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Abstract

Genomic features have been gradually regarded as part of the fundamentals to the clinical diagnosis and treatment for
gastric cancer. However, the molecular alterations taking place during the progression of gastric cancer remain unclear.
Therefore, identification of potential key genes and pathways in the gastric cancer progression is crucial to clinical
practices. The gene expression profile, GSE103236, was retrieved for the identification of the differentially expressed
genes (DEGs), followed by gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichments,
gene set enrichment analysis (GSEA) and the protein-protein interaction (PPI) networks. Multiple bioinformatics plat-
forms were employed for expression and prognostic analysis. Fresh frozen gastric cancer tissues were used for external
validation. A total of 161 DEGs were identified from GSE103236. The PPI network-derived hub genes included
collagen type I alpha 1 chain (COLIAI), tissue inhibitor of the metalloproteinases (7/MP1), Secreted Phosphoprotein
1 (SPP1), somatostatin (SST), neuropeptide Y (NPY), biglycan (BGN), matrix metallopeptidase 3 (MMP3), apolipopro-
tein E (APOE), ATPase H+/K+ transporting alpha subunit (ATP4A), lysyl oxidase (LOX). SPPI (log rank p=0.0048,
HR =1.39 [1.1-1.75]) and MMP3 (log rank p <0.0001, HR =1.77 [1.44-2.19]) were significantly associated with poor
overall survival. Stage-specifically, both COLIAI and BGN were correlated with significant in stage III and IV gastric
cancer cases. LOX showed significant correlation with prognosis in stage I and stage II gastric cancer cases.
Furthermore, cg00583003 of SPPI and cgl6466334 of MMP3 exhibited highly methylation level and significant prog-
nostic values (SPPI: HR =1.625, p=0.013; MMP3: HR =0.647, p=0.011). Hub genes signature displayed a favorable
prognostic value (p value = 5.227¢-05). APOE demonstrated the highest correlation with CD8" T cells, neutrophils, and
dendritic cells whereas BGN had the highest correlation with macrophages. This study systematically explored the key
genes and pathways involved in PGC and AGC, providing insights into therapeutic individualized management.
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Background

Gastric cancer (GC) is one of the most common, death-caused
diseases with marked heterogeneity and phenotypic diversity,
which continues to be a major global health challenge [1]. In
China, despite both the mortality and morbidity is descending,
GC remains a leading malignant disease across the nation [2].
The prognosis of GC is largely related to the tumor progres-
sion at presentation and surgical intervention is listed as the
primarily therapeutic option [3, 4]. Of note, the global stan-
dardization of both the diagnosis and treatment in GC remains
elusive.

The biological alterations occurred during the progression
has been gradually regarded as one of the fundamentals to the
clinical diagnosis, treatment and prognostic values of GC. The
genomic features and biomarkers of GC had been previously
investigated [5—7]. Noteworthy, the intrinsic features among
the progression of GC are yet to be fully disclosed. The
GSE103236 profile in this study had been previously studied
by Chivu et al in 2010 for the identification of differentially
expressed genes (DEGs) in primary gastric cancer (PGC)
(American Joint Committee on Cancer, AJCC staging I, II)
and advanced gastric cancer (AGC) (AJCC staging III, IV)
[7]. Noteworthy, given the updated bioinformatics resources
and well-established in silico analytic strategies, the
GSE103236 was therefore processed for re-analysis and re-
annotation of key genes, signaling pathways and prognostic
values.

Hereby, with the multi-dimensional bioinformatics analysis
strategy and public available resource, including Gene
Expression Omnibus (GEO) profiles and The Cancer
Genome Atlas (TCGA) data, this study provided multilevel
bioinformatics analysis strategy, including gene set enrich-
ment analysis (GSEA) and the protein-protein interaction
(PPI) networks analysis between the GC versus normal tissue,
the PGC versus normal tissue, as well as the PGC versus AGC
comparisons subgroups. This study offered insights for poten-
tial candidate biomarkers, signaling pathways and mecha-
nisms for molecular clinical detection and prognosis values
of GC.

Materials and Methods
Gene Expression Profile from GEO

The gene expression profile, GSE103236, deposited by Chivu
et al [7], was retrieved from the GEO (http://www.ncbi.nlm.
nih.gov/geo), which offers massive public available genomic
data and integrative web-based analysis tools, enabling com-
prehensive and dynamic genes analysis [8, 9]. The corre-
sponding platform, GPL4133 (Agilent-014850 Whole
Human Genome Microarray 4*44 K G4112F (Feature
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Number Version)) was also downloaded. The GSE103236
profile consisted of ten gastric cancer samples (including sev-
en PGC and three AGC) and nine corresponding paired nor-
mal tissues.

Identification of the DEGs in Profile

The identification process of the DEGs was performed by a
web-based analysis tool, GEO2R, which provided a reliable
and repeatable comparison analysis [10]. The cut-off values
for DEGs included adjusted-p value<0.05 and log fold-change
(logoFC|) values >2. The DEG expressions between tumor
tissues and the paired normal tissues were processed for vol-
cano plot using R program and hierarchical clustering using
FunRich program version 3 (Bundoora,Victoria,Australia)
(http://www.funrich.org) [11].

