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ARTICLE INFO ABSTRACT

In the current research, we aimed to identify and analyze methylation-regulated differentially-expressed genes
(MeDEGs) and related pathways using bioinformatic methods. We downloaded RNA-seq, Illumina Human
Methylation 450 K BeadChip and clinical information of gastric cancer (GC) from The Cancer Genome Atlas
(TCGA) project. Differentially-expressed genes (DEGs) were identified using the edgeR package. Then, we per-
formed Spearman’s correlation analysis between DEG expression levels and methylation levels. Gene ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed in
the DAVID database. We then conducted Kaplan—-Meier survival analysis to explore the relationship between
methylation, expression and prognosis. The protein—protein interaction networks were further analyzed using
the STRING database. A total of 204 down-regulated DEGs and 164 up-regulated DEGs were identified as
MeDEGs. GO and KEGG pathway analyses showed that MeDEGs were enriched in multiple cancer-related terms.
Kaplan-Meier survival analysis showed that eight up-regulated MeDEGs (CAMKV, COMP, FGF3, FGF19, FOXL2,
IGF2BP1, IGFBP1 and NPPB) and five down-regulated MeDEGs (ALDH3B2, CALML3, FLRT1, G6PC and
HRASLS2) were associated with prognosis of GC patients. In addition, PPI networks and KEGG pathway analyses
further confirmed the critical role of prognosis-related MeDEGs. In conclusion, methylation plays a critical role
in GC progression. Multiple MeDEGs are related to prognosis, suggesting that they may be potential targets in
tumor treatment.
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1. Introduction cytosine-phosphate-guanine (CpG)-island methylation in DNA reg-

ulatory regions could upregulate oncogenes and downregulate tumor-

According to Global cancer statistics, there were approximately 1.03
million new cases and 0.78 million deaths from gastric cancer (GC) in
2018 [2]. The incidence and mortality were ranked third and fifth
worldwide, respectively. Epidemiological studies have confirmed that
the occurrence of GC is related to Helicobacter pylori (H. pylori) [36]
infection, smoking, alcohol abuse, and intake of salted and high-fat food
[47]. However, the initial symptoms of GC are not typical and the
prognosis of patients in an advanced stage is relatively poor [57].
Hence, research into specific biomarkers and therapeutic targets is still
of great value and significance for the prevention and treatment of GC.

In recent years, the function of epigenetic modifications in the in-
itiation and progression of GC has drawn a lot of attention. DNA me-
thylation, acknowledged as a key modification in the field of epige-
netics, regulates gene expression at the transcriptional level. Aberrant

suppressor genes without changing the sequences. For instance, DNMT
family has been verified as a critical DNA methyltransferase in gen-
erating the aberrant DNA methylation in oocytes [24]. TET family in-
hibited solid tumors and hematological malignancies progression by
mediating active DNA demethylation [20,27]. However, studies of
methylation in the control of gene expression are still inadequate.
Zouridis et al. [61] reported that approximately three quarters of gene
expression showed a negative correlation with methylation. Therefore,
identification of methylation-regulated differentially-expressed genes
(MeDEGs) will be helpful in further clarifying the role of methylation
and identifying candidate targets for future research.

In the last few years, with the development of high-throughput se-
quencing platforms, increasing numbers of differentially-expressed
genes (DEGs) and epigenetic alterations have been revealed in diverse
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malignancies. For instance, Ge et al. [14] applied an Illumina Human
Methylation 450 K BeadChip to detect methylation expression profiles
and corresponding methylation expression in five early-onset GC pa-
tients and seven advanced patients. The results demonstrated that hy-
permethylation of EIF4E was associated with age at diagnosis and poor
survival of GC patients. Bure et al. [3] also utilized a Human Methy-
lation 450 K BeadChip to analyze the DNA methylation level in gas-
trointestinal stromal tumor (GISTs) cell lines. Researchers identified
two CpG sites that control CD34 expression. Moreover, studies into the
differential methylation and expression of CD34 provide new evidence
for the idea that GISTs arise from different cell subpopulations.

