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Abstract. Glioblastoma multiforme (GBM) is the most
malignant primary tumour type of the central nervous system
with limited therapeutic options and poor prognosis, and its
pathogenic mechanisms have remained to be fully elucidated.
Aberrant DNA methylation is involved in multiple biological
processes and may contribute to the occurrence and develop-
ment of GBM by affecting the expression of certain genes.
However, the specific molecular mechanisms remain to be
fully elucidated. The present study focused on uncovering
differentially expressed genes with altered methylation status
in GBM and aimed to discover novel biomarkers for the
diagnosis and treatment of GBM. These genes were identified
by combined analysis of multiple gene expression and meth-
ylation datasets from gene expression omnibus (GSE16011,
GSES50161 and GSE 50923) to increase the reliability. In
addition, The Cancer Genome Atlas (TCGA) dataset for
GBM was used to test the stability of the results. Overall,
251 hypomethylated upregulated genes (Hypo-UGs) and 199
hypermethylated downregulated genes (Hyper-DGs) were
identified in the present study. Functional enrichment analysis
revealed that the Hypo-UGs are involved in the regulation
of immune- and infection-associated signalling, while the
Hyper-DGs are involved in the regulation of synaptic trans-
mission. The three hub genes for Hyper-DGs (somatostatin,
neuropeptide Y and adenylate cyclase 2) and five hub genes for
Hypo-UGs [interleukin-8, matrix metalloproteinase (MMP)9,
cyclin-dependent kinase 1, 2'-5'-oligoadenylate synthetase 1,
C-X-C motif chemokine ligand 10 and MMP2] were identi-
fied by protein-protein interaction network analysis. Among
the Hypo-UGs and Hyper-DGs, overexpression of C-type
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lectin domain containing 5A, epithelial membrane protein 3,
solute carrier family 43 member 3, STEAP3 metalloreductase,
tumour necrosis factor a-induced protein 6 and apolipo-
protein B mRNA editing enzyme catalytic subunit 3G was
significantly associated with poor prognosis in the TCGA and
GSEI16011 datasets (P<0.001). In conclusion, the present study
uncovered numerous novel aberrantly methylated genes and
pathways associated with GBM. Methylation-based markers,
including the hub genes and prognostic genes identified, may
potentially serve as markers for the diagnosis of GBM and
targets for its treatment.

Introduction

Glioblastoma multiforme (GBM) is one of the most common,
malignant and deadly of the primary brain tumour types, with
a typical survival time from identification of ~1 year (1,2).
Despite significant efforts to increase the knowledge and
improve the treatment regimens for GBM, the prognosis
remains unsatisfactory (3,4). Due to the multifactorial and
complex pathogenesis of GBM (5), its complex pathogenesis
has remained to be fully elucidated. In-depth exploration
of the pathogenic mechanisms may provide novel clues for
diagnosis and therapy.

Tumour epigenetics is defined as heritable or non-heritable
alterations that affect gene expression and genome stability
through inappropriate regulation of the local chromatin struc-
ture; the mechanisms primarily include DNA methylation,
histone acetylation and the action of non-coding RNAs (6).
According to certain studies, epigenetic modification may be
involved in the earliest phases of tumourigenesis and tumour
promotion (7,8). Aberrant DNA methylation, the most widely
investigated aspect of cancer epigenetics, mainly includes the
gain in methylation of tumour suppressor genes and loss of
methylation of oncogenes, which has an important role in the
regulation of gene expression and various biological func-
tions (9). Multiple studies have demonstrated that certain genes
with altered DNA methylation and gene expression, e.g. the
O-6-methylguanine-DNA methyltransferase gene, promote
the development of GBM (10,11). However, the comprehensive
profiles, pathways and interaction networks associated with
these aberrantly methylated genes in GBM remain largely
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elusive. In addition, previous studies performed analyses
of independent databases containing data from individual
investigations, and the false-positive rates make it difficult to
identify reliable results. Combined analysis of multiple gene
expression and methylation profiles may provide more mean-
ingful and credible results.

Gene expression microarray and transcriptome sequencing
have been used to detect thousands of genes simultaneously,
and are commonly used to identify differentially expressed
genes (DEGs) and gene alterations (12,13). For the gene expres-
sion microarray, the detected hybrid signal has a good linear
correlation with the abundance of the target sequence. In addi-
tion, microarrays have high sensitivity for short sequences,
which is suitable for identifying biomarkers for the diagnosis
of diseases or associated predictions (14). In addition, the
public database Gene Expression Omnibus (GEO) contains
extensive genetic information and serves as a repository for
microarray data retrieval and deposition. Thus, in the present
study, a combined analysis of multiple datasets from the GEO
and further databases was performed to increase the reliability
of the results.