GO and KEGG for the DEGs

Gene ontology (GO) was primarily established as an interac-
tive encyclopedic vocabulary covering all information in eu-
karyotes while Kyoto Encyclopedia of Genes and Genomes
(KEGG) was among the major resource providers for path-
ways and genomic annotations [12, 13]. Both GO and KEGG
were processed for systematic and comprehensive informa-
tion, further marking the potential biological processes, cellu-
lar components, molecular functions and pathways among the
DEGs. Database for Annotation, Visualization and Integrated
Discovery (DAVID) was employed for the functional enrich-
ment analysis. It offered powerful bioinformatics analysis for
all species [14]. The cut-off value for significant GO and
KEGG results was false discovery rate (FDR) <0.25.

GSEA Analysis

GSEA software was established to determine the statistically
significant gene sets in the comparison between different sub-
groups. GSEA was obtained from the Broad Institute (http://
software.broadinstitute.org/gsea/index.jsp) [15]. The
GSE103236 dataset was input with the annotation file
“hallmark gene sets”. The cut-off values were predefined as
p<0.05 and FDR <0.25.

PPI Network and Module Analysis of the DEGs

The selected DEGs were then inputted to the Search Tool for
the Retrieval of Interacting Genes (STRING) database for an
integrative assessment for PPI annotation [16]. The data was
processed by the Cytoscape program for further illustration
with Molecular Complex Detection (MCODE). The preferred
cut-off values were determined as the value of degree cut-off =
1, the value of max.depth = 100, the value of node score = 0.2
and the k-score =2.
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Analysis of the mRNA Expressions of the Hub Genes

The Gene Expression Profiling Interactive Analysis (GEPIA,
http://gepia.cancer-pku.cn/index.html) is established for
producing customized functionalities and integrative
information for wide range analysis based on TCGA and the
genotype-tissue expression (GTEx) projects [17]. The expres-
sions of hub genes between tumor tissues and normal tissues,
as well as those between different stages were analyzed in the
stomach adenocarcinoma (STAD) of TCGA. The genomic
alterations of hub genes were generated by the cBioPortal
for Cancer Genomics [18, 19]. The gene expression profiles,
GSE13861 and GSE27342, were used for external validation
of mRNAs expression of the hub genes. GSE13861 consists
of 65 primary gastric adenocarcinoma tissues and 19 sur-
rounding normal tissues for microarray (Illumina human V3)
[20]. GSE27342 consists of 80 paired gastric cancer and nor-
mal tissues (Affymetrix Human Exon 1.0 ST Array, transcript
(gene) version) [21].

Protein Expression of Hub Genes in Human Protein
Atlas

The proteins expression of the hub genes, both in gastric can-
cer and normal tissues, were determined from the public-
available human protein atlas (HPA, www.proteinatlas.org)
[22].

Clinical Tissues Samples for Validation
by Quantitative Real-Time PCR (qRT-PCR)

Fresh gastric cancer and paired normal tissues were retrieved
from the biobank of Shanghai Minimally Invasive Surgery
Center at Ruijin Hospital (Shanghai, China) between April
2018 and July 2018 with written informed consents. A total
of 10 paired fresh gastric cancer tissues were frozen in liquid
nitrogen and stored at —80°Cfor further qRT-PCR. No chemo-
radiotherapy was received for included patients prior to sur-
gery. The total RNA was extracted with the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). The cDNA was generated
by the RNA with PrimeScriptTM RT Master Mix (TaKara
Bio, Otsu, Japan), and further amplified by the SYBR Green
Real-time PCR Master Mix (TaKara Bio, Otsu, Japan) in a
20 pL system. The primers were designed by PrimerBank
(https://pga.mgh.harvard.edu/primerbank) [23] and
synthesized by Sangon (Shanghai, China). The fold changes
(FC) (FC=2""CT) of the hub genes in tumor compared to
paired normal tissues were calculated with 18S RNA as the
internal reference. The primers (5’ to 3’) were as follow:
COL1A1 (F:GAGGGCCAAGACGAAGACATC; R:
CAGATCACGTCATCGCACAAC);

TIMP1 (F:CTTCTGCAATTCCGACCTCGT;
R:ACGCTGGTATAAGGTGGTCTG);

SPP1 (F:CTCCATTGACTCGAACGACTC;
R:CAGGTCTGCGAAACTTCTTAGAT); SST
(F:ACCCAACCAGACGGAGAATGA; R:GCCGGGTT
TGAGTTAGCAGA); NPY (F:CGCTGCGACACTAC
ATCAAC; R:CTCTGGGCTGGATCGTTTTCC);

BGN (F:CAGTGGCTTTGAACCTGGAG;
R:GGGAGGTCTTTGGGGATGCO);

MMP3 (F:TCTATGGACCTCCCCCTGAC;
R:GATTTGCGCCAAAAGTGCCT);

APOE (F:GTTGCTGGTCACATTCCTGG;
R:GCAGGTAATCCCAAAAGCGACQ);

ATP4A (F:GATGGAGATTAACGACCACCAG;
R:GCAACCCACATGAGGCACT);

LOX (F:CGGCGGAGGAAAACTGTCT;
R:TCGGCTGGGTAAGAAATCTGA);

18 s (F:GAGAGTGAGCGGCAGAGC; R:GCTCCCAA
GATCCAACTACGAG).

Survival Analysis of the Hub Genes

Kaplan-Meier (KM) Plotter is one of the publicly available
datasets for cancer microarray with clinical annotations, which
enables reliable assessment of prognostic values among input
genes [24]. It incorporates public available genomic resources
with clinical data from GEO, including GSE14210,
GSE15459, GSE22377, GSE29272, GSE51105 and
GSE62254. The top selected genes were inputted as a query
and the data were collected for overall survival (OS) analysis.
The output results were displayed with log rank p values and
the hazard ratio (HR) with 95% confidence intervals (95%
CD.