The Illumina Human Methylation 450 K BeadChip can detect almost
450,000 methylation sites and covers 96% of the CpG islands in the
entire human genome [42]. Furthermore, it can detect differential
tissue methylation sites of normal tissues and tumors, miRNA promoter
regions and 90% of the sites on the Human Methylation 27 BeadChip
[40].Previous studies have shown that the Illumina Human Methylation
450 K BeadChip has important applications in research into methyla-
tion. However, conjoint analysis of GC methylation in large cohorts has
not been performed. In our study, we obtained in silico data and clinical
information of GC from The Cancer Genome Atlas (TCGA, http://
cancergenome.nih.gov) project [46]. MeDEGs and related enrichment
analysis were then identified. Furthermore, prognosis-related MeDEGs
and protein-protein interaction (PPI) networks were analyzed. We
aimed to identify new specific biomarkers and therapeutic targets for
GC patients based on the [llumina Human Methylation 450 K BeadChip.

2. Materials and methods
2.1. Sample collection

We downloaded GC transcriptome profiles and clinical information
from TCGA through the Genomic Data Commons (GDC) Data Transfer
Tool 1.3.0 [46]. As of September 2018, the public database included the
expression profiles of 375 GC tissues and 32 normal tissues derived by
RNA-seq. Then, we found that 338 out of 375 GC tissues had also been
examined in the Illumina Human Methylation 450 K BeadChip platform
and we obtained corresponding methylation data using GDC software.
According to the publication guidelines (2015) provided by TCGA
(https://cancergenome.nih.gov/publications/publicationguidelines),
our study does not require the approval of an ethics committee.

2.2. Data processing for the identification of DEGs and MeDEGs

We constructed an RNA matrix containing the transcriptome pro-
files using PERL software. The coding RNAs were extracted and then the
official gene ID was converted to the gene name according to Ensembl
(Homo sapiens) (http://asia.ensembl.org/index.html). DEGs were
identified with the edgeR package with a threshold |log2 fold change
(FC)| > 2.0 and P-value < 0.01. Additionally, we analyzed the corre-
lation between methylation data and DEG expression using Spearman’s
correlation analysis. The DEGs were classified as MeDEGs when they
satisfied the cut-off criteria including correlation coefficient < -0.2 and
P-value < 0.01. The volcano plot and scatter plots were mapped by R
software.

2.3. Functional enrichment analyses

To explore the function of the MeDEGs in GC tumorigenesis and
metastasis, gene ontology (GO) [15] and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways [10] were analyzed using DAVID
(https://david.ncifcrf.gov/), which is a web server that annotates an
input set of genes with enrichment analyses based on human disease
databases.
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2.4. Association analysis between MeDEGs and GC patient prognosis

First, we divided the 338 GC patients into two groups according to
the median methylation value of each MeDEG. Additionally, GC pa-
tients were also divided into a hypermethylation and low-expression
MeDEG (Hyper-LG) group and a hypomethylation and high expression
MeDEG (Hypo-HG) group according to the median value of methylation
and expression of MeDEGs. Comparison of the overall survival between
each two groups was then analyzed. Kaplan-Meier’s method and the
log-rank test were performed to assess survival rate. Differences with P-
value < 0.05 were regarded as statistically significant.

2.5. PPI network construction of prognosis-related MeDEGs

PPI analysis was performed to reveal the molecular mechanisms of
the prognosis-related MeDEGs in GC. We utilized the STRING protein
database v10.5 (http://string-db.org/) to construct the PPI networks.
An interaction score > 0.4 was regarded as the cut-off criterion.

3. Results
3.1. Identification of DEGs and MeDEGs in GC

The flowchart of our research was shown in Fig. 1 [30]. We iden-
tified DEGs between 375 GC and 32 normal tissue expression profiles
from TCGA. As a result, we identified 858 up-regulated and 778 down-
regulated DEGs using the edgeR package. The DEGs are shown as a
volcano plot in Supplementary Fig. 1. Then, we analyzed the correla-
tion between DEG expression and methylation value. In total, 164 up-
regulated and 204 down-regulated DEGs were identified as MeDEGs
that satisfied the cut-off criteria. The list of MeDEGs was shown in
Supplementary Table 1. The top 10 up-regulated and down-regulated
genes with the highest Spearman’s correlation coefficients are shown in
Fig. 2. Among them, multiple genes have been verified mediating the
function of DNMT family and TET family. For instance, TET-induced
oxidation of 5-methylcytosine of LEFTY1 and reversed the methylation
effect of DNMT3A and DNMT3B in early body formation [7]. SALL4
was a 5hmC binder and promoted 5hmC oxidation by stabilizing TET2
association in mouse embryonic stem cells [48].