In the present study, a Bioinformatics analysis was
performed to uncover aberrantly methylated DEGs (AMDEGs)
in GBM. Based on the combined analysis of multiple micro-
array datasets in GEO, a number of reliable biomarkers were
identified. In addition, the present study focused on revealing
the functional terms and pathways through enrichment
analysis and aimed to filter hub genes, which may serve as
important diagnostic markers. Eventually, several genes with
a stable impact on prognosis with a threshold of P<0.001 were
screened in order to provide a set of useful therapeutic targets
for future research. Finally, the potential genes worthy of
further study were validated in another independent database,
The Cancer Genome Atlas (TCGA).

Materials and methods

Microarray data retrieval and processing. The keywords
‘GBM’ and ‘gene expression’ or ‘GBM’ and ‘methylation’
were used to search the GEO database (https://www.ncbi.nlm.
nih.gov/geo/) (15,16). Finally, two gene expression profiling
datasets (accession no., GSE16011 and GSE50161) and one
methylation profiling dataset (accession no., GSE50923) were
selected according to the following inclusion criteria: Gene
expression detected using the Affymetrix Human Genome
U133 Plus 2.0 Array; methylation expression detected using
[llumina Methylation27 platform and sample number of
tumours or controls >5. Of the dataset GSE16011 deposited
by Gravendeel et al (17), only 167 samples, including 8 control
brain tissues and 159 GBM tissues, were included. Of the
dataset GSE50161 deposited by Griesinger et al (18), only 47
samples comprising 34 GBM tumours and 13 control brain
tissues were incorporated. The dataset GSE50923 deposited
by Lai et al (19) was based on the platform GPL8490 and
included 54 GBM samples and 24 control brain tissues.
The details for these datasets are provided in Table I. The
online interactive tool GEO2R (https:/www.ncbi.nlm.nih.
gov/geo/geo2r/), an R-based web tool, was used to filter DEGs
or differentially methylated genes (DMGs) by comparing
GBM and normal brain tissue samples separately in each
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dataset, as reported by Sang et al (13). As the threshold for
differential expression, Ifold change (FC)I>2 and P<0.05 were
set, and a [log2FCI>0.1 and P<0.05 were used as the criteria
for identification of DMGs. The ‘MATCH’ function was
applied to identify overlapping DEGs between GSE16011 and
GSES50161. These overlapping DEGs were then intersected
with the DMGs to obtain genes affected by altered DNA
methylation status. Overall, 450 AMDEGs were identified, of
which 199 were hypermethylated and downregulated genes
(Hyper-DGs) and 251 were hypomethylated and upregulated
genes (Hypo-UGs) in GBM. A flow diagram depicting the
study design is provided in Fig. 1.

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analyses. The
Database for Annotation, Visualization and Integrated
Discovery (DAVID; version 6.8; https://david.ncifcrf.gov/) (20),
a web-based online comprehensive functional annotation tool,
was used to perform the GO and KEGG pathway enrichment
analyses on the screened Hyper-DGs and Hypo-UGs (Fig. 1;
enrichment analysis module). GO functional enrichment
analysis was performed in the categories biological process
(BP), cellular component (CC) and molecular function (MF).
All 199 Hyper-DGs and 251 Hypo-UGs genes were uploaded
separately for exploration with the default settings, and only
those enriched terms with >5 gene hits and P<0.05 were
regarded as significant.

Generation of protein-protein interaction (PPI) networks
and module analysis. To predict the functional and physical
protein interactions, the PPI networks of the AMDEGS iden-
tified were predicted and constructed using the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING;
version 10.5; http://string-db.org/) under the default settings
(PPI network construction module; Fig. 1), which integrates a
variety of predicted and experimentally validated interactions
of proteins (21). Nodes lacking a connection in the network
were excluded. The PPI networks were then further analysed
with the plug-in Molecular Complex Detection (MCODE) clus-
tering tool in Cytoscape software version 3.4.0 (http:/www.
cytoscape.org/) (22) to screen significant modules with default
settings. A MCODE score >4 and number of nodes >5 were
the criteria used to define a significant module. Genes in the
module with a degree centrality >10 were considered hub
genes. Module enrichment analysis was then performed with
STRING.

Analysis of the effect of the AMDEGs on overall survival (OS).
Prognostic assessments for AMDEGS as continuous variables
were performed separately for the GSE16011 dataset and the
TCGA GBM validation dataset using univariate Cox propor-
tional hazard regression (survival analysis module; Fig. 1). The
hazard ratio (HR) was calculated and displayed. P<0.001 was
considered to indicate statistical significance. Clinical and
gene expression data of GSE16011 used in the present study
were obtained from the official GEO website (https:/www.
ncbi.nlm.nih.gov/geo/) and the relevant study (17). Normalized
mRNA array data and phenotype files of TCGA data on GBM
were downloaded from the University of California Santa Cruz
(UCSC) Xena browser (https://genome-cancer.ucsc.edu) (23).
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Table I. Details of the datasets used in the present study.