Methylation Data

The DNA methylation of SPP1 and MMP3 in TCGA was
retrieved from MethSurv, a website-based tool for DNA meth-
ylation analysis (https://biit.cs.ut.ee/methsurv/) [25]. The CpG
methylation levels were depicted by heatmap with average
linkage method and correlation distance. The prognostic
value of each single CpG was further calculated.

Prognostic Values of the Hub Genes-Signature
by the SurvExpress

The TCGA database (STAD) was used for the prognostic
value assessment of the hub gene signatures (n =352) in the
SurvExpress (http://bioinformatica.mty.itesm.mx:8080/
Biomatec/SurvivaX.jsp) [26]. The low risk and high risk
groups were categorized according to the maximized risk
group algorithm [26].
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The Correlation between the Hub Genes
and the Tumor Immune Infiltrates

The correlation of hub genes and immune infiltrates (B cells,
CD4" T cells, CD8" T cells, neutrophils, macrophages and
dendritic cells) in STAD of TCGA was analyzed via the
Tumor IMmune Estimation Resource (TIMER) platform
(https://cistrome.shinyapps.io/timer/), a comprehensive
resource for systematical visualization of immune infiltrating
cells across different cancers [27]. All the correlation values
were calculated via purity-corrected partial Spearman’s corre-
lation. Generally, genes of negative association with tumor
purity are highly expressed in the microenvironment whereas
those of positive association indicate high expression in the
tumor cells [27].

Statistics

The statistical significance between the tumor and normal
groups was calculated by Student’s ¢ test. The statistical anal-
ysis and illustration were performed by GraphPad Prism 6
software program (San Diego, CA) and R software (Version
3.5.1, www.r-project.org). Adjusted p value <0.05 and
[log,FC| > =2 were set up as the significant cut-off for DEGs
only.

Results

The Identification of DEGs in Different Comparison
Subgroups

Based on the predefined cut-off-adjusted p value <0.05 and
[log2FC|>2, 161 DEGs were identified from tumor versus
normal tissues in GSE103236, including 89 DEGs with down-
regulation and 72 DEGs with upregulation (Fig. 1a, b). Next,
the same cut-off values were implemented to screen the DEGs
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Fig. 1 Differentially expressed genes (DEGs) between tumor and normal tissues. a The volcano plot of DEGs;
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between the normal tissues versus PGC, as well as the PGC
versus AGC. However, only 34 DEGs were identified be-
tween normal tissues and PGC. No significant DEGs were
identified between PGC and AGC (Table 1). Therefore, only
the 161 DEGs from the tumor versus normal tissues were used
for subsequent GO and KEGG annotations.

GO and KEGG Analysis for the DEGs in Tumor Versus
Normal Tissues

For the all DEGs, the extracellular matrix organization/
extracellular structure organization/cell-cell signaling were
the most enriched in the biological process (BP), the extracel-
lular space/proteinaceous extracellular matrix/extracellular
matrix were the most enriched gene terms in the cellular com-
ponent (CC), the receptor binding/glycosaminoglycan bind-
ing were the most enriched gene terms in molecular function
(MF) and yet no term was significant enriched in KEGG anal-
ysis (Fig. 2a). Furthermore, the enriched analysis of BP/CC/
MF was also demonstrated in up/down-regulated gene clus-
ters. For up-regulated genes, extracellular matrix organization/
extracellular structure organization/skeletal system develop-
ment were the most enriched gene items in BP, and proteina-
ceous extracellular matrix/extracellular matrix/extracellular
space were the most enriched gene items in CC, while no term
was found enriched in MF and KEGG. For down-regulated
genes, extracellular space was significantly enriched in CC,
while the rest terms remain insignificant in BP/MF and
KEGG.

GSEA Analysis of the Gene Expression Files in Tumor
Versus Normal, Normal Versus PGC and PGC Versus
AGC Subgroups

The GSEA analysis was performed with the GSE103236 pro-
file based on the predefined “hallmark signature”.
Noteworthy, only one gene set was found significantly
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Table 1 Differentially expressed

genes (DEGs) between primary adj.P.Val  P.Value logFC Gene.symbol  Gene.title
gastric cancer (PGC) and
advanced gastric cancer (AGC) 23,421  0.328 0.0000215  —7.1918227 REG4 regenerating family member 4
29,875 0.328 0.0000218  2.6099073 ATP8B3 ATPase phospholipid transporting 8B3
42,478  0.359 0.0000319  —5.9789324 REG4 regenerating family member 4
4645 0.609 0.0000677  2.4691162 LIF leukemia inhibitory factor
2359 0.723 0.0001002  2.2864412 VPS26A VPS26, retromer complex component A
37,846 0.723 0.0001409  2.7886025 FAMS3A family with sequence similarity 83
member A
3337 0.723 0.0002225  3.2282741 IL1A interleukin 1 alpha
4775 0.723 0.0002556  3.8082905 UTS2 urotensin 2
36424  0.723 0.0002623  —2.2506787  STXBP6 syntaxin binding protein 6
18,140 0.723 0.0003578  —2.0936457  STXBP6 syntaxin binding protein 6

