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Abstract: Objectives: To explore the key genes involved in the occurrence and development of glioblastoma (GBM)
by analyzing whole-transcriptome sequencing and biologic data from GBM and normal cerebral cortex tissues and
to search for important noncoding RNA (ncRNA) molecular markers based on the competitive endogenous RNA
(ceRNA) network. Methods: Ten GBM and normal cerebral cortex tissues were collected for full transcriptome se-
quencing, screened for differentially expressed (DE) mRNAs, miRNAs, IncRNAs, and circRNAs, and subjected to
bioinformatic analysis. We constructed a Protein-Protein Interaction (PPI) network and a circRNA/IncRNA-miRNA-
mRNA regulatory network and identified them using reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Finally, The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) databases were
used to validate and conduct a survival analysis of the target genes. Results: A total of 5341 DEmRNAs, 259
DEmiRNAs, 3122 DEIncRNAs, and 2135 DEcircRNAs were identified. Enrichment analysis showed that target genes
regulated by DEmiRNA, DEIncRNA, and DEcircRNA were closely related to chemical synaptic transmission and ion
transmembrane transport. A PPl network analysis screened 10 hub genes that directly participate in tumor cell
mitosis regulation. In addition, the ceRNA composite network showed that hsa-miR-296-5p and hsa-miR-874-5p
were the central nodes of the network, and the reliability of relevant key molecules was successfully verified through
RT-qPCR identification and the TCGA database. The CGGA database survival analysis produced 8 DEmRNAs closely
related to GBM patient survival prognosis. Conclusions: This study revealed the important regulatory functions and
molecular mechanisms of ncRNA molecules and identified hsa-miR-296-5p and hsa-miR-874-5p as key molecules
in the ceRNA network. They may play an important role in GBM pathogenesis, treatment, and prognosis.
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Introduction in molecular-targeted therapy, immunotherapy,

and other treatment strategies for GBM, the
Gliomblastma (GBM) is known as a “brain Kkill- prognosis of GBM patients is still poor, and the
er” and is one of the most aggressive malig- median survival time after diagnosis is only
nant solid tumors. It accounts for 48% of pri- 1-1.5 years [1, 3, 4]. The main reason is that
mary malignant tumors of the central nervous there is a poor understanding of the complex
system. Relapse after treatment is common in GBM regulatory process, which involves multi-
GBM, making it highly fatal [1, 2]. Although a ple factors and elements, and there are no reli-

series of significant advances have been made able tools for early diagnosis and treatment
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monitoring. Therefore, the molecular mecha-
nisms underlying the occurrence and develop-
ment of GBM are key scientific problems that
urgently need to be solved in the clinical treat-
ment of GBM. In short, if we use efficient bioin-
formatic analytical methods to reveal the
pathogenic mechanism of GBM and screen out
the core genes related to GBM, this will open up
more possibilities for precise treatment and will
bring more benefit to the clinical diagnosis and
treatment.

The publication of the draft of the human
genome in 2001 marked the moment when
human beings obtained their own “book of
nature”. In the human genome, less than 2% of
DNA can encode proteins. Much of the other
98% of the DNA is only transcribed into RNA
and cannot be further translated into protein
[5, 6]. Our understanding of ncRNA is still in its
early stages. ncRNAs not only act as regulatory
factors and play key roles in tumor proliferation,
invasion, apoptosis, autophagy, and immune
response but also are specific biomarkers that
have broad clinical application prospects in
assisted diagnosis of tumors, treatment guid-
ance, and prognostic assessment [7-10]. In
recent years, high-throughput sequencing tech-
nology and bioinformatic analysis have com-
pletely changed the research methods of bio-
medicine and other disciplines. Through RNA
sequencing (RNA-Seq), thousands of ncRNAs,
mainly microRNAs (miRNAs), long noncoding
RNAs (IncRNAs), and circular RNAs (circRNAs),
have been identified [11, 12]. The ceRNA
hypothesis reveals a new mechanism of RNA
interaction, which represents a new gene
expression regulatory mode. Compared to
MiRNA networks, ceRNA regulatory networks
are more elaborate and complex and involve
many types of RNA molecules (NRNAs, pseudo-
gene transcripts, INcRNAs, and circRNAs) [13,
14]. Such RNA molecules with common miRNA
response elements can affect the biologic
characteristics of tumors by competitively bind-
ing to miRNAs [15]. Therefore, ceRNA regulato-
ry network analysis provides a new perspective
from which researchers can carry out whole-
transcriptome studies, which will help to com-
prehensively explain the biologic phenomena of
tumors.

In this study, we used whole-transcriptome
sequencing technology to screen five groups of
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tumor tissues (diagnosed as GBM after post-
operative pathology) and normal cerebral corti-
cal tissues (cerebral herniation caused by
traumatic brain contusion, requiring internal
decompression) to find differentially expressed
MRNAs, miRNAs, IncRNAs, and circRNAs. Data
were visualized and analyzed by bioinformatic
methods and functional interaction prediction
for DEmRNA data under different conditions.
Finally, a ceRNA regulatory network composed
of circRNAs, IncRNAs, miRNAs, and mRNAs
was constructed using the key molecules miR-
296-5p and miR-874-5p in the network as the
entry points to select ceRNAs that had comple-
mentary pairing relationships with them.
RT-gPCR and survival analysis were performed
to verify the roles of these ceRNAs. Therefore,
our results not only provide new evidence for
the ceRNA regulatory network related to the
pathogenesis of GBM but also provide possible
biomarkers for precise treatment and progno-
sis of GBM.

Materials and methods
Patients and sample collection

GBM tissues (confirmed to be GBM by postop-
erative pathological diagnosis) and normal
cerebral cortex tissues (from patients with trau-
matic brain contusions and lacerations com-
bined with cerebral hernias requiring internal
decompression) were collected intraoperative-
ly. After the samples were isolated, they were
rinsed with normal saline and immediately
transferred to a 1.8-ml RNA-free cryopreserved
tube, which was stored at -80°C. Five clinical
samples from the GBM group (C) and normal
control group (N) were selected for whole-tran-
scriptome sequencing, and the remaining sam-
ples were stored for verification (Table S1).
Ethical approval for this study was obtained
from the Ethics Committee of the Affiliated
Hospital of Hebei University, and written
informed consent was received from all partici-
pants (No. HDFY-LL-2022-046).

Whole-transcriptome library construction and
sequencing

First, RNA was isolated with TRIzol reagent
(Invitrogen, Grand Island, NY), and total RNA
was purified by the Qiagen RNeasy mini kit
(Qiagen, Valencia, CA). Purified RNA was ana-
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lyzed on an ND-8000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE).
High-quality total RNA was used as the start-
ing material. Briefly, total RNA was used to
remove ribosomal RNAs (rRNAs) with the
NEBNext rRNA Depletion Kit (New England
Biolabs, Inc., Massachusetts, USA) following
the manufacturer’s instructions. RNA libraries
were constructed using the NEBNext® Ultra™
Il Directional RNA Library Prep Kit (New England
Biolabs, Inc., Massachusetts, USA) according
to the manufacturer’'s instructions. Libraries
were controlled for quality and quantified us-
ing the BioAnalyzer 2100 system (Agilent
Technologies, Inc., USA). Library sequencing
was performed on an lllumina NovaSeq 6000
instrument with 151-bp paired end reads.

microRNA library construction and sequencing

Total RNA was isolated with TRIzol reagent
(Invitrogen, Grand Island, NY). Total RNA was
analyzed on an ND-8000 spectrophotometer
(NanoDrop, Technologies, Wilmington, DE) by
agarose electrophoresis or using a 2100
Bioanalyzer (Agilent Technologies, Santa Clara,
CA) for quantification. RNA samples were used
if no smear was present on the agarose gel.
RNA samples were also used if the 260/280
ratio was above 2.0 and the RNA integrity
number (RIN) was greater than 7.0. High-quality
total RNA (1 ug) was used as the starting mate-
rial. The TruSeq small RNA sample preparation
kit was used for 3’ adaptor ligation, 5’ adaptor
ligation, reverse transcription, PCR amplifica-
tion, and PAGE-purified small RNA library con-
struction. Quality control and sequencing steps
were the same as those described in section
2.2.

