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Gliomas represent 80% of malignant brain tumors. Because of the high heterogeneity, 
the oncogenic mechanisms in gliomas are still unclear. In this study, we developed 
a new approach to identify dysregulated competitive endogenous RNA (ceRNA) 
interactions driven by copy number variation (CNV) in both lower-grade glioma (LGG) 
and glioblastoma multiforme (GBM). By analyzing genome and transcriptome data from 
The Cancer Genome Atlas (TCGA), we first found out the protein coding genes and long 
non-coding RNAs (lncRNAs) significantly affected by CNVs and further determined CNV-
driven dysregulated ceRNA interactions by a customized pipeline. We obtained 13,776 
CNV-driven dysregulated ceRNA pairs (including 3,954 mRNAs and 306 lncRNAs) 
in LGG and 262 pairs (including 221 mRNAs and 11 lncRNAs) in GBM, respectively. 
Our results showed that most of the ceRNA interactions were weakened by CNVs in 
both LGG and GBM, and many CNV-driven genes shared the same ceRNAs in the 
dysregulated ceRNA networks. Functional analysis indicated that the CNV-driven ceRNA 
network involved in some important mechanisms of tumorigenesis, such as cell cycle, 
p53 signaling pathway and TGF-beta signaling pathway. Further investigation of the 
ceRNA pairs in the communities from the dysregulated ceRNA network revealed more 
detailed biological functions related to the oncogenesis of malignant gliomas. Moreover, 
by exploring the association of CNV-driven ceRNAs with prognosis and histological 
subtype, we found that the copy number status of MTAP, KLHL9, and ELAVL2 related 
to the overall survival in LGG and showed high correlation with histological subtype. In 
conclusion, this study provided new insight into the molecular mechanisms and clinical 
biomarkers in gliomas.

Keywords: gliomas, CNV, ceRNA, lncRNA, prognosis

INTRODUCTION

Malignant gliomas are the most common aggressive primary brain tumor (Schwartzbaum et al., 
2006; Ostrom et al., 2014). As the most aggressive malignant glioma, glioblastoma multiforme 
(GBM, WHO grade IV) shows a 5-year survival rate of 5% with the median survival time of 14 
months from diagnosis (Parsons et al., 2008). Comparing to GBM, gliomas of WHO (World Health 
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Organization) grade II and III are less aggressive and have been 
grouped together by The Cancer Genome Atlas (TCGA) as lower 
grade gliomas (LGGs). Recently, high-throughput studies have 
proven that copy number variations (CNVs), which are gains or 
deletions of genomic segments, are considered important risk 
factors for human cancers (Xi et al., 2011; Park et al., 2017). CNVs 
are prominent influential factors for gene expression, which may 
impact the activities of a variety of oncogenic or tumor suppressive 
pathways (Liang et al., 2016). Many studies have analyzed the 
impact of CNVs on gene expression phenotypes. For example, 
Jornsten et al. combined mRNA regulatory relationships with 
CNV profiles to construct a CNA-driven network using lasso 
regression and identified driver copy number alterations (CNAs) 
and explored their effects on transcription in GBM (Jornsten 
et al., 2011). Park et al. applied a correlation measure to identify 
significant relationships between copy number variation regions 
and mRNAs, and characterized the impact of genotypic variations 
on phenotype in a genome-wide scale (Park et al., 2012). In fact, 
DNA CNVs not only influenced the expression of protein-coding 
genes but also affected the expression levels of long non-coding 
RNAs and miRNAs (Liang et al., 2016).

Recent studies suggested a new layer of miRNA-mediated 
regulation that RNAs targeted by the common miRNA could 
“compete” for the miRNAs and thus indirectly regulate each 
other (Salmena et al., 2011). Such RNAs are called competing 
endogenous RNAs (ceRNAs), and their miRNA-mediated 
interactions are referred to as ceRNA interactions. In addition, 
examples have been already emerging of non-coding RNAs as 
ceRNAs, such as lincRNA-p21 (Yoon et al., 2012), lincMD1 
(Cesana et al., 2011) and linc-RoR (Wang et al., 2013). 
Experimental evidence has suggested that the aberration of ceRNA 
interaction can play important roles in tumorigenesis (Tay et al., 
2011). Thus, exploring this novel RNA crosstalk will enhance our 
insight into gene regulatory networks and contribute to a better 
understanding of human disease (Tay et al., 2014). The existence 
and strength of ceRNA interactions may vary significantly 
in different physiological and cellular conditions (e.g., copy 
number variation). Most ceRNA studies only considered 
interactions among ceRNAs and miRNAs while overlooking 
other important gene regulators, such as transcription factors, 
DNA methylation, and copy number alteration, which would 
impede our understanding of ceRNA interactions in cancer (Do 
and Bozdag, 2018). Therefore, incorporating other types of gene 
expression regulatory factors, namely copy number alteration, 
to infer condition-specific dysregulated ceRNA interactions in 
cancer will be meaningful.