Dataset Sample Array Platform Tumour Normal Detail

GSE16011 GBM  mRNA GPL8542 159 8 Affymetrix GeneChip Human
Genome U133 Plus 2.0 Array

GSES0161 GBM  mRNA GPL570 34 13 Affymetrix Human Genome
U133 Plus 2.0 Array

GSE50923 GBM  Methylation GPL8490 54 24 [llumina HumanMethylation27
BeadChip

TCGA (Oncomine) GBM  mRNA AffyUl133a 542 10 Affymetrix HT Human Genome
Ul33a

TCGA®* GBM  Methylation Methylation27k 163 140 (GEO)®  Tllumina Methylation27 platform

“The differentially methylated genes of the TCGA GBM cohort were available from the study by Lai ef al (19). "The methylation values of
normal tissues were obtained from the GEO database. GBM, glioblastoma multiforme; GEO, Gene Expression Omnibus; TCGA, The Cancer

Genome Atlas.
Expression datasets Methylation dataset
GSE16011 GSE50161 GSES0923
(GEO2R: |FC|>2, (GEO2R: [FC|>2, (GEO2R: |log,FC|>0.1,
P<0.05) P<0.05) P<0.05)
| | -
DEGs DEGs DMCpGs
L J r
Intersection DEGs DMGs
(According to the annotation file)
I | | |
Upregulated Downregulated Hypomethylated Hypermethylated
(1218) (12486) (4751) (1947)
1 1
I 1
| 1
Hypo-UGs ! :
(251) M o o i ——————— - Hyper—DGs - ——
(199)
| ]

PPI network construction
MCODE for module analysis
Hub genes identification
(degree>10)

Enrichment analysis
KEGG/GO functional
analysis

Survival analysis TCGA validation
GSE16011/TCGA Hub genes/prognositic genes
Univariate cox regression Expression (oncomine database)
P<0.001 as criteria Methylation (supplement table in
intersection analysis published article)

Figure 1. Flow chart depicting the design of the present study. DEGs, differentially expressed genes; DMCpGs, differentially methylated CpG sites; DMGs,
differentially methylated genes; Hyper-DGs, hypermethylated and downregulated genes; Hypo-UGs, hypomethylated and upregulated genes; FC, fold change;
PPI, protein-protein interaction; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; TCGA, The Cancer Genome Atlas.

Samples were divided into two groups based on the median
expression value of specific genes. The Kaplan-Meier analysis
and the log-rank test were utilized to predict the effect of
high or low levels of certain genes on survival. All analyses
and plots were performed with the R software (version 3.4.4;
https://www.R-project.org/) using the packages ‘survival’ and

‘ggplot2’.

Verification of the expression and methylation levels of hub
genes and prognostic genes. The expression and methylation
levels of hub genes and prognostic genes were then validated
in TCGA database to confirm the validity (TCGA valida-
tion module; Fig. 1). First, the expression levels of these hub
genes and prognosis-associated genes were explored using
TCGA GBM U133 array dataset in the Oncomine database
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Figure 2. Heat map depicting the expression differences in the top 30 significant Hypo-UGs and Hyper-DGs between normal and tumour tissues in GSE16011.
Red represents high expression of genes and blue represents low expression of genes. Each column represents each individual GBM sample. Hyper-DGs,
hypermethylated and downregulated genes; Hypo-UGs, hypomethylated and upregulated genes.

(https://www.oncomine.org). The DMGs between normal
tissue and GBM in the TCGA GBM datasets were obtained
from a previous study (19). The median methylation level
(B-values) of specific CpG sites in normal brain tissue and
tumour tissue, median 3 differences between normal tissue and
tumour tissue, and P-values (computed by a non-parametric
Wilcoxon Rank-Sum test) were available from the supplemen-
tary materials of the published study (19). The details of the
TCGA GBM gene expression dataset and methylation dataset
are presented in Table I.

Results
Identification of DMGs and DEGs in GBM. The flowchart

depicting the design of the present study is provided in Fig. 1.
To characterize the AMDEGs in GBM, two expression profile