Whole-transcriptome sequencing data analysis

Briefly, fastp [16] software (v0.20.0) was used
to trim adaptors and remove low-quality reads
to obtain high-quality clean reads. STAR [17]
software (v2.7.9a) was used to align the high-
quality clean reads to the human reference
genome (hg38). FeatureCounts [18] (v2.0),
HTSeq [19] (v0.13.5), and DCC [20] (v0.5.0)
software were used to obtain raw gene-level
RNA read counts and determine the RNA
expression profile (MRNA, IncRNA, and cir-
cRNA). As a high-throughput sequencing differ-
ence analysis method, DESep2 [21] can inter-
pret potential confounding factors through
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generalized linear models, and has a good esti-
mate of gene expression variance based on the
negative binomial distribution’s dispersion
parameter. DESeq2 [21] software (v1.30.1)
was used to normalize and calculate fold
changes and P values between two groups.
DERNAs with a fold change > 2 that met the
significance threshold P < 0.05 were consid-
ered significant. The Ensembl GTF gene anno-
tation database (v104) was used to annotate
the RNAs. ClusterProfiler [22] is an enrichment
analysis software that judges enrichment items
based on Over-Representation Analysis. Gene
Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment
analyses were performed with the clusterPro-
filer R package (v3.18.1) based on the DERNAs.
rMATS [23] software (v4.1.1) was used to pre-
dict alternative between-group splicing events.
A heatmap was drawn for the DEmMRNAs,
DEmIiRNAs, DEIncRNAs, and DEcircRNAs using
the pheatmap R package (https://cran.r-project.
org/web/packages/pheatmap/).

microRNA sequencing data analysis

First, fastp software was used to trim adaptors
and filter low-quality reads to obtain high-quali-
ty clean reads. Then, clean reads from all sam-
ples were merged, and miRDeep2 [24] soft-
ware (v0.1.3) was used to predict novel miRNAs.
The clean reads were then aligned to the mer-
ged human miRNA databases (miRNA from
miRbase v22.1 plus the newly predicted novel
miRNAs) using Novoalign software (v3.09.04)
with at most one mismatch. The mapped
miRNA read counts were defined as the raw
expression levels of that miRNA. The read
counts were then normalized by DESeq2 R
packages.

PPI network and module analysis of DEmRNAs

The interaction between DEG-encoded proteins
was analyzed by STRING [25] (version 11.5;
https://cn.string-db.org/) using stringApp (ver-
sion 1.7.0; https://apps.cytoscape.org/apps/
stringapp) in Cytoscape [26]. The input gene
set was set as all DEGs, and the species was
set as human. To determine the most closely
related interaction pairs, we set the PPl score
to 0.99 (high confidence). Cytoscape’s plug-in
MCODE [27] (version 2.0.0; https://apps.cyto-
scape.org/apps/mcode) was used to analyse
the most significant clustering modules in the
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PPI network, and we set the node score cut-off
to 0.3. The significant clustering module gene
was also subjected to gene ontology-biological
process (GO-BP) enrichment analysis. The
GO-BP terms with enriched gene counts > 2
that met the significance threshold P < 0.05
were considered significant.

Prediction of miRNA regulatory relationships

MiRNA-gene, miRNA-IncRNA, and miRNA-cir-
cRNA regulatory relationships were determined
using miRanda [28] software and TargetScan
[29] software. To identify the most closely relat-
ed interaction pairs, we set the Contextt+
threshold in TargetScan to -0.48 and the struc-
ture score threshold in miRanda to 140. The
predicted miRNA-IncRNA and miRNA-circRNA
regulatory relationships were integrated with
DEIncRNAs and DEcircRNAs to determine the
DEmiRNA-DEINcRNA  regulatory relationship
and DEmiRNA-DEcircRNA regulatory relation-
ship. Cytoscape was applied to build a ceRNA
network.

RT-gPCR validation and TCGA GBM data vali-
dation

To validate the transcriptome data, the expres-
sion levels of selected genes (circRNAs, miR-
NAs, IncRNAs, and mRNAs) were analysed with
RT-gPCR. The same samples used for RNA-Seq
were reverse transcribed into cDNA using ran-
dom primers for mRNAs and IncRNAs, diver-
gent primers for circRNAs, and bulge-loop prim-
ers for miRNAs. All primers were synthesized by
NewCore Biotech (Shanghai, China). The primer
sequences are listed in Table S2. The GAPDH
gene was used as the reference gene for cir-
cRNAs, IncRNAs, and mRNAs, and U6 snRNA
was used as the reference gene for miRNAs. All
reactions were run in triplicate and are present-
ed as the mean * standard error of the means
(S.E.M). Student’s t test was used to compare
expression levels among different groups.
Genomic Data Commons (GDC) TCGA GBM
data provided by the University of California
Santa Cruz (UCSC) Xena database (https://xen-
abrowser.net/datapages/) were used in this
study for data validation.

Statistical analysis

The mean + standard deviation (SD) was calcu-
lated from the data of three independent exper-
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iments. Statistical tests were conducted using
SPSS 25.0 and GraphPad Prism 7.0 software.
Paired Student's t tests were performed
between the GBM group and the normal control
group samples. One-way ANOVA was utilized to
compare differences among three or more
groups. All experiments were repeated three
times independently. Data were considered sig-
nificant as follows: *P-value < 0.05, **P-value
< 0.01, and ***P-value < 0.001.

Results
Differential expression analysis

In this study, whole-transcriptome sequencing
data (circRNAs, IncRNAs, miRNAs, and mRNAs)
from five groups of GBM tissue (C) and normal
cortical tissue (N) samples were obtained by
the Illumina NovaSeq 6000 sequencing plat-
form, and a series of DEncRNAs and DEmRNAs
were identified based on screening criteria.
There were 5341 DEmRNAs (2255 upregulat-
ed, 3086 downregulated), 259 DEmiRNAs
(116 upregulated, 143 downregulated), 3122
DEINncRNAs (1130 upregulated, 1992 downreg-
ulated), and 2135 DEcircRNAs (628 upregulat-
ed, 1507 downregulated). In addition, the
volcano plots and two-way clustering heatmaps
of DEmRNAs, DEmiRNAs, DEIncRNAs, and
DEcircRNAs are shown in Figure 1. From this,
we observed that the tumor samples were sig-
nificantly separated from the paracancerous
samples, and the expression profiles of various
genes were also significantly different, which
indicated that our sequencing data were reli-
able. According to the statistical calculations,
the mRNA with the highest upregulation was
HOXD10 (1075-fold change), and the mRNA
that was most downregulated was NPAS4
(926-fold change). In addition, the most upreg-
ulated miRNAs, IncRNAs, and circRNAs were
hsa-miR-10b-5p (824-fold change), IncRNA-
ENSTO0000440016 (796-fold change), and
hsa_circ_0000992 (93-fold change), respec-
tively. The most downregulated miRNAs,
IncRNAs, and circRNAs were hsa-miR-873-3p
(213-fold change), IncRNA-ENSTO0000501520
(724-fold change), and chr12:1289852-1410-
453+ (novel circRNA, 118-fold change), respec-
tively. Tables S3, S4, S5, S6 show the details of
the top 10 differentially up- and down-regulat-
ed DEmRNAs, DEmiRNAs, DEIncRNAs, and
DEcircRNAs.
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Figure 1. Volcano plot and clustering heat maps of differentially expressed molecules in tumour and paracancerous tissues. A. DEmRNA volcano plot; B. DEmiRNA
volcano plot; C. DEIncRNA volcano plot; D. DEcircRNA volcano plot. Red dots indicate upregulated genes, blue dots indicate downregulated genes, and grey dots
indicate no differences. E. Heat map of DEmRNA clustering; F. Heat map of DEmiRNA clustering; G. Heat map of DEIncRNA clustering; H. Heat map of DEcircRNA
clustering. Red indicates upregulation, and blue indicates downregulation.
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Functional enrichment analysis of DEmRNAs

