrogate for

stromal infiltration — did not show significant differences between
subtypes?>?¥!, This finding stands in contrast to the ACRG classi-
fication, in which EMT scores were among the most discriminatory
features, suggesting that prior classifications may have been con-
founded by stromal cell infiltration'.

In addition, most molecular GC subtypes were determined using
transcriptome data lack single-sample resolution. For example, the
ACRG conducted principal component analysis (PCA) to identify
molecular subtypes and identified four subtypes associated with
distinct clinical outcomes!®!. However, PCA, used to evaluate and
select principal components explaining data variability, does not
provide an absolute criterion for molecular subtyping. Similarly,
Oh et al identified a mesenchymal GC phenotype associated with
poor survival; however, they did not present an absolute standard
for determining molecular subtypes!”). In contrast, our hematogen-
ous metastasis risk score can be applied to single-sample gene
expression data, allowing for the evaluation of hematogenous
metastasis risks. In addition, to enable stratified hematogenous
metastasis risk after curative gastrectomy, we are releasing hema-
togenous metastasis risk classifiers (hmrisk) that can be used by the
community as research tools (Data and Software availability)

Although the detailed metastasis mechanisms are unclear,
both the increased angiogenesis and cellular proliferation of
the stemness subtype presumably promote hematogenous
metastasis. This is because increased angiogenesis around
tumor cells can enhance interactions between vessels and cancer
cells. In addition, highly proliferative cells can invade blood
vessels by disrupting endothelial cells®”*%!, Therefore, the higher
hematogenous metastasis rate in the stemness subtype GC is
likely attributed to its elevated angiogenetic and mitotic state.
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However, further experimental studies are necessary to reveal
the detailed mechanism of hematogenous metastasis in GC.

Most hematogenous metastases in five GC cohorts including
our primary GC transcriptome data, PDX, GSE66229, TCGA,
and GSE84437 were observed within 24 months after curative
resection. This observation suggests that intravascular dissemina-
tion was already present at the time of surgery, or that micro-
scopic metastasis had already occurred in distant organs in cases
of hematogenous metastasis. In pancreas ductal adenocarcinoma,
considered as systemic disease from the beginning, recent studies
have demonstrated that neoadjuvant systemic chemotherapy
decreases metastasis and increases oncologic outcome!*”*%l,
Therefore, neoadjuvant chemotherapy can be considered for
hematogenous metastasis high-risk GC patients. In addition, in
the GSE84437 cohort, current adjuvant chemotherapy is ineffec-
tive for the prevention of hematogenous metastasis in the HM
high-risk group (Fig. 5F). Therefore, new chemotherapy agents or
regimens specifically targeting HM high-risk patients should be
developed to prevent hematogenous metastasis. Therefore, it is
necessary not only to validate several possible compounds that
showed sensitivity to liver metastasis cell lines in CCLE data but
also to discover and evaluate new drugs in pre-clinical models
such as patient-derived organoids or animal models™*"!.

Possible limitations of our study include the following points:
First, although we generated bulk-level RNAseq data using micro-
dissected FFPE blocks and our data did not have TME differences
between molecular groups, the bulk-RNA-seq sample inevitably
included the TME component. Therefore, single-cell RNA sequen-
cing data analysis could enhance our results. Second, although our
molecular subtyping robustly predicted hematogenous dissemina-
tion, peritoneal metastasis-free survival did not differ between
subtypes in our discovery and PDX cohorts, and a comprehensive
evaluation of transcoelomic spread will require larger, prospec-
tively annotated datasets. Third, although the 17-gene risk score
demonstrated consistent prognostic value across three large, inde-
pendent external cohorts, we acknowledge that prospective valida-
tion in real-world clinical settings remains necessary. Notably, the
external cohorts used in this study already provide a degree of
geographic and ethnic diversity. Nevertheless, future multicenter
studies involving broader patient populations and comprehensive
clinical annotations will be essential to further evaluate the uni-
versality and clinical applicability of the scoring system. This will
help establish the clinical relevance of our model and its potential to
guide personalized treatment strategies in patients with GC. Lastly,
while our in silico drug sensitivity analysis identified several pro-
mising compounds, including olutasidenib, MVV-390 048, and
TACS-10 759, preclinical validation using gastric cancer-specific
PDX or organoid models will be necessary to confirm subtype-
specific therapeutic efficacy. This study will facilitate improvement
in oncologic outcomes in patients with gastric cancer.

In conclusion, by identifying new molecular characteristics of
GC associated with hematogenous metastasis, we provide
a comprehensive characterization of the hematogenous metasta-
sis-associated characteristics and its clinical application. To the best
of our knowledge, currently, no such signature has been reported in
clinical or biological studies; thus, our results have a high potential
of being used to stratify patients for more effective therapies and
personalized medicine.
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