enriched in PGC compare to normal tissues at nominal p value
of 0.01, i.e., angiogenesis (Nominal p value <0.001, FDR g-
value =0.074, FWER p value =0.06) (Fig. 2b). 5 gene sets
were significantly enriched in tumor compared to normal tis-
sues, top three included G2M checkpoint (Nominal p value
<0.001, FDR g-value =0.037, FWER p value =0.03), MYC
targets V2 (Nominal p value <0.001, FDR g-value =0.043,
FWER p value =0.09) and Apoptosis (Nominal p value
<0.001, FDR g-value =0.087, FWER p value =0.19) (Fig.
2¢—e). Given the vacant DEGs results from PGC versus
AGC with predefined cut-off values, GSEA strategy was also
employed to address possible variances between the PGC and
AGC. 8 gene sets were significantly enriched in AGC. Top
three enriched gene sets include TNFA signaling via NFKB
(Nominal p value <0.001, FDR g-value <0.001, FWER p
value <0.001), KRAS signaling up (Nominal p value
<0.001, FDR g-value =0.0388, FWER p value =0.05),
MTORCT signaling (Nominal p value <0.001, FDR g-value =
0.118, FWER p value =0.18) (Fig. 2f-h).

PPI Networks Construction and Modules

The PPI networks were constructed by the selected DEGs in
the tumor versus normal group from STRING and visualized
by Cytoscape (degree >1), including 79 nodes and 143 edges
(Fig. 3a). The most scored cluster modules were also calculat-
ed by MCODE in Cytoscape (Fig. 3b). In module 1, gastric
acid secretion was significantly enriched in KEGG with no
terms in BP/CC/MF. In module 2, extracellular matrix orga-
nization, extracellular structure organization and extracellular
matrix disassembly were found significantly enriched in BP
with no terms in CC/MF and KEGG. In module 3, collagen
catabolic process, multicellular organism catabolic process,
and collagen metabolic process were the top three significant-
ly enriched terms in BP while endoplasmic reticulum lumen
and collagen trimer in were the significantly enriched terms in
CC. However, no significant term was found in MF and
KEGG analysis.

Analysis and External Validation of the mRNA
Expressions of Hub Genes

The top 10 genes with the highest degrees were selected as
hub genes, listed as collagen type I alpha 1 chain (COLIAI),
tissue inhibitor of the metalloproteinases (7/MP1), Secreted
Phosphoprotein 1 (SPP1), somatostatin (SS7), neuropeptide Y
(NPY), biglycan (BGN), matrix metallopeptidase 3 (MMP3),
apolipoprotein E (APOE), ATPase H+/K+ transporting alpha
subunit (ATP4A), lysyl oxidase (LOX) (Fig. 4a). The mRNA
expressions of the hub genes between tumor and normal tis-
sues were further externally investigated in the STAD of
TCGA database (Fig. 4a), GSE13861 gene profile (Fig. 4b),
GSE27342 gene profile (Fig. 4c) and qRT-PCT results (Fig.
4d). Moreover, eight independent microarray data
(GSE19826, GSE33335, GSE63089, GSE27342,
GSE56807, GSES4129, GSE26942 and GSE79973) were fur-
ther incorporated for the comparison of DEG selection and
hub genes in GSE103236. A total of 57 overlapped DEGs
had been identified (Fig. 4e). The protein-protein-interaction
(PPI) networks of the 57 DEGs indicated that 7 out of 10 hub
genes (COLIAI, SPP1, TIMPI, ATP4A, SST, MMP3 and
BGN) were overlapped (Fig. 4f, Table 2).

In fact, the mRNA expressions of COLIAI, TIMPI,
SPP1, BGN, MMP3, and APOE were consistently and
significantly increased in tumor compared to normal tis-
sues (Fig. 4a—c). SST and ATP4A were consistently and
significantly reduced in tumor tissues from TCGA,
GSE13861, and GSE27342, whereas NPY was reduced
in tumor only in TCGA and GSE13861 (Fig. 4a—c). Our
experimental qRT-PCR results indicated the abnormally
increasing of all hub gene expressions (except ATP4A
with decreased expression) in tumor compared to normal
tissues (Fig. 4d). To elucidate the potential mechanism
among the hub genes, we illustrated the expression corre-
lation among the hub genes in both GSE103236 and
TCGA cohorts. Of note, the highest positive correlation
(cor=0.87) existed between SPPI and LOX while the
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highest negative correlation (cor =—0.53) existed between
BGN and ATP4A in GSE103236 (Fig. 5a). In the STAD of
TCGA, the correlations were further validated.
Interestingly, the top positive correlations were deter-
mined between COLIAI and BGN, COLIAI and LOX
while negative correlation was comparably low (Fig. 5b).

Stage-Specific Expressions of the Hub Genes

To further delineate the expression pattern of each hub gene,
the stage-specific expressions of hub gene were analyzed in
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result of primary gastric cancer (PGC) compared to normal; c—e GSEA
results of total gastric cancer compared to normal; f~h GSEA results of
advanced gastric cancer (AGC) compared to PGC

GEPIA. COLIAI (p=0.0292), TIMPI (p =0.000297), SPP1
(p=0.035), BGN (p=0.000292), LOX (p=0.00788), and
APOE (p = 1.52e-05) exhibited significantly stage-specific ex-
pressions (Fig. 6a). Furthermore, 176 (48%) cases had the
genomic alterations of hub genes, including missense muta-
tion (unknown significance), truncating mutation (unknown
significance), amplification, deep deletion, and mRNA upreg-

ulation (Fig. 6b). However, no significant prognostic value

ations (Fig. 6c, d).