To better understand the GBM biological pro-
cess and the involved regulatory mechanisms,
we performed GO-BP functional analysis and
KEGG pathway enrichment analysis on the
DEmRNAs. The results showed that 1597
GO-BP terms were enriched among the upregu-
lated genes, and that 1098 GO-BP terms were
enriched among the downregulated genes. In
addition, upregulated genes were enriched in
42 KEGG pathways, and downregulated genes
were enriched in 34 KEGG pathways. Figure
2A-D shows only the top 20 GO-BP terms and
KEGG signaling pathways that were character-
ized by upregulation or downregulation of
DEmRNAs. In addition, the GO-BP and KEGG
data showed that the functions of upregulated
genes were mainly related to nucleosome
assembly (GO: 0006334), DNA conformation
change (GO: 0071103), extracellular matrix
organization (GO: 0030198), systemic lupus
erythematosus (KEGG: hsa05322) and the cell
cycle (KEGG: hsa04110). Downregulated genes
were mainly related to the modulation of chemi-
cal synaptic transmission (GO: 0050804), regu-
lation of membrane potential (GO: 0042391),
regulation of ion transmembrane transport
(GO: 0034765), neuroactive ligand-receptor
interaction (KEGG: hsa04080), and calcium
signaling (KEGG: hsa04020).

Enrichment analysis of DEmiRNA-, DEIncRNA-,
and DEcircRNA-related target genes

To better understand the biological changes
and regulatory mechanisms involved in each
interaction during the malignant progression
of GBM, we selected the DEmRNAs based on
the following three regulatory relationships:
DEmMiRNA-DEMRNA, DEIncRNA-DEmRNA, and
DEcircRNA-DEmRNAs. The results of the GO-BP
and KEGG enrichment analyses of these
DEmRNAs are shown in Figure 3 in bar graphs
and bubble charts. GO-BP enrichment analysis
showed that the functions involving the modu-
lation of chemical synaptic transmission (GO:
0050804), regulation of ion transmembrane
transport (GO: 0034765) and regulation of
membrane potential (GO: 0042391) were the
main functions enriched in the target genes
related to the DEmiRNAs, DEIncRNAs, and
DEcircRNAs (Figure 3A-C). In the KEGG path-
way enrichment analysis (Figure 3D-F), we
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identified 122 enriched pathways based on the
DEmMiRNA-DEmMRNA regulatory relationship, of
which calcium signalling (hsa04020) and mito-
gen-activated protein kinase (MAPK) signalling
(hsa04010) were the most enriched. There
were 90 pathways of genes based on the coex-
pression of DEIncRNA-DEmMRNA, which were
mainly closely related to the neuroactive ligand-
receptor (hsa04080) and glutamatergic syn-
apse (hsa04724). One hundred pathways-
mainly neuroactive ligand-receptor interaction
(hsa04080) and cyclic adenosine monophos-
phate (CAMP) signalling (hsa04024)-were en-
riched in genes identified through the DE-
circRNA-DEmMRNA coexpression relationship.

Recognition of core DEmRNAs in the PPI
network

To further study the functions of genes at the
protein level, we selected DEmRNAs based on
the DEmiRNA-DEmMRNA regulatory relationship
and the coexpression relationship of DEInc-
RNA-DEmMRNA and DEcircRNA-DEmRNA to con-
struct a PPl network consisting of 503 nodes
and 1489 interaction pairs (confidence cut-off:
0.99), and the interactions between 503
DEmMRNAs (364 upregulated and 139 downreg-
ulated) were examined by removing unconnect-
ed nodes. In this PPl network, the nodes with
high topological scores were considered key
nodes of the network. We used the Cytoscape
Molecular Complex Detection (MCODE) plug-in
to select four subnetwork modules, and the
involved DEmRNAs were all upregulated genes,
which are also marked in Figure 4A using differ-
ently colored rings. According to the statistical
results, Module A (score = 31) contained 31
nodes and 465 interaction pairs, of which ribo-
somal proteins, such as ribosomal protein S8
(RPS8, degree = 34), RPS3A (degree = 32), and
RPS27 (degree = 28), were the most abundant.
Module B (score = 14) had 21 nodes and 140
interaction pairs, mainly including minichromo-
some maintenance protein 2 (MCM2, degree =
26), MCM7 (degree = 24) and MCM4 (degree =
24). Module C (score = 8.6) had 11 nodes and
43 interaction pairs, including many cell cycle-
related proteins, such as cyclin-dependent
kinase 1 (CDK1, degree = 45) and cell division
cycle protein 20 (CDC20, degree = 25). Module
D (score = 3.5) had 12 nodes and 19 interac-
tion pairs. These genes were closely related to
the regulation of mitosis and mainly included
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Figure 3. GO-BP and KEGG pathway enrichment analyses of target genes related to DEmiRNA, DEIncRNA, and DEcircRNA. A. Top 20 enriched GO-BP terms for target
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regulated by DEIncRNA; F. Top 20 enriched KEGG signaling pathways for target genes regulated by DEcircRNA.
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Figure 4. GO-BP enrichment analysis of genes in the PPl network and four subnetwork modules. A. PPl network constructed on the basis of three regulatory rela-
tionships: DEmiRNA-DEmRNA, DEIncRNA-DEmMRNA, and DEcircRNA-DEmRNA. Red indicates upregulated genes, blue indicates downregulated genes, and shades
of these colors indicate fold changes in gene differential expression. A gene represents a node, and an interaction pair represents an edge. A larger node shape
indicates a higher corresponding degree and a greater number of edges connected to it; B. Top 5 enriched GO-BP terms for the related genes in the four subnetwork

modules.
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Table 1. KEGG pathway enrichment analysis of A-D subnetwork module

Subnetwork module Description ID P-value Count
Module A Ribosome hsa03010 8.14869E-52 30
Module A Coronavirus disease - COVID-19 hsa05171 2.18188E-46 30
Module B Cell cycle hsa04110 6.17304E-19 11
Module B DNA replication hsa03030 8.25061E-17 8
Module C Cell cycle hsa04110 1.45383E-12 7
Module C Oocyte meiosis hsa04114 5.47173E-08 5
Module C Progesterone-mediated oocyte maturation hsa04914 1.58473E-06 4
Module C p53 signaling pathway hsa04115 3.78711E-05 3
Module C Cellular senescence hsa04218 0.000363561 3
Module C Human immunodeficiency virus 1 infection hsa05170 0.000893418 3
Module C Human T-cell leukemia virus 1 infection hsa05166 0.001021757 3
Module C FoxO signaling pathway hsa04068 0.006794652 2
Module C Ubiquitin mediated proteolysis hsa04120 0.007945015 2
Module C Viral carcinogenesis hsa05203 0.015935584 2
Module D Apoptosis - multiple species hsa04215 0.011784803 1
Module D Platinum drug resistance hsa01524 0.026748288 1
Module D Colorectal cancer hsa05210 0.031461071 1
Module D Progesterone-mediated oocyte maturation hsa04914 0.037240502 1
Module D Oocyte meiosis hsa04114 0.047657036 1
Module D Apoptosis hsa04210 0.049445361 1

the aurora kinase family, such as aurora kinase
B (AURKB, degree = 21) and AURKA (degree =
17).