Here, we aimed to discover dysregulated ceRNA interactions 
driven by CNVs in LGG and GBM. We first got the copy 
number status of each gene and identified over one hundred 
protein-coding genes and lncRNAs whose expression levels 
were significantly affected by CNVs in LGG and GBM. Using 
a customized program, we identified dysregulated ceRNA 
interactions driven by CNVs and found some interesting 
features of the dysregulated ceRNA network. Moreover, by 
systematically characterizing the functions of the CNV-driven 
ceRNAs, we found their associations with prognosis and 
histological subtypes.

MATERIAls AND METhODs

Data source
The DNA copy number (SNP 6.0), mRNA, and miRNA 
expression data for the LGG and GBM cohorts were collected 
from the TCGA data portal (https://tcga-data.nci.nih.gov/tcga), 
and the lncRNA expression data were derived from TANRIC 
(Li et al., 2015). We extracted 435 LGG and 152 GBM samples 
with sample-matching copy number data and gene expression 
data. For DNA copy number data, we determined five types of 
discretized copy number calls (−2, −1, 0, 1, 2) for genes in LGG 
and GBM by GISTIC2.0 (Mermel et al., 2011), and genes with 
no CNV in more than 10% samples were excluded. The gene 
expression profiles were normalized by log2(tpm+1) and genes 
with mean expression lower than 30% of samples or with missing 
values in more than 10% of samples were filtered.

Identification of CNV-Driven Protein-
Coding Genes and lncRNAs
To reduce the influence of noise, we retained high-level amplifications 
and homozygous deletions discretized by GISTIC2.0 and used the 
binomial test on the genes that co-existed 2 and −2 status, in which 
the copy number status with smaller sample size was considered as 
noise and the copy number status were set to 0 (P < 0.05) or deleted (P 
≥ 0.05). Then, for each protein-coding gene or lncRNA, we divided 
the gene expression data by copy number status and performed the 
rank-sum test on the two groups. Genes with concordant changes 
in copy number status and gene expression were considered to be 
CNV-driven genes (P < 0.05, Supplementary Table 1).

Identification of Dysregulated ceRNA–
ceRNA Interactions Driven by CNV
We developed a computational approach to identify dysregulated 
ceRNA–ceRNA interactions driven by CNVs (Supplementary 
Figure 1). It consisted of the following steps: (1) Obtaining ceRNA–
ceRNA interactions in each copy number state. The interactions of 
mRNA–miRNA and lncRNA–miRNA were obtained from one 
confidential online miRNA-target databases: StarBase v2.0 (Li 
et al., 2014). Using the expression profiles of mRNA, lncRNA, and 
miRNA in each copy number status (i.e. amplification, deletion, 
and normal), we calculated Pearson correlation coefficient (PCC) 
between ceRNA pairs as well as mRNA/lncRNA (ceRNA) and 
miRNA to measure their expression correlations. The ceRNA pairs 
with significantly positive correlations (adjusted p-value < 0.05) 
in which each miRNA-ceRNA interaction showed a significantly 
negative correlation (adjusted p-value < 0.05) were considered as 
candidate ceRNA triplets in the status. (2) Calculating difference 
of ceRNA regulation between copy number status. We assumed 
that the dysregulation caused by CNV will be reflected in the 
correlations between ceRNA interactions in each candidate ceRNA 
triplet. So we compared the correlations of ceRNAs in amplification/
deletion samples with normal samples to determine the extent of 
dysregulation. The extent of dysregulation was defined as:

 ∆R ceRNA ceRNA ceRNA ceRNA= −cor corv n( , ) ( , )1 2 1 2  
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where corv(ceRNA1, ceRNA2) was the PCC estimated from 
the amplification/deletion samples and corn(ceRNA1, ceRNA2) 
was from normal samples. If a candidate ceRNA triplet existed 
only in one copy number status, ΔR was also calculated by 
using the correlation filtered before. (3) Identifying CNV-
driven dysregulated ceRNA–ceRNA interactions. To determine 
whether ΔR was statistically significant, a permutation test was 
performed. We randomized the labels of copy number status 1000 
times and recalculated the changes of correlation coefficients of 
each ceRNA pair. A P value of 0.05 was used as the cut-off to 
obtain significantly dysregulated pairs, which were regarded as 
CNV-driven dysregulated ceRNA–ceRNA interactions. R scripts 
were available on GitHub (https://github.com/EmeraldG1996/
orange-juice/tree/master/ceRNA-interaction).

FUNCTIONAl ENRIChMENT ANAlYsIs

For functional enrichment analysis, we first obtained gene 
expression profiles of LGG/GBM and matched normal samples 
from TCGA, and calculated the differential expression of genes. 
Based on the fold change values, we performed gene set enrichment 
analysis (GSEA) to discover functions kyoto encyclopedia of 
genes and genomes (KEGG pathways and GO terms) altered in 
LGG and GBM, respectively. Then, the hypergeometric test was 
used to further identify what cancer-related functions the ceRNA 
network (or community) participated in:
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where N was the number of genes in the gene expression profiles, 
n was the number of given genes involved in dysregulated ceRNA 
network or specific community, M was the number of genes that 
participated in cancer-related KEGG pathway/GO term.

statistical Analysis of Clinical Data
We downloaded the clinical data of 432 LGG and 124 GBM 
patients from cBioPortal (http://www.cbioportal.org/). Overall 
survival curves were constructed by Kaplan–Meier estimation 

and log-rank tests (P < 0.05) were used to identify the significantly 
survival-related copy number changes. The Cox proportional-
hazards regression model was used to investigate the association 
between the expression of genes and OS. Fisher exact test was 
performed to detect the clinicopathologic correlates with copy 
number variations.

REsUlTs

Identifying DNA Copy Number Variations 
in lGG and GBM
To systematically evaluate the copy number variations (CNVs) in 
LGG and GBM, we performed GISTIC2 on TCGA SNP 6.0 array 
data to get the copy number status of each gene. After filtering 
segments with copy ratios less than 0.1, 85 putative CNVs in LGG 
and 65 in GBM were detected, including a total of 152 and 435 
patients, respectively. We divided the identified CNVs into two 
types, i.e., amplification or deletion, for further analysis (Table 1, 
see Materials and Methods). Focal amplifications of pathogenic 
oncogenes were seen in most of the GBM patients. For example, 
the amplification of PDGFRA was found in 23 patients, and 
71 and 28 patients showed EGFR and CDK4 amplification, 
respectively. We also found some patients harbored focal 
deletions of tumor suppressor genes, such as CDKN2A (89) and 
CDKN2B (84). The amplification of oncogenes across LGG was 
not as extensive as GBM, but focal deletions of CDKN2A/B were 
also found in LGG, which were considered as negative cell cycle 
regulators in gliomas (Simon et al., 1999).

Different Copy Number status Affected 
the Expression of Protein-Coding Genes 
and lncRNAs
To identify protein-coding genes and lncRNAs affected by CNVs, 
we combined copy number data and expression profiles in LGG 
and GBM. Based on the rank-sum test, we identified genes whose 
copy number changes (between different copy number statuses) 
were concordant with changes in their expression (P value < 0.05, 
see Materials and Methods, Supplementary Table 1). In LGG, 
the expression of 52 protein-coding genes and 2 lncRNAs were 
significantly affected by CNVs, including 46 protein-coding 

TABlE 1 | Characterization of genomic CNVs detected in LGG and GBM.