was identified between cases with and without hub gene alter-
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Fig. 3 Protein-protein interaction (PPI) networks of DEGs and top scored modules. a PPI network of DEGs with nodes representing genes and lines
representing; (Red: up-regulation; blue: down-regulation) b the top three scored modules were shown from up to bottom

Protein Expressions of the Hub Genes

To further determine the protein expressions of the hub genes,
the immunohistochemistry results of the hub genes in HPA
(www.proteinatlas.org) were investigated. Consistent with the
mRNAs results, COL1A1, TIMP1, SPP1, BGN, and APOE
had the marked positive expressions in tumor than normal
tissues while NPY and ATP4A had the obvious positive
expressions in normal rather than tumor tissues. However,
MMP3 had strong positive expression in normal rather than
tumor tissues, which was contrary to its mRNA expression.
Moreover, SST had indistinguishable expressions between

normal and tumor tissues (Fig. 7). LOX was not available in
HPA.

Survival Analysis of the Hub Genes

The prognostic values of the hub genes were further ex-
plored by the web-based tool, KM plotter. For total gastric
cancer patients, two of the hub genes significantly associ-
ated with poor overall survival (OS) in gastric cancer
(SPP1 (Probe ID: 209875 s at), log rank p =0.0048,
HR =1.39 [1.1-1.75]; MMP3 (Probe ID: 205828 at),
log rank p <0.0001, HR =1.77 [1.44-2.19]) while the rest
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Fig. 4 The mRNA expression of hub genes between tumor and normal
tissues. a The mRNA expression of ten hub genes in comparison between
tumor and normal in STAD of TCGA; b the mRNA expression of ten hub
genes in GSE13861 between tumor and normal; ¢ the mRNA expression
of ten hub genes in GSE27342 between tumor and normal; d the
validation of hub genes by quantitative RT-PCR between gastric cancer
and normal tissues; e Overlapped DEGs between eight independent

eight hub genes, COLIAI (Probe ID: 202311 s at),
TIMPI1 (Probe ID: 201666 at), SST (Probe ID:
213921 s at), NPY (Probe ID: 206001 at), BGN
(Probe ID: 201261 x_at), APOE (Probe ID: 203382 s
at), ATP4A (Probe ID: 207139 at), LOX (Probe ID:
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microarray data (GSE19826, GSE33335, GSE63089, GSE27342,
GSE56807, GSE54129, GSE26942 and GSE79973) and GSE103236; f
PPI networks of the overlapped DEGs between eight independent
microarray data (GSE19826, GSE33335, GSE63089, GSE27342,
GSE56807, GSE54129, GSE26942 and GSE79973) and GSE103236.
STAD: Stomach Adenocarcinoma; *p <0.05, **p <0.01, ***p <0.001
Red: tumor tissue; blue: normal tissue

215446 s at) did not show clear associations with prog-
nosis (Fig. 8a—c), which indicating potential prognostic
values of SPP/ and MMP3 in gastric cancer.
Furthermore, the stage-specific prognostic values of hub
genes were also investigated (Table 3). Interestingly,
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Table 2 Comparison of the hub
genes between GSE103236 and Hub genes of the overlapped DEGs Hub genes of GSE103236
overlapped genes list
Gene Gene name Degree  Gene Gene name Degree
symbol symbol
COLIA1  Collagen type I alpha 1 chain 11 COL1A1  Collagen type I alpha 1 18
chain
SPP1 Secreted Phosphoprotein 1 7 TIMP1 Tissue inhibitor of the 13
metalloproteinases
TIMP1 Tissue inhibitor of the 6 SPP1 Secreted Phosphoprotein 1~ 12
metalloproteinases
ATP4A ATPase H+/K+ transporting 6 SST Somatostatin 10
alpha subunit
SST Somatostatin 6 NPY Neuropeptide Y 10
MMP3 Matrix metallopeptidase 3 5 BGN Biglycan 9
CHGA Chromogranin A 5 MMP3 Matrix metallopeptidase 3 8
BGN Biglycan 5 APOE Apolipoprotein E 8
HDC Histidine decarboxylase 5 ATP4A ATPase H+/K+ 7
transporting alpha
subunit
CCKBR Cholecystokinin B receptor 4 LOX Lysyl oxidase 7

COLIAI (Probe ID: 202311 s _at) showed significant cor-
relation to prognosis in stage III (log rank p=0.048,
HR =0.72 [0.52-1]) and IV (log rank p=0.048, HR =
0.202 [0.99-4.09]) gastric cancer cohorts. NPY (Probe
ID: 206001 _at) showed significant correlation to progno-
sis in stage II (log rank p =0.0042, HR =3.31 [1.39-
7.88]) gastric cancer cohort. BGN (Probe ID:
201261 x_at) showed significant correlation to prognosis
in stage Il (log rank p=0.0072, HR =1.57 [1.13-2.18])
and stage IV (log rank p=0.013, HR =2.02 [1.15-3.56])

a
|
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Fig. 5 The correlation of hub gene in GSE103236 and TCGA. a The
correlation of hub genes by ball plot in GSE103236; b the correlation of
hub genes by ball plot in TCGA. The red circle indicated a negative
correlation, the blue circle indicated a positive correlation. The values

gastric cancer cohorts. LOX (Probe ID: 215446 s at)
showed significant correlation to prognosis in stage |
(log rank p=0.0078, HR=0.1 [0.02-0.08]) and stage II
(log rank p =0.045, HR =2.35 [0.99-5.56]) gastric cancer
cohorts. Noteworthy, SPP/ did not exhibit significant cor-
relation to prognosis in any stage cohort, respectively.
MMP3 only exhibited significant prognostic value in
stage IV (log rank p =0.026, HR =0.52 [0.29-0.93]) gas-
tric cancer cohort (Table 3). Furthermore, the DNA meth-
ylation levels of SPPI/ and MMP3, as well as the

b 1
COL1A1 ‘ . .