GO-BP enrichment analysis was performed on
the DEmRNAs in each subnetwork module.
According to the order of importance, the first
five terms of each subnetwork module GO-BP
were selected and visualized by drawing a bub-
ble chart (Figure 4B). The GO terms signal-rec-
ognition particle (SRP)-dependent cotransla-
tional protein targeting to membrane (GO:
0006614) and cotranslational protein target-
ing to membrane (GO: 0006613) were most
enriched in the genes of module A, while the
terms DNA-dependent DNA replication (GO:
0006261) and DNA replication (GO: 0006260)
were closely related to the genes in module B.
The terms mitotic nuclear division (GO:
0140014) and regulation of the mitotic meta-
phase/anaphase transition (GO: 0030071)
were the main terms enriched in the genes of
module C, while the terms nuclear division (GO:
0000280) and organelle fission (GO: 0048285)
were the main terms enriched in the genes of
module C. The KEGG pathways enriched by the
four subnetwork modules are all listed in Table
1.

4300

Construction of the IncRNA-miRNA-mRNA
ceRNA network

To better understand the interactions of
DEIncRNAs, DEmiRNAs, and DEmRNAs in GBM,
on the basis of the regulatory relationship of
DEmMiRNAs-DEmRNAs and DEmiRNAs-DEInc-
RNAs, we selected IncRNAs and mRNAs that
were significantly different and were regulated
by the same miRNA and then further construct-
ed an IncRNA-miRNA-mRNA-associated ceRNA
regulatory network (Figure 5). In this network,
there were a total of 210 nodes and 204 inter-
action pairs, including 37 upregulated IncRNAs
and 40 downregulated IncRNAs, three upregu-
lated miRNAs and 11 downregulated miRNAs,
and 55 upregulated mRNAs and 64 downregu-
lated mRNAs.

Construction of the circRNA-miRNA-mRNA
ceRNA network

According to the screening strategy described
in the previous step, we integrated the regula-
tory relationship between DEmMiRNA-DEmMRNA
and DEmiRNA-DEcircRNA, selected DEcircRNA
and DEmRNA genes with the same miRNA
response element, and constructed a circRNA-

Am J Transl Res 2023;15(6):4291-4313
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mMiRNA-mRNA interaction network, which dis-
played multiple ceRNA regulatory relationships.
The analysis showed that the ceRNA regulatory
network in Figure 6 had a total of 129 nodes
and 126 pairs of interactions. Among them
were nine upregulated circRNAs and 23 down-
regulated circRNAs; three upregulated miRNAs
and five downregulated miRNAs; and 25 upreg-
ulated mRNAs and 64 downregulated mRNAs.

Construction of the circRNA/IncRNA-miRNA-
mMRNA ceRNA network

The ceRNA regulatory mechanism between
ncRNAs and mRNAs is very important. circRNAs
or IncRNAs can act as miRNA sponges to
manipulate gene expression, thereby playing a
key role in tumor development. To fully explore
the key genes related to GBM and to make the
ceRNA network more concise and effective, we
integrated the previously constructed IncRNA-
MiRNA-mRNA and circRNA-miRNA-mRNA regu-
latory networks and then focused on screening
for DEcircRNAs, DEIncRNAs, and DEmRNAs
regulated by the same miRNA. Based on this, a
circRNA/IncRNA-miRNA-mRNA regulatory net-
work composed of 181 nodes and 178 in-
teracting pairs was constructed (Figure 7). In
this more complex ceRNA network, a total of
seven upregulated circRNAs and 23 down-
regulated circRNAs, 16 upregulated IncRNAs
and 40 downregulated IncRNAs, three upregu-
lated miRNAs (hsa-miR-296-5p, hsa-miR-615-
3p, and hsa-miR-551b-3p), four downregulat-
ed miRNAs (hsa-miR-874-5p, hsa-miR-331-3p,
hsa-miR-1224-3p, and hsa-miR-4787-3p), and
24 upregulated mRNAs and 64 downregulated
mRNAs were identified. Table 2 shows the
seven miRNA-targeted binding mRNAs in the
ceRNA network.

Verification of differential expression of
MRNAs, miRNAs, IncRNAs, and circRNAs

To confirm the reliability of the results of our
high-throughput RNA-Seq and the feasibility of
the ceRNA regulatory network, we selected the
relevant genes from the regulatory network and
expanded the quantity of samples (20 sample
tissues in each group) for RT-qPCR verification.
In Figure 7, a gene represents a node, and an
edge represents an interaction pair. We
observed that among the upregulated miRNAs,
hsa-miR-296-5p, as the central node of the
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network, had the most connected edges, while
among the downregulated miRNAs, hsa-miR-
874-5p had the most connected edges. These
are likely to play a key role in the ceRNA regula-
tory mechanism of GBM. Therefore, we used
hsa-miR-296-5p and hsa-miR-874-5p as the
starting points to randomly select DEmRNAs,
DEIncRNAs and DEcircRNAs with the same
miRNA response elements from the regulatory
network. Finally, based on the circRNA/IncRNA-
miRNA-mRNA regulatory relationship, we chose
the hsa_circ_0139982/IncRNA-ENSTO0000-
666090-hsa-miR-296-5p-cluster of differen-
tiation 22 (CD22) and hsa_circ_0000350/
IncRNA-ENSTO0000438923-hsa-miR-874-5p-
tripartite motif 24 (TRIM24) signalling path-
ways. As shown in Figure 8A-D, the expression
levels of hsa-miR-296-5p were significantly
higher in GBM tissues, while the mRNA expres-
sion levels of INcRNA-ENSTO0000666090 and
CD22 were significantly lower. The RT-qPCR
data of hsa_circ_0139982 were inconsistent
with the RNA-Seq results. We speculate that
the reason for this was likely the difference in
the experimental technique itself or the princi-
ple of expression level calculation. In addition,
compared to normal cerebral cortical tissue,
the expression level of miR-874-5p in Figure
8E-H was significantly lower in GBM tissues,
while the expression levels hsa_circ_0000350,
INcRNA-ENSTO0000438923, and TRIM24 we-
re significantly higher. In summary, the RT-gPCR
results were basically consistent with the RNA-
Seq results, which supports the validity of the
RNA-Seq data in this study.