3.2. Functional enrichment analyses of MeDEGs

To further reveal the function of MeDEGs in GC, we subjected the
368 MeDEGs to GO and KEGG pathway analysis using DAVID 6.8. The
enrichment analyses of biological processes are shown in Fig. 3A.
Among them, negative regulation of transcription from the RNA poly-
merase II promoter, proteolysis and cell differentiation are associated
with cancer. Furthermore, cell component analysis indicated that Me-
DEGs are mainly enriched in the extracellular exosome, extracellular
region and extracellular space (Fig. 3B). As for molecular function
(Fig. 3C), sequence-specific DNA binding was the most enriched term.
KEGG pathway enrichment analysis suggested that MeDEGs pre-
dominantly participated in the cancer-related pathways including the
PI3K-Akt signaling pathway, chemical carcinogenesis, glycolysis, gas-
tric acid secretion and PPAR signaling pathway (Fig. 3D).

3.3. MeDEGs related to the prognosis of GC patients

We preformed Kaplan-Meier curve analysis to identify the MeDEGs
related to overall survival. First, we analyzed the relationship between
MeDEG methylation data and prognosis. The Kaplan-Meier curves
showed that hypermethylation of eight up-regulated MeDEGs (CAMKYV,
COMP, FGF3, FGF19, FOXL2, IGF2BP1, IGFBP1 and NPPB) and hypo-
methylation of five down-regulated MeDEGs (ALDH3B2, CALML3,
FLRT1, G6PC and HRASLS2) were positively correlated with overall
survival (Fig. 4).
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Fig. 1. The flow chart of bioinformatics analysis in the present research.

Next, we further compared the prognosis of the above 13 MeDEGs
between the Hyper-LG group and the Hypo-HG group. As shown in
Fig. 5, the results showed that Hypo-HGs of eight up-regulated MeDEGs
(CAMKV, COMP, FGF3, FGF19, FOXL2, IGF2BP1, IGFBP1 and NPPB)
and Hyper-LGs of five down-regulated MeDEGs (ALDH3B2, CALML3,
FLRT1, G6PC and HRASLS2) were significantly related to poor survival
of GC patients (Fig. 5).

3.4. PPI network construction of prognosis-related MeDEGs

We utilized the STRING protein database to analyze the PPI net-
works of prognosis-related MeDEGs. The PPI enrichment P-value was
2.02 x 1078 (Supplementary Fig. 2). Furthermore, we performed
KEGG pathway enrichment analysis of the genes involved in the PPI
networks. It was worth noting that 12 out of the top 20 KEGG pathways
were closely related to cancer, including the PI3K-Akt signaling
pathway, Rapl signaling pathway, Ras signaling pathway, prostate
cancer, pathways in cancer, MAPK signaling pathway, proteoglycans in
cancer, glycolysis, AMPK signaling pathway, FoxO signaling pathway,
central carbon metabolism in cancer and chemical carcinogenesis
(Table 1).

4. Discussion

So far, a series of DNA sequence modifications including 5-
Methylcytosine, N6-methyladenine and N4-methylcytosine have been
found in the process of tumorigenesis through bioinformatics analysis
[5,18]. However, DNA methylation plays a critical role in the regula-
tion of cancer-related gene expression [33]. Furthermore, DNA me-
thylation is recognized as a biomarker [60] and therapeutic target for
GC [6]. Thus, there is an urgent need to identify and analyze MeDEGs

based on a large sample size of whole-genome sequences.

In the present research, we identified a total of 164 up-regulated
and 204 down-regulated MeDEGs according to the results of
Spearman’s correlation analysis. We further performed functional en-
richment analysis to clarify the role of methylation in GC. Negative
regulation of transcription from the RNA polymerase II promoter,
proteolysis, cell differentiation and cell — cell signaling related to cancer
were enriched in biological processes. Negative regulation of tran-
scription was consistent with the function of methylation [21]. Dereg-
ulation of proteolysis contributed to the induction and progression of H.
pylori-induced GC [37].

Cell differentiation is another important process in the development
and prognosis of GC. Cellular component analysis showed that a ma-
jority of MeDEGs were expressed in the extracellular exosome, extra-
cellular region and extracellular space. This indicated that MeDEGs
might exert their biological functions by regulating the microenviron-
ment of GC. Enrichment of molecular function included sequence-spe-
cific DNA binding which was related to promoter binding. Furthermore,
receptor binding [28], cytokine activity [38] and growth factor activity
[29] were also important mechanisms in GC. KEGG pathway analysis
further clarified the function of MeDEGs. The PI3K-Akt signaling
pathway was one of the most critical mechanisms promoting GC mi-
gration, invasion and epithelial-mesenchymal transition (EMT) [19].
Aerobic glycolysis, also known as the Warburg effect, could accumulate
lactate and promote development of GC [55]. Furthermore, the PPAR
signaling pathway has been reported to be down-regulated in the ma-
lignant transformation of intestinal-type early GC [34].