datasets (GSE16011 and GSE50161) and one methylation profile
(GSE50923) from the GEO database were analysed. A total of
1,218 overlapping upregulated genes (1,574 in GSE16011 and
2,854 in GSES50161) and 1,246 overlapping downregulated
genes (1,494 in GSE16011 and 2,518 in GSE50161) were identi-
fied. In terms of differentially methylated CpG sites from the
methylation array data (GSE50923), 1,947 hypermethylated
CpG sites and 4,751 hypomethylated CpG sites were identified.
A total of 199 Hyper-DGs and 251 Hypo-UGs were then catego-
rized by comparing the 2,464 DEGs with the 6,698 DECpGs.
The representative heatmap depicting the expression differ-
ences of AMDEGsS between normal tissue and tumour tissue in
GSE16011 is provided in Fig. 2. For Hypo-UGs, the expression
of GBM was higher than in normal tissues. For Hyper-DGs, the
expression of GBM was lower than in normal tissues. The 450
AMDEGs identified are provided in Table SI.
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Category Term Count (%) P-value
GOTERM_BP_FAT GO:0006955~immune response 82 (0.24) 2.08x107%
GOTERM_BP_FAT GO0:0006952~defense response 73 (0.21) 1.25x102!
GOTERM_BP_FAT G0:0002682~regulation of immune system process 61 (0.18) 5.18x107
GOTERM_BP_FAT G0:0034097~response to cytokine 45 (0.13) 3.18x10°1
GOTERM_BP_FAT GO0:0009605~response to external stimulus 74 (0.21) 1.20x10
GOTERM_MF_FAT GO0:0008009~chemokine activity 8 (0.02) 4.32x10°
GOTERM_MF_FAT G0:0032403~protein complex binding 27 (0.08) 1.82x10%
GOTERM_MF_FAT G0:0042379~chemokine receptor binding 8(0.02) 2.37x10°
GOTERM_MF_FAT GO:0042605~peptide antigen binding 6 (0.02) 3.50x107
GOTERM_MF_FAT G0:0032395~MHC class II receptor activity 5(0.01) 4.15x10°
GOTERM_CC_FAT GO:0005615~extracellular space 57 (0.17) 2.26x10!
GOTERM_CC_FAT GO:0005576~extracellular region 118 (0.34) 3.30x10"
GOTERM_CC_FAT GO0:0044421~extracellular region part 104 (0.30) 9.56x10"
GOTERM_CC_FAT GO:0031012~extracellular matrix 27 (0.08) 1.30x107
GOTERM_CC_FAT GO:0070062~extracellular exosome 73 (0.21) 1.51x10°
KEGG_PATHWAY hsa05150:Staphylococcus aureus infection 13 (0.04) 1.50x101°
KEGG_PATHWAY hsa05323:Rheumatoid arthritis 13 (0.04) 5.32x10®
KEGG_PATHWAY hsa05164:Influenza A 16 (0.05) 5.42x107
KEGG_PATHWAY hsa04145:Phagosome 14 (0.04) 3.07x10°
KEGG_PATHWAY hsa05152:Tuberculosis 15 (0.04) 3.72x10°
Category Term Count (%) P-value
GOTERM_BP_FAT G0:0098916~anterograde trans-synaptic signaling 32(0.10) 3.62x10"
GOTERM_BP_FAT G0:0099536~synaptic signaling 32(0.10) 3.62x107"
GOTERM_BP_FAT G0:0007268~chemical synaptic transmission 32 (0.10) 3.62x10°1
GOTERM_BP_FAT G0:0099537~trans-synaptic signaling 32(0.10) 3.62x10"
GOTERM_BP_FAT G0:0007399~nervous system development 58 (0.19) 4.32x10™"
GOTERM_MF_FAT G0:0022836~gated channel activity 13 (0.04) 2.61x10*
GOTERM_MF_FAT GO0:0005216~ion channel activity 14 (0.05) 7.37x10*
GOTERM_MF_FAT G0:0022838~substrate-specific channel activity 14 (0.05) 1.03x1073
GOTERM_MEF_FAT G0:0005200~structural constituent of cytoskeleton 7(0.02) 1.19x10°
GOTERM_MF_FAT GO0:0015267~channel activity 14 (0.05) 1.95x10°
GOTERM_CC_FAT G0:0097458~neuron part 53 (0.17) 1.18x1071°
GOTERM_CC_FAT GO0:0043005~neuron projection 43 (0.14) 7.03x10°°
GOTERM_CC_FAT GO0:0045202~synapse 33 (0.11) 4.11x10™"
GOTERM_CC_FAT G0:0030424~axon 24 (0.08) 2.18x101°
GOTERM_CC_FAT GO0:0044456~synapse part 27 (0.09) 2.87x10°
KEGG_PATHWAY hsa04727:GABAergic synapse 7(0.02) 3.76x10*
KEGG_PATHWAY hsa04080:Neuroactive ligand-receptor interaction 11 (0.04) 1.06x10°
KEGG_PATHWAY hsa05032:Morphine addiction 6(0.02) 3.58x10?
KEGG_PATHWAY hsa04723:Retrograde endocannabinoid signaling 6 (0.02) 5.59x107
KEGG_PATHWAY hsa04726:Serotonergic synapse 6(0.02) 8.29x107°

If there were >5 terms enriched in the respective category, the top 5 terms were selected according to the P-value. CC, cellular component;
BP, biological process; MF, molecular function; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; MHC, major
histocompatibility complex; hsa, Homo sapiens.

GO and KEGG pathway enrichment analysis. The significant
KEGG pathways and GO terms in the enrichment analysis
performed with DAVID are illustrated in Table II and Fig. 3.