0.8
0.61 | TIMP1 . .

0.6
03 | 031 SPP1

0.4
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0
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of correlation coefficients were represented by the color bar aside.
Color intensity and the circle size were proportional to the correlation
coefficients
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Fig.6 The stage-specific expressions and genetic alterations of hub genes
in TCGA. a The stage-specific expressions of hub genes in TCGA; b
genomic alterations of hub genes in TCGA; ¢ overall survival between

corresponding prognostic values of each CpG in TCGA,
was retrieved and analyzed by MethSurv (Fig. 8c, d, e). In
fact, cg00583003 of SPP! exhibited high methylation lev-
el and significant prognostic values (HR=1.625, p=
0.013) (Fig. 8c, ¢). However, cgl7145397, cgl6466334
and cgl18113270 also showed high methylation levels of
MMRP3, but only cgl6466334 presented significant prog-
nostic value (HR =0.647, p=0.011) (Fig. 8e).
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Months Disease/Progression-free

cases with alterations in hub genes (red) and cases without alterations
(blue); d disease-free survival between cases with alterations in hub genes
(red) and cases without alterations (blue)

Prognostic Values of the Hub Genes Signature Via
SurvExpress

Given the prognostic values of gene signatures have been in-
creasingly noticed, we further evaluated the prognostic values
of hub genes-signature via SurvExpress platform. Based on
the maximized risk group algorithm, the STAD of TCGA
had been divided into high-risk (n=93) and low-risk (n=



Identification of Key Genes and Signaling Pathways Associated with the Progression of Gastric Cancer

1913

COL1A1

TIMP1

SPP1

Normal Tumor Normal

SST

Normal

Normal Tumor Normal

MMP3

Tumor

ATP4A

4X

el

Normal Tumor Normal

Tumor Normal Tumor

Fig. 7 The protein expression of hub genes. Images were retrieved from the Human Protein Atlas (HPA) (http://www.proteinatlas.org) database. LOX

was excluded due to the absent protein results in HPA

259) groups. The low-risk group indicated a favorable clinical
outcome (Fig. 9a—c, log-rank p value =5.227¢-05, hazard ra-
tio=2.04, 95%CI: 1.43-2.89). Moreover, COLIAI, TIMPI,
SPP1, SST, BGN, MMP3, APOE, ATP4A, and LOX displayed
significantly different expression between high- and low-risk
groups (Fig. 9c¢). Intriguingly, the expression of COLIAI,
TIMPI, SPP1, BGN, APOE, LOX, SST, and ATP4A in the
low-risk group were consistent with previous results (Fig. 4a).

The Correlation of Hub Genes and the Tumor Immune
Infiltrates

To further provide insights for immunotherapeutic manage-
ments in GC, this study analyzed the correlation of hub genes
and the tumor immune infiltrates, including B cells, CD4* T
cells, CD8" T cells, neutrophils, macrophages and dendritic
cells via the TIMER platform. In fact, APOE demonstrated the
highest correlation with CD8" T cells (cor = 0.52), neutrophils
(cor=0.51) and dendritic cells (cor=0.67), whereas BGN had
the highest correlation with macrophages (cor =0.55)
(Fig. 10). Furthermore, 7IMP] and LOX also showed close
correlations with several types of immune infiltrates (Fig. 10).
Interestingly, given the drastic differential expression of
ATP4A between normal and tumor tissues (Figs. 4a and 7),

the correlation between ATP4A and all tumor infiltrates were
low (Fig. 10). Moreover, contrary to other nine hub genes,
MMP3 exhibited a comparably negative correlation with tu-
mor infiltrates (Fig. 10).

Discussion

Despite descending incidence and mortality rates, and the
well-established endoscopy screening system, gastric cancer
remains one of the leading common epithelial malignancies in
Eastern Asia and Eastern Europe [28-30]. Specifically, both
the tumor locations and pathological stages at diagnosis varied
in an area-specific pattern [30, 31]. Gastric cancer patients
diagnosed in Japan and Korea mainly are ECGs while
AGCs are predominantly found in other areas. Therefore,
the mechanisms underlying the tumorigenesis and progression
in gastric cancer were among the most intensively investigated
healthy issues worldwide.

Despite the fact that the GSE103236 profile had been thor-
oughly investigated from Chivu et al in 2010 in terms of
biomarkers for PGC and AGC [7], many genomic features
of this profile were yet to be fully characterized given the
reshaped bioinformatics algorithms and resources. Thus, it is
worthy of re-annotation and re-analysis by using updated
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Fig. 8 The prognostic values of hub genes in Kaplan-Meier plotter (KM
plotter). a The prognostic values of hub genes; b the survival curves of
SPP1 (Probe ID: 209875 s _at) and the survival curves of MMP3 (Probe
ID: 205828 _at); ¢ heat map of the CpG methylation levels of SPP1 gene
(red represented fully methylated, blue represented fully unmethylated).
Each CpG was shown in rows and patient in columns. d Heat map of the

bioinformatics analytic strategy to identify potential key target
genes and signaling pathways for tumorigenesis and progres-
sion in gastric cancer [14-17, 22].