In this study, we applied Kaplan—Meier curve analysis to identify the
methylation and expression of MeDEGs that correlated with clinical
prognosis among GC patients. Ultimately, eight up-regulated MeDEGs
(CAMKV, COMP, FGF3, FGF19, FOXL2, IGF2BP1, IGFBP1 and NPPB)
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Fig. 2. The up-regulated and down-regulated differentially-expressed genes with the top 10 correlation coefficients.
(A) Spearman’s correlation analysis between methylation of up-regulated genes (horizontal axis) and expression (vertical axis); (B) Spearman’s correlation analysis
between methylation of down-regulated genes (horizontal axis) and expression (vertical axis). Spearman’s correlation coefficient and P-values are shown in each plot.

MeDEGs, methylation-regulated differentially-expressed genes.

were detected as prognosis-related indicators. CAMKV is a member of
the cyclin-dependent kinase family and previous research has mainly
focused on nervous system disorders [26,43]. COMP is a soluble gly-
coprotein expressed in cartilage. Englund et al. [11] reported that
COMP is up-regulated in breast cancer tissues and it has been confirmed
by in vitro and in vivo experiments that it promotes invasiveness and

viability of breast cancer cells. Furthermore, COMP has been verified as
a driver of the progression of prostate cancer by interfering with Ca®*
homeostasis and lactate production [12]. Zhou et al. [59]. indicated
that COMP correlated with recurrence of stage III and IV GC patients
who were treated with surgery and chemoradiotherapy. Li et al. [25]
revealed that methylation of FGF3 was confirmed as a biomarker for
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detecting oral squamous cell cancer. Moreover, Sun et al. [44] revealed
that FGF 3 hypomethylation could serve as a potential biomarker for
oral squamous cell cancer which occurred in the early stage of oral
carcinogenesis. Salem et al. [41] recently reported that FGF3 was up-
regulated in GC. However, little is known about the function and reg-
ulatory mechanism of CAMKV, COMP and FGF3 in GC. Studies have
shown that epigenetic modification could directly lead to the dysre-
gulation of FGF19 [8,52]. Wang et al. [45] reported that FGF19 is up-
regulated in GC tissues and cell lines, and enhances the migration and
invasion abilities of GC cells. FOXL2 is regarded as an oncogene in GC
due to its actions in promoting proliferation, metastasis and EMT
[9,54]. Interestingly, the promoter of FOXL2 has been found to be hy-
permethylated in multiple cancers, including non-small cell lung cancer
[58] and esophageal adenocarcinoma [16]. Therefore, it will be ne-
cessary to explore the methylation of FOXL2 in GC in future research.
IGF2BP1, which belongs to a family of RNA-binding proteins, could
promote the stability of c-Myc mRNA by direct binding in GC [50]. Luo
et al. demonstrated that IGFBP1 was up-regulated in H. pylori-infected
GC cell lines. However, it played a protective role in the migration of H.
pylori-induced GC by inhibiting MMP9 [31]. NPPB is a cardiac hormone
which is regarded as a diagnostic biomarker for acute heart failure. In
recent years, NPPB has been identified as an oncogene and candidate
biomarker for malignant cancers, including ovarian cancer [23],

colorectal cancer [13] and osteosarcoma [22]. In GC, NPPB was in-
volved in the H. pylori-induced PI3K/Akt pathway. Nevertheless, re-
search into the role of NPPB in tumorigenesis and progression of GC is
still rare.