Hyper-DGs were mainly enriched in the functional terms in the
category BP of anterograde trans-synaptic signalling, synaptic
signalling, chemical synaptic transmission, trans-synaptic
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Figure 3. Bar charts and bubble charts for Gene Ontology and KEGG pathway enrichment analysis of aberrantly methylated differentially expressed genes.
The top 5 gene ontology enrichment results (A) and top 10 KEGG enrichment results (B) for Hyper-DGs and the top 5 gene ontology enrichment results (C) and
top 10 KEGG enrichment results (D) for Hypo-UGs. GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; Hyper-DGs, hypermethylated
and downregulated genes; Hypo-UGs, hypomethylated and upregulated genes; CC, cellular component; BP, biological process; MF, molecular function.

signalling and nervous system development. In the category
MF, these genes exhibited enrichment in the terms gated
channel activity,ion channel activity, substrate-specific channel
activity, structural constituent of cytoskeleton and channel
activity. Furthermore, in the category CC, enrichment was
predominantly in the neuron part, neuron projection, synapse,
axon and synapse part (Fig. 3A). KEGG pathway analysis
of Hyper-DGs indicated that these genes were significantly
enriched in GABAergic synapses, neuroactive ligand-receptor
interactions, morphine addiction, retrograde endocannabinoid
signalling and serotonergic synapses (Fig. 3B).

Among the Hypo-UGs, the most significantly enriched
terms in the category BP included immune response, defence
response, regulation of immune system process, response to
cytokine and response to external stimulus. In the category MF,
these genes were accumulated in the terms chemokine activity,
protein complex binding, chemokine receptor binding, peptide
antigen binding and major histocompatibility complex class II

receptor activity. In addition, in the category CC, the Hypo-UGs
were enriched in the terms extracellular space, extracel-
lular region, extracellular matrix and extracellular exosomes
(Fig. 3C). These results indicated that Hypo-UGs may have a
critical role in the tumour immune microenvironment of GBM.
In addition, KEGG pathway analysis indicated enrichment in
Staphylococcus aureus infection, rheumatoid arthritis, influ-
enza A, phagosome and tuberculosis pathways (Fig. 3D).

PPI network construction, module analysis and selection of
hub genes. PPI network construction based on identification
of protein functions and interactions may help screen local
protein interaction networks with specific functions and selec-
tion of hub genes with highly connected nodes or edges. For
Hyper-DGs, the PPI network, which includes 94 connected
nodes and 148 edges, is presented in Fig. 4A. The PPI
network of Hypo-UGs, which included 87 connected nodes
and 168 edges, is illustrated in Fig. 4B, The only significant
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Figure 4. (A and B) PPI network of identified differentially expressed genes with altered methylation status. PPI network of (A) Hyper-DGs and (B) Hypo-UGs.
Disconnected nodes were hidden in the network. PPI, protein-protein interaction; Hyper-DGs, hypermethylated and downregulated genes; Hypo-UGs, hypo-

methylated and upregulated genes.

module for Hyper-DGs containing 8 nodes and 28 edges,
which is linked to G-protein-coupled receptor signalling path-
ways and neuroactive ligand-receptor interactions, is provided
in Fig. 5A. The hub genes of Hyper-DGs identified included
somatostatin (SST), neuropeptide Y and adenylate cyclase 2
with 14, 14 and 12 degrees of connectivity, respectively. The
most significant module for Hypo-UGs containing 12 nodes
and 30 edges is presented in Fig. 5B. Significant vital modules
exhibited functions in several signalling pathways, including
response to virus, response to cytokine and cytokine-mediated
signalling pathways. The significant hub genes of Hypo-UGs
mainly included interleukin (IL)-8, matrix metalloproteinase
(MMP)-9, cyclin-dependent kinase (CDK) 1, 2'-5'-oligoad-
enylate synthetase 1 (OASI), C-X-C motif chemokine ligand
10 and MMP2 with 16, 14, 13, 11, 11, 11 and 10 degrees of
connectivity, respectively. These screened hub genes and
modules may have important roles in the occurrence and
development of GBM.

Survival analysis of AMDEGs. As presented in Table III,
univariate Cox regression analysis revealed that several genes
were significantly associated with OS in the GBM cohort
from the GSE16011 dataset. Comparison of these results
with those for the GBM cohort from TCGA revealed that
C-type lectin domain containing SA (CLEC5A), epithelial

membrane protein 3 (EMP3), solute carrier family 43 member
3 (SLC43A3), STEAP3 metalloreductase, tumour necrosis
factor a-induced protein 6 (TNFAIP6) and apolipoprotein B
mRNA editing enzyme catalytic subunit 3G (APOBEC3G)
were significant genes that stably associated with survival
in the TCGA and GSE16011 cohorts of GBM patients.
Kaplan-Meier plots with the log-rank test P-values and HRs
of these prognosis-associated genes identified in the GBM
cohorts from TCGA and GSE16011 are provided in Fig. 6.
Compared with the low expression groups, high expression
of STEAP3 (Fig. 6A), EMP3 (Fig. 6B), CLEC5A (Fig. 6C),
SLC43A3 (Fig. 6D), APOBEC3G (Fig. 6E) and TNFAIP6
(Fig. 6F) indicated poor prognosis in the TCGA GBM cohort
and the GSE16011 cohort.