TCGA-based GBM data validation

From the TCGA and GSE165397 datasets, the
expression profiles of GBM mRNAs and GBM
miRNAs were obtained. Using P < 0.05 and
|logFC| > 2 as the screening conditions and
using the software limma for differential ex-
pression analysis, 7040 DEmRNAs and 221
DEmMiRNAs were finally selected. In addition,
the selected genes were intersected with the
DEmMRNA and DEmiRNA data obtained by RNA-
Seq, and Venn diagrams with the same
DEmMmRNA and DEmiRNA were produced. As
shown in Figure 9A and 9B, 3932 DEmRNAs
were shared in common by the two groups,
accounting for 3932/5289 (74.34%) of the
total DEmRNASs identified by RNA-Seq; 99 iden-
tical DE miRNAs accounted for 99/259

Am J Transl Res 2023;15(6):4291-4313
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Figure 7. circRNA/IncRNA-miRNA-mRNA ceRNA network. Red indicates upregulated genes, blue indicates down-
regulated genes, and shades of these colors indicate fold changes in gene differential expression. Triangles indicate
miRNAs, circles indicate circRNAs, squares indicate INcRNAs, and diamonds indicate mRNAs; a gene represents a
node, and the line between two nodes represents an interacting pair.

Table 2. Targeted binding mRNAs of seven miRNAs in ceRNA network

. . Number of

miRNA Fold change Regulation target mRNA Gene

hsa-miR-296-5p 9.001087412 up 54 SNTA1, PANX2, PRELP, KCNC1, BOK, SCN1B,
KCNQ2, TMEM235, SUN2, CELSR3, GIMAP5,
MAP4K2, GAS7, ELAVL3, CDC42EP2, TTLL11,
HTR6, PLEKHG5, TRNP1, AMIGO1, KBTBD11,
P2RX6, NYAP1, GPR3, PITPNM3, SRRM4,
GLT1D1, CD22, GPD1, RAB37, PPP2R5B, CD8A,
GDF10, SIAH3, TRIM63, LRRC38, SEMA3G,
BIN1, GLP2R, ATF7IP2, MTCH1, SLC4A1, PACS2,
PPL, SVOP, NOTUM, PSG®6, SHISA7, MEF2D,
MAPK11, CST3, PAX7, LYNX1, MMP17

hsa-miR-615-3p  51.36935626 up 7 PTK2B, IDH3A, VSTM2L, CELF2, GPR27, SYT15,
PRKCG

hsa-miR-551b-3p 2.900059925 up 3 MAGIX, GALNTL6, ABHD6

hsa-miR-874-5p 13.91429265 down 15 MVB12A, PGPEP1, ZNF20, PRCP, KCNMB3,
ACOT12, TRIM24, BARX1, EPHB3, CSF2RA,
RPS2, IGSF6, FOLR2, HSD17B10, GNS

hsa-miR-4787-3p 14.23393622 down 4 ABHD4, HLA-F, PTAFR, TMEM26

hsa-miR-331-3p  2.186596554 down 3 SMARCD1, MMP15, SLC28A1

hsa-miR-1224-3p 7.579023732 down 2 CDC25A, PHKG1

(38.22%) of the total DEmRNAs identified by
RNA-Seq. The remaining different DEmRNAs
and DEmiRNAs may be related to sample
differences and different screening thresholds.
It should be emphasized that we found that the
core genes in the PPl network (RPS8, RPS3A,
RPS27, MCM2, MCM7, MCM3, CDK1, CDC20,
AURKB, and AURKA) were among these 3932
identical DEmRNAs; similarly, hsa-miR-296-5p
and hsa-miR-874-5p, as key genes in the
ceRNA network, were also among the 99
shared DEmiRNAs.

Survival analysis validation

Using the clinical data for GBM in the Chinese
Glioma Genome Atlas (CGGA) database, we
performed data mining and survival analysis on
the DEmRNASs in the ceRNA regulatory network
that could be targets of hsa-miR-296-5p and
hsa-miR-874-5p according to online tools. The
results showed that eight DEmRNAs were asso-
ciated with the survival prognosis of patients (P
< 0.05). Among the DEmRNAs, ion channel pro-
tein kv3.1 (KCNC1), embryonic lethal abnormal

4305

vision-like protein 3 (ELAVL3), phosphatidy-
linositol transfer protein 3 (PITPNM3), protein
phosphatase 2, regulatory subunit B’, beta
(PPP2R5B) and ly6/neurotoxin 1 (LYNX1) could
be complementarily paired with hsa-miR-296-
5p, and their expression levels were significant-
ly downregulated in the GBM group (Figure
10A-E). The results of the Kaplan-Meier curve
analysis are shown in Figure 10A-E. The expres-
sion levels of the five target DEmRNAs that
interacted with hsa-miR-296-5p were positively
correlated with the overall survival rate of GBM
patients (P < 0.05). TRIM24, BARX homeobox 1
(BARX1) and immunoglobulin superfamily 6
(IGSF6) were the target genes of hsa-miR-874-
5p, and their expression levels were significant-
ly increased in the GBM group (Figure 10F-H
box plot). In addition, the survival analysis
showed that patients with low expression of
these three target genes had a longer survival
time, and the expression levels of these genes
were negatively correlated with the overall sur-
vival rate (Figure 10F-H, P < 0.05). Therefore,
we speculate that KCNC1, ELAVL3, PITPNM3,
PPP2R5B, and LYNX1 have inhibitory effects

Am J Transl Res 2023;15(6):4291-4313



A
N
20 W €
15
c 3
S .-
2 10
a
x
L
2 69
@ .
©
m .
4 .
2_ .
0
hsa-miR-296-5p
E
.
. C
1.5 .
c
S
[
[
2 1.0
Q.
x
1N}
° .
= .
= .
¥
[1q
0.5
0.0

hsa-miR-874-5p

Whole-transcriptome sequencing and verification in glioblastoma

Relative Expression

Relative Expression

.
. oo,
Q
%o
oofoe
e .,
‘e
.

o N
+C

25+

20

15+

hsa_circ_0139982

hsa_circ_0000350

Relative Expression

Relative Expression

e N
. C
1.5
1.0 »
0.5
0.0
ENST00000666090
30_ ey o N
. +c
254
20
2
14 DN
ENST00000438923

Relative Expression

Relative Expression

10

TRIM24

Figure 8. RT-qPCR validation of related genes in circRNA/IncRNA-miRNA-mRNA regulatory network. A-D. RT-qPCR detection of the differential expression of hsa-miR-
296-5p, hsa_circ_0139982, ENSTO0000666090, and CD22 in group N and C samples; E-H. RT-gPCR detection of the differential expression of hsa-miR-874-5p,
hsa_circ_0000350, ENSTO0000438923, and TRIM24 in group N and C samples. N: normal cerebral cortical tissue, C: GBM tissue. *P < 0.05, **P < 0.01, ***P
< 0.001, NS: no significance.

4306

Am J Transl Res 2023;15(6):4291-4313



Whole-transcriptome sequencing and verification in glioblastoma

A mRNA B
3108 3932 1357 122
TCGA RNA-seq GSE16397
(p<0.05 fc>2) (p<0.05 fc>2) (p<0.05)

Figure 9. Venn diagram of DEmRNA and DEmiRNA. A. Venn diagram of DEm-
RNAs in TCGA data and sequencing data; B. Venn diagram of DEmiRNAs in

GSE165397 data and sequencing data.

on the malignant progression of GBM, so their
high expression could suggest a better progno-
sis. Meanwhile, TRIM24, BARX1, and IGSF6
promote the occurrence and progression of
GBM, so their high expression may be closely
related to a poor prognosis. Therefore, these
identified genes may provide targets for GBM
diagnosis and treatment and prognostic
assessment.