In this study, only the DEGs generated by the comparison
of tumor and normal tissues were chosen for further GO/

@ Springer

CpG methylation levels of MMP3 gene (red represented fully methylated,
blue represented fully unmethylated). e KM plots for cg20261167-SPP1,
cg00088885-SPP1, c¢g00583003-SPP! and cgl6466334-MMP3 using
STAD samples dichotomized by mean values of DNA methylation.
HR: hazard ratio; STAD: stomach adenocarcinoma; KM: Kaplan-
Meier; LR: log-likelihood ratio

KEGG analysis and PPI network due to the limited number
of DEGs found in other comparisons. Most significant
enriched BP/CC/MF terms were the extracellular matrix-relat-
ed. Noteworthy, no significant term was identified as signifi-
cant enrichment in KEGG. Collectively, it indicated a close
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Table 3

The stage-specific overall survival of hub genes based on Kaplan-Meier plotter (KM plotter)

Gene Probe Stage [ HR (95%CI) p

Stage I HR (95%CI) p

Stage Il HR (95%CI1) p Stage IV HR (95%CI) p

COL1A1 202311_s at 0.25(0.06-1.15) 0.055
TIMP1 ~ 201666_at  0.45(0.12-1.65) 0.22
SPP1 209875_s_at 0.39(0.11-1.45) 0.15

2.08(0.87-4.96)
0.44(0.17-1.16)
0.6(0.25-1.46)

SST 213921 _at  2.01(0.65-6.22) 022 1.8(00.73-4.44)
NPY 206001_at  2.03(0.68-6.08) 0.2 3.31(1.39-7.88)
BGN 201261_x_  0.38(0.12-1.23) 0.094  2.39(0.93-6.14)
at
MMP3 205828 at  2.47(0.68-9) 0.16  1.6(0.65-3.94)
APOE 203382 s at 0.43(0.14-1.33) 0.13 1.71(0.74-3.98)
ATP4A 207139 at  0.49(0.16-1.45) 0.19  0.64(0.27-1.52)
LOX 215446_s_at 0.1(0.01-0.8) 0.0078 2.35(0.99-5.56)

0.092  0.72(0.52-1) 0.048  2.02(0.99-4.09) 0.048
0.088 1.37(0.97-1.94) 0.075  1.65(0.92-2.95) 0.088
026  1.35(0.98-1.85) 0.069  2.03(0.95-4.34) 0.062
0.2 0.82(0.57-1.17) 027  0.65(0.35-1.22) 0.18
0.0042 0.81(0.57-1.15) 023 0.71(0.4-1.24) 0.22
0.063  1.57(1.13-2.18) 0.0072 2.02(1.15-3.56) 0.013
0.3 0.75(0.53-1.05) 0.095  0.52(0.29-0.93) 0.026
0.21 1.27(0.88-1.83) 0.2 1.38(0.78-2.44) 0.27
031  0.81(0.57-1.16) 025  0.74(0.42-1.32) 0.31
0.045 1.17(0.85-1.63) 034 1.71(0.97-2.99) 0.059

relationship between gastric cancer and the extracellular
matrix-related signaling. In fact, the disruption in intercellular
adhesion and the degradation in extracellular matrix enabled
the initial locomotion of cancer cells featured by over-
activated invasiveness and metastases [32]. Interestingly, this
finding was also consistent with the subsequent PPI network
and top hub genes.

The top 10 hub genes, COLIAI, TIMPI, SPPI, BGN,
MMP3, APOE, LOX, SST, NPY, and ATP4A, were determined.
Among them, SPP1 and MMP3 were significantly associated
with poor OS in gastric cancer. Interestingly, compared to the
hub genes reported by Chivu et al., SPP! and MMP3 were
also the only two overlapped with consistent results in mRNA
expressions [7]. Next, the mRNA expressions of the hub

a
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Fig. 9 Prognostic analysis of the hub genes signature via SurvExpress
platform. a The Kaplan-Meier plot of the hub genes signature between
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Fig. 10 The correlation of hub
genes and tumor immune
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List of tumor immune infiltrates

genes were investigated by TCGA and validated by two ex-
ternal gene expression profiles. Furthermore, in GSE103236,
the potential pairwise correlations of the hub genes were de-
termined and further validated by TCGA for large sample size.
The correlations of COLIAI and BGN, COLIAI and LOX,
LOX and BGN were consistently high between two profiles. In
fact, TCGA data helped filtering out the significant negative
correlations found in GSE103236.

Remarkably, the hub genes identified in GSE103236 could
be reproducible and solid for cross-datasets validation and
comparable quality of GSE103236 profile. Of note, the hub
genes identified from the 57 DEGs of the eight independent
microarrays were featured by a comparably less degrees than
this manuscript (Table 2), which could be a potential cut-off
confounding bias. In fact, clinical heterogeneity may also exist
in each independent genomic profile deposited in the GEO.
Theoretically, it is more convincing to combine genomic pro-
files for the DEG selection in order to pinpoint those com-
monly significantly dysregulated genes. However, this may
lead to a comparable small amount of shared DEGs, poten-
tially limited the subsequent bioinformatics enrichment and
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predictions. Meanwhile, some race-specific or clinical
phenotype-specific genes may be involved. Moreover, to our
knowledge, GSE103236 has not been fully explored in bioin-
formatics analysis. This is the first study focusing on the ge-
nomic profile of GSE103236 with multiple bioinformatics
strategies compared to the original study [7].