Validation of hub and prognosis-associated genes identified.
To test the stability of the results, the expression and methyla-
tion levels of hub genes and prognosis-associated genes were
further explored in the TCGA database for verification. As
presented in Table I'V, the expression levels of all of these genes
concurred with the data presented in Supplementary Table I.
The differences in the methylation levels of these genes,
including CDK1, MMP2 and TNFAIP6, between normal and
tumour tissues did not reach statistical significance in the
TCGA cohort, which may be due to the different standards
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Figure 5. Significant modules in the protein-protein interaction network and enrichment results. (A and B) Significant modules and associated enriched GO
terms and KEGG pathways among (A) Hyper-DGs and (B) Hypo-UGs. ADCY?2, adenylate cyclase 2; GRM7, glutamate metabotropic receptor 7; OPRKI,
opioid receptor kappa 1; MCHR2, melanin concentrating hormone receptor 2; NPY, neuropeptide Y; HTRIE, 5-hydroxytryptamine receptor 1E, HTR5A,
5-hydroxytryptamine receptor 5A; SST, somatostatin; IFI16, interferon gamma inducible protein 16; GBP1, guanylate binding protein 1; IFI14, interferon
induced protein 44; IFI35, interferon induced protein 35; OASI1, 2'-5'-oligoadenylate synthetase 1; ISG20, interferon stimulated exonuclease gene 20; CXCL10,
C-X-C motif chemokine ligand 10; ANXAI, annexin Al; LPARG, lysophosphatidic acid receptor 6; NMB, neuromedin B; GPR65, G protein-coupled receptor
65; EDNRA, endothelin receptor type A; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; Hyper-DGs, hypermethylated and down-
regulated genes; Hypo-UGs, hypomethylated and upregulated genes; CC, cellular component; BP, biological process; MF, molecular function; FDR, false

discovery rate.

used to identify DMGs, as mentioned in the Methods section.
In general, most of the data concurred with those presented in
Supplementary Table I and the results of the present study are
therefore reliable and reproducible.

Discussion

DNA methylation-based central nervous system (CNS) tumour
classification markedly enhances the diagnostic precision
and may correctly modify the primary diagnosis in 12% of
cases (24). Global DNA demethylation is one of the most
important characteristics of glioma. With the recurrence and
progression of glioma, whole DNA methylation undergoes a
marked loss. By contrast, hypermethylation of CpG islands
in promoter regions is an important mechanism of inducing
transcriptional silencing of several genes, which may be
important during glioma formation (25). Etcheverry et al (12)
first performed a genome-wide integrative analysis of meth-
ylation and gene expression profiles in the same GBM cohort.
They determined that 25% of genes associated with DMCpG

sites in GBM vs. control brain tissues were differentially
expressed in a concordant manner. In addition, Wen et al (26)
reported that with the increase in the degree of malignancy
of GBM, the number of genes whose methylation degree was
negatively correlated with mRNA expression increased as
well. Wang et al (27) recently established a methylation-based
eight-gene signature predicting the survival outcomes of GBM
patients. However, the roles of aberrant methylation in the
pathogenic mechanisms of GBM have remained to be fully
elucidated.

In the present study, 251 Hypo-UGs and 199 Hyper-DGs
that may be associated with the development of GBM
were identified by conjunctively analysing gene expres-
sion and methylation profiles. Through functional analysis,
it was determined that Hyper-DGs were associated with
synapsis-associated signalling, which is consistent with the
commonly accepted knowledge that GBM cells derived from
normal brain cells lose numerous functions, including synaptic
transmission performed by normal brain cells. Hypo-UGs
were primarily involved in immune-associated signalling.
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Table III. Significant genes according to the univariate Cox survival analysis of differentially expressed genes with altered

methylation status in the GSE16011 cohort.