Moreover, we identified five down-regulated MeDEGs (ALDH3B2,
CALML3, FLRT1, G6PC and HRASLS2) that were associated with
overall survival. Yang et al. [51] revealed that ALDH3B2 is down-
regulated in gefitinib-resistant cell lines in lung adenocarcinoma, while
Yin et al. [53] demonstrated that ALDH3B2 gene polymorphism may be
a risk factor for esophageal squamous cancer carcinogenesis [53].
CALML3 has been identified as a novel biomarker and therapeutic
target for breast cancer [39], lung adenocarcinoma [56] and hepato-
cellular cancer [49]. CALML3 has also been verified as a tumor sup-
pressive gene which is up-regulated in metformin-treated GC-associated
fibroblasts [4]. FLRT1 has been identified as a long-term survival-re-
lated DEG in glioblastoma which was consistent with our study. G6PC is
involved in glucose mechanism by gluconeogenesis, and is hy-
permethylated in the proximal tubules during the process of diabetic
kidney disease [32]. However, G6PC has been found to be up-regulated
in ovarian cancer [17] and glioblastoma [1], findings which are con-
tradictory to our results. Therefore, the function of G6PC in GC should
be clarified in future research. Moreover, HRASLS2 has been identified
as a potential biomarker to predict the preoperative sensitivity to
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Fig. 4. Kaplan-Meier curves for the methylation of MeDEGs that are associated with overall survival.
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Fig. 5. Kaplan-Meier curves for the methylation-expression of MeDEGs that are associated with overall survival.
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Table 1
The top 20 KEGG pathways enriched by the genes involved in the protein—protein interaction network.
D Description p-value Gene name
hsa04151 PI3K-Akt signaling pathway 2.67E-15 ADH71, IGF1, INS, FGF19, G6PC, FGF3, FGFR2, FGFR1, FGFR3, FGFR4
hsa04015 Rapl signaling pathway 3.13E-15 IGF1, INS, FGF19, FGF3, CALML3, FGFR2, FGFR1, FGFR3, FGFR4
hsa04014 Ras signaling pathway 6.17E-15 IGF1, INS, FGF19, FGF3, CALML3, FGFR2, FGFR1, FGFR3, FGFR4
hsa04810 regulation of actin cytoskeleton 3.48E-11 INS, FGF19, FGF3, FGFR2, FGFR1, FGFR3, FGFR4
hsa05215 prostate cancer 2.15E-09 FOXO1, FGFR1, IGF1, INS, FGFR2
hsa05200 pathways in cancer 2.25E-09 FOXO1, IGF1, FGF19, FGF3, FGFR2, FGFR1, FGFR3
hsa04010 MAPK signaling pathway 6.92E-09 FGF19, FGF3, FGFR2, FGFR1, FGFR3, FGFR4
hsa04550 signaling pathways regulating pluripotency of stem cells 2.05E-08 FGFR2, FGFR1, FGFR3, IGF1, FGFR4
hsa00010 glycolysis / gluconeogenesis 8.04E-08 ADH?7, ADH6, G6PC, ALDH3B2
hsa05218 melanoma 1.00E-07 FGF19, FGFR1, FGF3, IGF1
hsa04152 AMPK signaling pathway 8.91E-07 FOXO1, G6PC, IGF1, INS
hsa04068 FoxO signaling pathway 1.17E-06 FOXO1, G6PC, IGF1, INS
hsa04910 insulin signaling pathway 1.34E-06 CALML3, FOXO01, G6PC, INS
hsa00350 tyrosine metabolism 1.41E-06 ADH7, ADH6, ALDH3B2
hsa04213 longevity regulating pathway 7.89E-06 FOXO1, IGF1, INS
hsa05230 central carbon metabolism in cancer 9.01E-06 FGFR2, FGFR1, FGFR3
hsa00982 drug metabolism - cytochrome P450 9.81E-06 ADH7, ADH6, ALDH3B2
hsa00980 metabolism of xenobiotics by cytochrome P450 1.15E-05 ADH7, ADH6, ALDH3B2
hsa01521 EGFR tyrosine kinase inhibitor resistance 1.56E-05 FGFR2, FGFR3, IGF1
hsa04151 chemical carcinogenesis 1.62E-05 ADH7, ADH6, ALDH3B2

KEGG: Kyoto Encyclopedia of Genes and Genomes.

chemoradiotherapy in advanced rectal cancer [35]. From the above, the
methylation state and function of five down-regulated MeDEGs in GC
have not been well elucidated.

We constructed the PPI networks that involved prognosis-related
MeDEGs. Then, KEGG pathway analysis was performed to clarify the
function of the identified genes in the PPI networks. The results showed
that multiple cancer-associated pathways were identified which ver-
ified that prognosis-related MeDEGs play critical roles in the progres-
sion of GC. Thus, additional research is needed to explore the biological
and molecular mechanisms of these MeDEGs in GC.

In conclusion, we identified MeDEGs by analyzing the expression
profiles and methylation data of GC samples from TCGA. Functional
enrichment analyses further confirmed the role of MeDEGs in GC.
Moreover, we identified eight up-regulated MeDEGs and five down-
regulated MeDEGs that were related to overall survival. PPI networks
and KEGG pathway analyses further clarified the function of prognosis-
related MeDEGs. Our study deepens the understanding of methylation
and provides novel therapeutic targets and prognosis-related bio-
markers for further research.
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