SPP] is primarily found in malignant pleural mesothelioma
and bone giant cell tumor with a close association in focal
adhesion, phospholipase-C pathway and extracellular matrix
binding [33, 34]. SPPI had been intensively studied as a po-
tential biomarker for gastric cancer [35]. Prior studies had
demonstrated the expression of SPP/ was altered in tumor
tissues but did not affect the prognosis of gastric cancer [36].
Noteworthy, inconsistency with prior study, our study indicat-
ed that higher expression of SPP/ was associated with poor
prognosis, possibly due to the racial variance.

MMP3 was widely involved in both malignant and
inflammation-related diseases, with close related pathways
of degradation of the extracellular matrix, cell-matrix glycol-
conjugation and cell adhesion [37-39]. Remarkably, MMP3
had been identified as a serum biomarker for the prognosis of
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gastric cancer [40] and was negatively associated with the
different stages [41]. However, the prognostic value of
mRNA expression of MMP3 in gastric cancer remains sparse.
To our knowledge, this study provided a novel prognostic
value analysis of MMP3 based on public integrative resources.
Although the protein expression of MMP3 was contrary to the
mRNA expression in this study based on HPA, it was partially
because of limited samples used in HPA compared to large
samples in mRNA expressions. Conspicuously, MMP3 exhib-
ited a comparably negative correlation with tumor infiltrates,
which distincted from the other hub genes. Further study
would focus on the clinic-pathological relevance and prognos-
tic values of MMP3 in gastric cancer with large samples as
well as its potential role in immunotherapies.

Despite the significant prognostic values of SPP/ and
MMRP3, the pairwise correlations of the hub genes indicated
the key roles of APOE, BGN, TIMP1, LOX, and COLIAI in
network regulation, rather than SPP1 and MMP3. These dif-
ferent results also provide insights that multiple genes and
signaling networks might be significantly involved in the
multi-levels of tumorigenesis of gastric cancer. Intriguingly,
APOE demonstrated the highest correlation with CD8* T
cells, neutrophils, and dendritic cells whereas BGN had the
highest correlation with macrophages. TIMP! and LOX also
showed high correlation with several types of immune infil-
trates. These results opened to another direction that APOE,
BGN, TIMPI and LOX may be closely involved in the
immune-regulation system in GC.

In addition, besides the analysis of DEGs of tumor versus
normal set, this study also provided insightful GSEA results.
Five gene sets were enriched in tumor compared to normal
tissues, including G2M checkpoint, Myc targets V2, apopto-
sis, UV response up and angiogenesis. G2M checkpoint had
previously been defined as an essential self-repair and DNA
damage checkpoint program for eukaryotic cell cycle [42]. In
consistent with prior investigations, G2M checkpoint was ev-
idenced to be a major gene sets enrichment feature in this
study, offering clues for further exploitation. Meanwhile, only
angiogenesis was listed as a significant feature enriched in
PGC compared to normal subgroups, indicating a potential
role of angiogenesis in initiation stage of GC. Interestingly,
comparing to the none DEGs results from the screen strategy
(cut-off values of adjusted p value and log,FC), there were
eight gene sets which were determined as significantly
enriched in AGC compared to PGC, including TNFA signal-
ing via NFKB, KRAS signaling up, MTORCI1 signaling, in-
flammatory response, glycolysis, angiogenesis, apical junc-
tion, and hypoxia. These results indicated dynamic genomic
alterations during the tumor progression between PGC and
AGC and highlighted the individual features of GSEA and
conventional screen strategy. Therefore, multiple bioinformat-
ics analytic approaches were encouraged for sound annotation
and analysis.

The genomic features, molecular stratification, and bio-
markers of gastric cancer had been previously valued in a
series of high-quality investigations [5—7]. TCGA described
comprehensive molecular characteristics in 295 GC samples
with four subtypes: a. tumors positive for Epstein-Barr virus
(EBV); b. microsatellite unstable tumors (MSI); c.
genomically stable tumors (GS); d. tumors with chromosomal
instability (CIN) [5]. Moreover, Sun et al. investigated key
genes in gastric cancer with GSE54129 profile, with ECM-
receptor listed as one of the key findings. However, the prog-
nostic roles of BGN and COLIA were contradictory between
Sun et al. and this study. It is because the GSE62254, which
featured markedly prognostic values compared to other
datasets, was excluded from prognostic analysis in this study
while not in Sun et al. [43]. Meanwhile, Guo et al. and Rong
et al. highlighted the roles of COL/ family genes and SPP/ in
separate bioinformatics analysis in GSE29722, GSE27342
and GSE31789, which were consistent with our results [44,
45].

This study, based on both GSE genome files and TCGA,
has multi-dimensionally uncovered novel features in progres-
sion of normal-PGC-AGC, identifing potential biomarkers in
the networks and prognostic senses.

The limitation of this study was a comparably smaller size
of AGC samples. Meanwhile, potential geological and racial
characteristics in samples might also be other significant con-
founding factors involved. In addition, the protein expressions
of the hub genes in larger clinical samples for clinical rele-
vance and prognosis are further required.

Conclusion

This study systematically identified potential key genes and
pathways involved in primary and advanced gastric cancer,
further providing insightful targets for stage-specific therapeu-
tic management.
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