Discussion

GBM is the most common and malignant pri-
mary intracranial tumor in adults and has a
very poor prognosis. It has the third-highest
5-year mortality rate among systemic neoplas-
tic diseases after pancreatic cancer and lung
cancer [30]. As a particularly difficult tumor to
treat in clinical practice, GBM still has a poorly
understood pathogenesis. Therefore, we used
high-throughput sequencing and bioinformatic
techniques to analyze the differential expres-
sion profile of GBM and its ceRNA regulatory
network in detail and further explored the inter-
action between these differentially expressed
molecules and the pathogenesis of GBM as
well as the formation of GBM heterogeneity
from the perspective of molecular genetics.

High-throughput sequencing technology is a
revolutionary change from traditional sequenc-
ing. It has the advantage of fast and accurate
reading, allowing researchers to better identify
the driver genes in tumors [31]. In our study, a
total of 5341 DEmRNAs, 259 DEmiRNAs, 3122
DEIncRNAs, and 2135 DEcircRNAs were found
in GBM samples and normal cerebral cortex
samples. In addition, we established the follow-
ing screening criteria: All molecules that meet
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the threshold setting (Con-
text+ threshold in TargetScan
to -0.48, structure score th-
reshold in miRanda to 140)
are considered to be mole-
cules that may bind to each
other, and the molecular ty-
pe is associated with the
shape of the point, which is

160

RNA-seq visually displayed using Cy-
(p<0.05 fc>2)

tascape software. We con-
structed two ceRNA regula-
tory networks related to Inc-
RNA-miRNA-mRNA and circ-
RNA-miRNA-mRNA. At the sa-
me time, the two regulatory
networks were integrated, focusing on screen-
ing out DEcircRNAs, DEIncRNAs, and DEmRNAs
regulated by the same miRNA, and a circRNA/
INcRNA-miRNA-mRNA composite network was
re-established. Based on this, we finally deter-
mined that the oncogene hsa-miR-296-5p and
the tumor suppressor gene hsa-miR-874-5p
play key roles in the ceRNA complex network.
Finally, we produced Venn diagrams of the
sequencing data and TCGA data and selected
hsa_circ_0139982/IncRNA-ENSTO0000666-
090-miR-296-5p-CD22 and hsa_circ_0000-
350/IncRNA-ENSTO0000438923-miR-874-5p-
TRIM24-related regulatory pathways from the
ceRNA network for RT-gPCR. We also selected
DEmMmRNAs (KCNC1, ELAVL3, PITPNM3, PPP-
2R5B, LYNX1, TRIM24, BARX1, and IGSF6) that
were closely related to the survival prognosis of
patients from among the target genes of hsa-
miR-296-5p and hsa-miR-874-5p (P < 0.05).
The above results all indicate that our sequenc-
ing data are reliable.

Neuroglial synapses (NGSs), chemical synaps-
es, and ion channel transporters play key roles
in the malignant progression of GBM [32-34].
Venkatesh et al. found that NGSs had all the
hallmark characteristics of glutamatergic che-
mical synapses. Neuroligin 3 (NLGN3) secreted
by neurons can promote the growth and metas-
tasis of GBM through the neuron-glioma neural
circuit [35]. Monje et al. found that neuronal
activity can increase the extracellular potassi-
um ion concentration to cause tumor cell depo-
larization, thereby significantly promoting GBM
cell proliferation [36]. Similarly, the calcium ion
signals activated by neurons can enter tumor
cells through a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptors (AMPARS)
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Figure 10. Relationships between the expression levels of target genes and overall survival among GBM patients.
A-E. Expression levels of KCNC1, ELAVL3, PITPNM3, PPP2R5B, and LYNX1 in GBM patients (n = 156) compared to
normal controls (n = 5) and survival analysis; F-H. Expression levels of TRIM24, BARX1, and IGSF6 in GBM patients
(n = 156) compared to normal controls (n = 5) and survival analysis. Data acquisition was based on the UALCAN

online analysis tool of the TCGA and CGGA databases.

and other electrolyte ions, thereby enhancing
the invasiveness of GBM cells [35, 37]. In
this study, some visual results are particularly
noteworthy. For example, the downregulated
DEmMRNAs were closely related to the modula-
tion of chemical synaptic transmission, regula-
tion of ion transmembrane transport, and regu-
lation of membrane potential. Similarly, en-
richment analysis based on the three regulato-
ry relationships, DEmMiRNA-DEmMRNA, DElnc-
RNA-DEmMRNA, and DEcircRNA-DEmMRNA, also
further confirmed the direct participation of
modulation of chemical synaptic transmission,
regulation of ion transmembrane transport,
and regulation of membrane potential in GBM
cells. In view of this, we believe that these
genes involved in the regulation of chemical
synaptic transmission and ion channel trans-
port may play an important role in the prolifera-
tion and invasion of GBM. An in-depth under-
standing of the chemical and electrophysiologi-
cal activities between neurons and glioma cells
can help us develop cancer drugs targeting the
neuron-glioma neural circuit.

GBM cells proliferate rapidly. After disorderly
evolution, they often undergo invasive growth
and metastasis in the brain, making them like a
“time bomb” hidden in the brain [1, 38]. More
importantly, during the entire invasion and
spreading process, we can often observe path-
ological mitosis in tumor cells [39]. Tumor treat-
ing fields (TTFs), as an innovative treatment
technique, have been included in the National
Comprehensive Cancer Network Central Ner-
vous System Tumor Guidelines and the Chinese
Guidelines for the Diagnosis and Treatment of
Glioma [40]. GBM cells need to synthesize a
large quantity of polar charged proteins and
nucleic acids during the process of division
and proliferation. TTF can affect these highly
charged substances by generating low-field-
strength (1-3 V/CM) and medium-frequency
(150-200 kHz) alternating-current electric
fields to hinder the formation of spindles, there-
by interfering with mitosis and inducing the pro-
grammed death of tumor cells [41, 42]. In this
study, we extracted four subnetwork functional
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modules based on the topological characteris-
tics of the PPI network. GO-BP enrichment anal-
ysis showed that the genes of these four func-
tional modules were closely related to biological
activities such as protein cotranslational trans-
location, DNA replication, mitotic regulation,
and nuclear fission. In addition, 10 genes,
including those encoding ribosomal proteins,
minichromosome maintenance proteins, cy-
clins and aurora kinase proteins (such as RPS8,
RPS3A, RPS27, MCM2, MCM7, MCM4, CDK1,
CDC20, AURKB, and AURKA), were identified as
the core proteins of the PPl network. They all
play regulatory roles in the mitosis of GBM
cells. In summary, the above evidence shows
that core genes are closely associated with
tumor mitosis. We speculate that these core
genes may play a key role in the pathogenesis
of GBM and may provide specific diagnostic
and therapeutic targets for the electric-field
treatment of GBM.