A, Hypomethylated and upregulated genes

Gene HR 95% C1 Z P-value
CAPG 1.44 0.20-0.54 422 2.40x10°
PTGFRN 1.51 0.21-0.61 403 5.68x107
STEAP3* 1.32 0.14-0.42 402 5.92x10°
PHLDAI 0.68 -(0.58-0.20) -3.97 7.08x107
EMP3* 1.22 0.10-0.30 3.84 1.22x10*
CLECS5A® 1.25 0.11-0.34 3.83 1.26x10*
AQP1 1.19 0.08-0.27 3.70 2.14x10*
PLA2G2A 1.12 0.06-0.18 3.69 2.25x10*
SLC43A3* 1.51 0.19-0.64 3.57 3.59x10*
GPX1 1.77 0.25-0.89 352 4.36x10*
APOBEC3G* 1.35 0.13-0.47 344 5.76x10*
TNFAIP6* 1.22 0.08-0.32 3.37 7.61x10*
OLRI1 1.25 0.09-0.36 333 8.76x10*
Clorf54 147 0.16-0.62 332 8.89x10*
B, Hypermethylated and downregulated genes

Gene HR 95% CI Z P-value
GNAL 0.64 -(0.70-0.20) -3.55 3.85x10*
ABCAS 1.30 0.11-0.42 343 6.14x10*

“These genes were also significant in the The Cancer Genome Atlas cohort. HR, hazard ratio; CI, confidence interval; CAPG, capping actin
protein, gelsolin like; PTGFRN, prostaglandin F2 receptor inhibitor; STEAP3, STEAP3 metalloreductase; PHLDAT1, pleckstrin homology
like domain family A member 1; EMP3, epithelial membrane protein 3; CLEC5A, C-type lectin domain containing 5SA; AQP1, aquaporin 1
(Colton blood group); PLA2G2A, phospholipase A2 group I1A; SLC43A3, solute carrier family 43 member 3; GPX1, glutathione peroxidase 1;
APOBEC3G, apolipoprotein B mRNA editing enzyme catalytic subunit 3G; TNFAIP6, tumour necrosis factor a-induced protein 6; OLR1,
oxidized low density lipoprotein receptor 1; GNAL, G protein subunit alpha L; ABCAS, ATP binding cassette subfamily A member 5.

Of note, pathway analysis of Hypo-UGs indicated enrich-
ment in infection-associated pathways. Increasing evidence
supports the view that human herpes virus 6, cytomegalovirus
and Epstein-Barr virus infection may participate in glioma
pathogenesis (28-30). A previous study has demonstrated by
electron microscopy that virus-like particles were present
in glioma tissues (31), emphasizing the role of viruses in
the aetiology and pathogenesis of GBM. The present results
provide complementary evidence supporting the theory that
a virus may be a risk factor for the pathogenesis of GBM. In
addition, one significant module identified in Hyper-DGs was
linked to G-protein coupled receptor signalling pathways.
Accumulating evidence has suggested that aberrant expression
of G-protein coupled receptors may participate in BP involved
in the initiation, progression and metastasis of tumours (32,33).
The present results suggest that the function of the G-protein
coupled receptor in the regulation of tumour promotion may be
due to the aberrant methylation of associated genes. However,
this warrants further confirmation by future studies.
Comprehensive analysis of the PPI network identified
6 hub genes in Hypo-UGs and 3 in Hyper-DGs. A previous
study suggested that IL-8 may participate in numerous CNS

abnormalities, including gliomas, by enhancing synapto-
genesis, influencing synaptic transmission and contributing
to neuroinflammation (34). Upregulation of IL-8 has been
observed in glioma tissues (35), which may be linked to pros-
taglandin E2-mediated DNA demethylation of CpG islands in
IL-8 genes (24). OASI is a gene that encodes several essential
proteins that are involved in the innate immune response to
viral infection. These encoded molecules may activate latent
RNase L, which results in viral and endogenous RNA degra-
dation, and inhibition of viral replication. The present results
were consistent with those of a previous study suggesting that
OASI expression is significantly inversely correlated with its
methylation level (12). Somatostatin, encoded by the SST gene,
is a peptide hormone secreted by parts of the CNS that affect
neurotransmission and cell proliferation (36,37). A hyper-
methylation-associated decrease in somatostatin expression
was reported to be important for uncontrolled proliferation of
colorectal cancer and gastric cancer (38-40).

The present results suggested that APOBEC3G,
TNFAIP6, SLC43A3, EMP3, CLEC5A and STEAP3 were
stable prognostic factors for GBM. STEAP3 is a metal-
loreductase that has an important role in the function of
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Figure 6. Kaplan-Meier survival analysis. Kaplan-Meier plots were generated to analyse the overall survival of patients with different expression levels of
(A) STEAP3, (B) EMP3, (C) CLECS5A, (D) SLC43A3, (E) APOBEC3G and (F) TNFAIP6 in the TCGA datasets and log-rank P-values were compared. The
median values of the expression of certain genes were used as the cut-offs to define the high and low expression groups. HR, hazard ratio; TCGA, The Cancer
Genome Atlas; CLECS5A, C-type lectin domain containing SA; EMP3, epithelial membrane protein 3; SLC43A3, solute carrier family 43 member 3; TNFAIP6,
tumour necrosis factor a-induced protein 6; APOBEC3G, apolipoprotein B mRNA editing enzyme catalytic subunit 3G.

cellular iron uptake and maintenance of homeostasis.
One study suggested that STEAP3 was significantly over-
expressed in malignant glioma and that it was associated
with poor prognosis (41). Knockdown of STEAP3 inhibited

cell proliferation and progression, indicating a tumour
promotion function of the STEAP3 gene. EMP3, which
has been reported to exhibit frequent promoter methylation
in high-grade glioma (42), is thought to participate in cell
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Table IV. Validation of the expression and methylation level of hub genes and prognosis-associated genes in The Cancer Genome
Atlas.