In recent years, as mIiRNA research has
advanced, much evidence has shown that miR-
296-5p and miR-874-5p can participate in the
regulation of a variety of tumors with different
regulatory effects in different types of tumors.
Yan et al. found that miR-296-5p can act as a
tumor suppressor to inhibit the proliferation of
colorectal cancer cells through targeted bind-
ing to high mobility group AT-Hook 1 (HMGA1)
and induce cell cycle arrest and apoptosis [43].
However, some studies have shown that miR-
296-5p is highly expressed in pancreatic can-
cer tissues and cell lines, where it can bind to
box mRNA and promote tumor cell invasion and
drug resistance by inducing epithelial-mesen-
chymal transition, ultimately leading to poor
prognosis [44]. In addition, miR-296-5p played
a key role in the ceRNA regulatory network.
Overexpression of circPSMC3 can regulate
PTEN in cells by downregulating the expression
of miR-296-5p and can ultimately inhibit the
proliferation and metastasis of gastric cancer
cells [45]. Similar conclusions have been rea-
ched in studies related to miR-874-5p. Studies
have shown that miR-874-5p can be used as a
tumor suppressor to inhibit the mevalonate
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pathway by targeting sterol regulatory element-
binding factor-2 (SREBF2) and phosphomeval-
onate kinase (PMVK), thereby inducing apopto-
sis or cycle arrest in breast cancer cells [46].
Similarly, reduced expression of miR-874-5p
was detected in paclitaxel-resistant ovarian
cancer cell lines. Further research has demon-
strated that overexpressed miR-874-5p can
target 3’-untranslated regions (3’-UTR) binding
to salt-inducible kinase 2 (SIK2) to inhibit tumor
cell proliferation, thereby enhancing the cyto-
toxicity of paclitaxel [47]. Some new evidence
suggests that circRNAs can act as regulators of
apoptosis to mediate the occurrence and devel-
opment of cancer. For example, circ_0003340
can act as a “molecular sponge” as a ceRNA
molecule, inhibiting cell apoptosis by adsorbing
miR-874-5p/enabled homologue (ENAH), there-
by promoting malignant progression and che-
moresistance of esophageal cancer [48]. In
addition, circ_0001588 overexpression can
significantly promote the proliferation, migra-
tion, and invasion of liver cancer cells and is
induced by the antagonistic effect of miR-874-
5p [49]. In this study, we found that hsa-miR-
296-5p and hsa-miR-874-5p were located in
the center of the ceRNA regulatory network as
marker molecules. In addition, based on the
information in the CGGA database, we used
univariate survival analysis to investigate the
effect of DEmRNASs that bound to hsa-miR-296-
5p and hsa-miR-874-5p in the ceRNA regulato-
ry network on the survival and prognosis
of GBM patients. Eight molecules (KCNC1,
ELAVL3, PITPNM3, PPP2R5B, LYNX1, TRIM24,
BARX1, and IGSF6) had significant effects on
GBM survival (P < 0.05). We speculate that
there is a close correlation between hsa-miR-
296-5p and hsa-miR-874-5p and the patho-
genesis and prognostic assessment of GBM,
and they may be potential key miRNAs for GBM
targeted therapy. In addition, although the
results of this study have some significance,
there are ‘a few limitations. First, due to the
small sample size in this study, there may have
been deviations in the screening results during
the difference analysis. Therefore, it is neces-
sary to continue to expand the sample size and
improve the research content. Second, the
functions of the identified DEmiRNAs have not
been thoroughly explored. In future studies, the
predicted circRNA/IncRNA-miRNA-mRNA regu-
latory network needs to be further confirmed
through cell function experiments and animal
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models to elucidate its exact regulatory func-
tion and molecular mechanism in GBM. Third,
this study is limited to exploring the impact of
ceRNA network regulation on the pathogenesis
of GBM. However, relevant studies have shown
that the impact of ncRNA on disease is not only
through the above mechanisms, but also
through binding to functional proteins, translat-
ing important polypeptides, and other ways to
play important roles. Therefore, other modes of
action in circRNA/IncRNA need to be further
discussed.

Conclusion

This study explored the molecular mechanism
of GBM based on full transcriptome sequenc-
ing and experimental validation. Screening out
hub genes involved in tumor mitosis may play
an important role in GBM malignant progres-
sion. In addition, we constructed a ceRNA
regulatory network of circRNA/IncRNA-miRNA-
MRNA and identified hsa-miR-296-5p and hsa-
miR-874-5p as key molecules that also play a
key role in the pathogenesis and prognostic
evaluation of GBM. In summary, these findings
not only reveal the complexity of the GBM
genome but also provide evidence for the
search for relevant new epigenetic markers and
further clarify that ncRNA-mediated precision
medicine may be an ideal treatment strategy to
overcome the bottleneck in GBM treatment in
the future.
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Table S1. Clinical information for patients in this study

Patient Age (y) Gender Cutting position WHO grade IDH typing
C1 68 Male Right temporal lobe WHO 4 IDH wild type (-)
Cc2 39 Female Right temporal lobe WHO 4 IDH wild type (-)
C3 45 Female Right frontal lobe WHO 4 IDH wild type (-)
C4 65 Male Right frontal lobe WHO 4 IDH wild type (-)
C5 62 Female Right frontotemporal lobe WHO 4 IDH wild type (-)
N1 57 Female Right frontal lobe - -

N2 73 Female Right temporal lobe - -

N3 40 Female Right frontotemporal lobe - -

N4 56 Male Right temporal parietal lobe - -

N5 36 Female Right temporal lobe - -

Table S2. Primers used for RT-qPCR of differently expressed ncRNAs and mRNAs

Gene

Forward and reverse primer

hsa_circ_0139982

hsa_circ_0000350

INcRNA-ENSTO0000666090

INcRNA-ENSTO0000438923

hsa-miR-296-5p

hsa-miR-874-5p

CD22

TRIM24

ue

GAPDH

F: 5’ TTATGAAGCTAGGCAGCCCC 3’
R: 5 CGCTTTGCACCACACAGTTC 3’

F: 5" CTCCACGAGATGGTCAAGCC 3’

R: 5" GGACAGGACTACTGGGGCTAT 3’
F: 5" TGCCAGTGGATTGCTGATGT 3’

R: 5" CAGGGTGTCAGACAAGGCTC 3’

F: 5" GTTTCTGGCCCCACAGTTCTA 3’

R: 5" GCCACTTCTTCTTAAACCTGCC 3’
F: 5" GGGAGGGCCCCCCCTCAA 3’

R: 5" CAGTGCGTGTCGTGGAGT 3’

F: 5 GGGCGGCCCCACGCACCAGG 3’
R: 5" CAGTGCGTGTCGTGGAGT 3’

F: 5" GCACCCTGAAACCCTCTACG 3’

R: 5" ATCAAACTTCGAGGTGTTCTTGT 3’
F: 5" CAGCCACAAATGCCTAAGCAG 3’

R: 5" GTGTTGGGAACTTGGATAACTGG 3’
F: 5" CTCGCTTCGGCAGCACA 3’

R: 5" AACGCTTCACGAATTTGCG 3’

F: 5" GCACCGTCAAGGCTGAGAAC 3’

R: 5" TGGTGAAGACGCCAGTGGA 3’
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Table S3. The ten most significantly up and down regulated mRNAs

Gene name Genomic position Regulation Fold change P-value
HOXD10 chr2:176108790-176119937 up 1075.158653 1.63484E-15
HOXD9 chr2:176122719-176124937 up 660.3774172 6.40196E-19
H3C8 chr6:26269405-26271815 up 519.1851412 2.50308E-69
HOXA5 chr7:27141052-27143681 up 416.0832331 0.000106962
TOP2A chr17:40388525-40417896 up 404.1700366 1.56542E-57
H3C12 chr6:27890315-27893106 up 320.0347284 1.91033E-32
MKI67 chr10:128096659-128126423 up 309.8003432 1.02369E-49
HOXD13 chr2:176092721-176095944 up 297.8532863 5.21752E-09
H3C2 chr6:26031589-26032099 up 297.4077971 1.04726E-59
MYBL2 chr20:43667019-43716495 up 270.3938023 3.65127E-53
NPAS4 chr11:66421004-66426707 down 926.3432834 2.11796E-23
EGR4 chr2:73290929-73293701 down 259.7143534 6.67774E-20
DAO chr12:108858932-108901043 down 164.2756455 4.50391E-11
OPALIN chr10:96343221-96359365 down 139.0538161 8.53526E-12
ACP7 chr19:39083913-39111493 down 136.8621909 6.47792E-13
ANKRD34C chr15:79282722-79298239 down 125.6272434 3.56267E-18
GJB6 chr13:20221962-20232365 down 116.3568258 4.38483E-10
MOBP chr3:39467198-39529479 down 108.3198487 1.45161E-22
OR2L8 chr1:247948858-247949796 down 108.0048627 5.57324E-09
GABRG1 chr4:46035769-46124054 down 99.21118014 6.50703E-13
Table S4. The ten most significantly up and down regulated miRNAs

Gene name Mature sequence Regulation  Fold change P-value
hsa-miR-10b-5p UACCCUGUAGAACCGAAUUUGUG up 824.17332  8.2273E-23
hsa-miR-10b-3p ACAGAUUCGAUUCUAGGGGAAU up 631.30175  8.5466E-15
hsa-miR-196a-5p UAGGUAGUUUCAUGUUGUUGGG up 344.28778  1.7066E-16
hsa-miR-1246 AAUGGAUUUUUGGAGCAGG up 205.10731  4.8725E-08
hsa-miR-novel-chrX_28811 AUGGAUUUUUGGAGCAGGGA up 196.09056 1.3454E-12
hsa-miR-novel-chrY_29589 AUGGAUUUUUGGAGCAGGGA up 196.09056  1.3454E-12
hsa-miR-450b-5p UUUUGCAAUAUGUUCCUGAAUA up 88.084399  1.0127E-05
hsa-miR-196b-5p UAGGUAGUUUCCUGUUGUUGGG up 72.599621 0.00023511
hsa-miR-561-5p AUCAAGGAUCUUAAACUUUGCC up 67.442920 0.04522225
hsa-miR-503-3p GGGGUAUUGUUUCCGCUGCCAGG up 57.285482  0.00015492
hsa-miR-873-3p GGAGACUGAUGAGUUCCCGGGA down 213.42446  8.8399E-12
hsa-miR-218-2-3p CAUGGUUCUGUCAAGCACCGCG down 87.353690  3.4656E-08
hsa-miR-4446-3p CAGGGCUGGCAGUGACAUGGGU down 78.725566  5.0666E-07
hsa-miR-873-5p GCAGGAACUUGUGAGUcCUCCU down 69.332493  1.1611E-15
hsa-miR-219a-5p UGAUUGUCCAAACGCAAUUCU down 51.285003  1.9390E-05
hsa-miR-3059-3p CCUCUAGGGAAGAGAAGGUUGG down 38.942058 0.00017029
hsa-miR-129-1-3p AAGCCCUUACCCCAAAAAGUAU down 33.874207 7.8377E-12
hsa-miR-6764-5p UCCCAGGGUCUGGUCAGAGUUG down 30.581485 0.00065321
hsa-miR-219a-2-3p AGAAUUGUGGCUGGACAUCUGU down 29.941344  7.2928E-11
hsa-miR-1224-5p GUGAGGACUCGGGAGGUGG down 29.039332  5.3721E-06
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Table S5. The ten most significantly up and down regulated IncRNAs

Transcript ID Genomic position Regulation Fold change P-value
ENSTO0000440016 chr2:176121611-176137013 up 796.530975 6.08412E-18
ENST00000464382 chr17:48557262-48560333 up 545.565294 0.002667198
ENST00000655443 chr2:91759462-91767701 up 482.227213 4.19416E-14
ENSTO0000524304 chr7:27150052-27152726 up 384.060433 0.000167283
ENSTO0000443966 chr20:58826736-58840844 up 346.998291 3.12975E-34
ENSTO0000519935 chr7:27168899-27171915 up 240.430296 0.008989083
ENSTO0000605044 chr20:58876592-58876981 up 222.583008 2.64382E-11
ENSTO0000518088 chr7:27107777-27122173 up 198.202748 0.00039980
ENST00000518947 chr7:27147163-27155928 up 197.646201 0.00057512
ENSTO0000608941 chr2:176164164-176165716 up 185.485875 1.31131E-09
ENSTO0000501520 chr16:28284885-28292064 down 724.941647 3.37636E-15
ENSTO0000581719 chr18:902766-906667 down 393.193409 1.48791E-05
ENSTO0000657482 chr12:110936583-11095796 down 212.362281 1.01551E-10
ENSTO0000502515 chrb:177782197-177794396 down 184.589888 8.12238E-12
ENSTO0000507304 chr5:169013264-169024987 down 169.530341 1.36797E-12
ENSTO0000667122 chr6:170088077-170093059 down 158.764152 0.014527503
ENSTO0000671665 chr7:155067034-155072450 down 152.378677 1.09836E-09
ENSTO0000654089 chr11:7434097-7513628 down 151.792399 6.94685E-10
ENSTO0000633012 chr1:230426491-230436822 down 146.073670 8.42719E-07
ENST00000521048 chr8:119223804-119246843 down 144.008454 3.53741E-13
Table S6. The ten most significantly up and down regulated circRNAs

circBaselD Genomic position Regulation Fold change P-value
hsa_circ_0000992  ¢chr2:37316237-37317179 up 93.9360595 8.94427E-09
novel_circRNA chr13:110192829-110198597 up 77.7356709 8.38596E-07
hsa_circ_0069399  chr4:36228582-36229645 up 61.9194807 3.76511E-06
hsa_circ_0012389  chr1:48451552-48453131 up 61.8226229 8.87228E-07
hsa_circ_0027491 chr12:68816812-68824651 up 46.6090080 4.16513E-05
hsa_circ_0006215  chr3:27437388-27448797 up 45.1249297 3.48496E-05
hsa_circ_0008725  chr21:33426884-33432871 up 37.9178333 0.00010156
hsa_circ_0008156  chr20:3218517-3218994 up 35.2323946 9.53722E-05
hsa_circ_0001460  chr4:177353308-177360677 up 33.9274564 1.77482E-06
hsa_circ_0003600  chr1:204112915-204117707 up 33.3669232 1.99315E-05
novel_circRNA chr12:1289852-1410453 down 118.537989 1.51102E-10
hsa_circ_0125149 chr4:118105018-118143684 down 116.910157 8.64732E-11
hsa_circ_0008278  chr2:120127688-120175004 down 89.8932136 5.45085E-13
hsa_circ_0092765 chr10:115120185-115215880 down 84.9388758 5.35921E-08
novel_circRNA chrX:140783176-140784660 down 65.6330435 1.04052E-06
novel_circRNA chr10:115120185-115241725 down 65.5216704 2.25591E-07
hsa_circ_0131934 chr6:54149056-54230917 down 63.4354473 0.000102382
novel_circRNA chr10:115120185-115268444 down 54.9719622 1.41497E-06
hsa_circ_0007294  chr12:99772922-99782097 down 54.4268391 4.44801E-08
novel_circRNA chr7:137463489-137609609 down 52.4703603 0.001182432