A, Hypomethylated and upregulated genes

Expression Fold Methylation Delta f3
Gene status change P-value status (tumour-normal) P-value
IL8 Upregulated 2.603 0.049 Hypomethylated -0.23191 1.50x10°13
MMP9 Upregulated 3.065 6.65x10™" Hypomethylated -0.232866 7.10x10°"3
CDK1 Upregulated 4275 4.03x10* - - -
OASI1 Upregulated 2.20 2.94x10" Hypomethylated -0.294876 2.70x10713
CXCL10 Upregulated 3.716 1.62x107 Hypomethylated -0.236382 3.70x10"
MMP2 Upregulated 4818 4.06x10"° - - -
CLEC5A Upregulated 3.149 6.08x10” Hypomethylated -0.283954 1.10x10™"
EMP3 Upregulated 6.029 3.25x10" Hypomethylated -0.270879 3.70x10713
SLC43A3 Upregulated 4.864 5.48x10% Hypomethylated -0.231417 3.20x10°13
STEAP3 Upregulated 4.968 2.93x10" Hypomethylated -0.210999 3.50x10713
TNFAIP6 Upregulated 2.949 4.86x10°"3 - - -
APOBEC3G Upregulated 3.055 1.14x10° Hypomethylated -0.269254 2.20x10"2
B, Hypermethylated and downregulated genes
Expression Fold Methylation Delta f3

Gene status change P-value status (tumour-normal) P-value
SST Downregulated -80.516 3.95x102! Hypermethylated 0.353893 3.5x10°
NPY Downregulated -22.749 1.58x101° Hypermethylated 0.454559 2.60x107
ADCY?2 Downregulated -3.360 1.54x10% Hypermethylated 0.213494 1.50x10°"3

IL8, interleukin-8; MMP9, matrix metalloproteinase-9; CDK1, cyclin-dependent kinase-1; OAS1, 2'-5'-oligoadenylate synthetase 1; CXCL10,
C-X-C motif chemokine ligand 10; MMP2, matrix metalloproteinase-2; CLEC5A, C-type lectin domain containing 5A; EMP3, epithelial
membrane protein 3; SLC43A3, solute carrier family 43 member 3; STEAP3, STEAP3 metalloreductase; TNFAIP6, tumour necrosis factor
a-induced protein 6; APOBEC3G, apolipoprotein B mRNA editing enzyme catalytic subunit 3G; SST, somatostatin; NPY, neuropeptide Y;

ADCY?2, adenylate cyclase 2.

proliferation and cell-cell interactions (43,44). Studies of
other genes in glioma are limited and these genes require
further exploration.

The GBM datasets from TCGA were then used to validate
the expression and methylation levels of the hub and prognostic
genes identified. The expression levels of all of these genes
were consistent with the previously obtained results. However,
the methylation levels of CDK1, MMP2 and TNFAIP6 in the
TCGA cohort were not consistent with the previous results,
which may be due to different methods used to identify the
DMGs as aforementioned.

Several limitations of the present study should be
considered. First, the influence of AMDEGs lacks further
experimental validation. Supplementary molecular experi-
ments are required to better confirm the results of the candidate
genes and pathways identified. Second, the sample size was
insufficient, although multiple datasets were analysed in
combination. Furthermore, the intersection analysis between
GSEI16011 and GSE50161 may exclude certain important
predictors that may result in limited screening ability.

However, the indicators highlighted are biologically reason-
able and reliable. In addition, the quality of the chip was not
strictly evaluated and the batch effect may have occurred in
the interior of each dataset. However, through validation in the
TCGA database, the results are relatively stable. The present
study represents a significant step in the systematic assessment
of the GBM microenvironment.

In conclusion, numerous AMDEGs and associated path-
ways in GBM were revealed in the present study through
integrative analyses of gene expression and methylation
profiling. These results will help identify valuable therapeutic
targets and diagnostic markers for GBM and promote the
understanding of the cumulative roles of epigenetic mecha-
nisms in the aetiology and pathogenesis of GBM. In addition, a
set of hub genes in a PPI network was identified, which may be
used as methylation-based biomarkers for the precise diagnosis
of GBM. Through survival analysis, it was determined that
CLEC5A, EMP3, SLC43A3, STEAP3 and APOBEC3G may
be used as potential methylation-based prognostic biomarkers
and serve as potential targets for treatment.
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