Rank Genomic location size No. of Genes Candidate Gene(s)

Amplifications (lGG)
1 7q32.1 chr7:128,577,665–148,118,090 17
2 8q24.3 chr8:143,692,404–143,696,833 51 MAF1
Deletions (lGG)
1 9p21.3 chr9:21,329,669–23,898,052 14 CDKN2A,CDKN2B, MTAP,ELAVL2
Amplifications (GBM)
1 4q12 chr4:54,009,788–54,740,715 7 PDGFRA,KIT
2 7p11.2 chr7:53,926,675–57,139,864 17 EGFR,VOPP1
3 12q13.3-14.1 chr12:57,520,417–57,957,269 21 CDK4
Deletions (GBM)
1 9p21.2-21.3 chr9:20,341,664–25,784,562 19 CDKN2A,CDKN2B, MTAP,ELAVL2
2 10q23.31 chr10:87,866,672–87,971,930 1 PTEN
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genes and 1 lncRNA showing amplification, and 6 mRNAs 
and 1 lncRNA associated with deletions. While in GBM, 47 
protein-coding genes and lncRNAs were significantly associated 
with copy number status, including 36 protein-coding genes 
associated with amplifications, and 9 protein-coding genes and 2 
lncRNAs associated with deletions. While our CNV-driven genes 
were identified between amplification/deletion copy number 
states and normal state, only several genes were confirmed in 
previous studies, for example, ELAVL2 in GBM (Bhargava et 
al., 2017). The genomic localization of these genes showed that 
the CNVs which significantly affected expression in LGG and 
GBM could be divided into three and five patterns, respectively 
(Figures 1A, B). In GBM, the CNVs concentrated in 10q23.31 
(1), 9p21.2-21.3 (10), 4q12 (5), 12q13.3-14.1 (19), and 7p11.2 
(12), consistent with previous reports (Crespo et al., 2012). In 

these regions, the CNVs of some genes were observed in most 
patients, including many genes that have been confirmed to be 
important in the occurrence and development of GBM, such 
as EGFR, CDKN2A/CDKN2B, and MTAP (Lopez-Gines et al., 
2010; Feng et al., 2012; Xu et al., 2017). It has been reported 
that the deletion of 9p21.3 is related to the occurrence of GBM 
(Inoue et al., 2004; Alentorn et al., 2015). For LGG, the CNVs 
concentrated in 9p21.2-21.3 (7), 4q12 (39), 12q13.3-14.1 (8) 
(Figure 1A). Several genes in these regions have been suggested 
to be important for the prognosis. For example, CDKN2A is an 
independent predictor of poor survival in diffuse lower-grade 
gliomas (Aoki et al., 2018).

The expression levels of genes identified as copy number 
deletion (amplification) were generally decreased (increased) 
in both LGG and GBM (Figure 1), which was consistent with 

FIGURE 1 | CNVs and the expression of affected protein-coding genes and lncRNAs in GBM and LGG. (A-B) Expression of CNV affected genes in GBM (A) and in 
LGG (B).
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previous reports (Momtaz et al., 2018). At the same time, we found 
that the degree of expression changes of different genes within 
one genomic region was not the same. For example, in GBM, the 
expression of DMRTA1 and LINC01239, which located in the 
9p21.3 region, differed by 10 times when copy number changes.

Identification of the Dysregulated ceRNA 
Network Driven by CNV
Given the lack of exploration of regulatory factors in existing 
ceRNA studies, we designed a program to identify dysregulated 
ceRNA interactions driven by CNV (Supplementary Figure 1). 
The program could be roughly divided into three steps. First, the 
candidate ceRNA triplets were obtained based on the interactions 
of mRNA/lncRNA-miRNA in LGG and GBM, respectively. Then, 

to get ceRNA pairs driven by CNV, we calculated the changes 
of the correlations of ceRNA pairs in each copy number state 
(amplification/normal or deletion/normal). If CNV increased the 
correlation, the ceRNA pair was enhanced by CNV. Conversely, 
the ceRNA pair was weakened by CNV. Last, we used perturbation 
test to get significant ceRNA pairs driven by CNV (see Materials 
and Methods, Supplementary Table 2). Through the above three 
steps, we finally obtained 13776 CNV-driven dysregulated ceRNA 
pairs in LGG, including 3954 mRNAs and 306 lncRNAs. In GBM, 
we gained 262 copy number-driven dysregulated ceRNA pairs, 
including 221 mRNAs and 11 lncRNAs (Figures 2A, B, Table 2).

Next, to gain insights into the dysregulated ceRNA interactions 
caused by CNV, we visualized the ceRNA network with Cytoscape 
3.7.0 (Shannon et al., 2003) (Figure 2C). By observing the ceRNA 
network of GBM, we found most of the ceRNA interactions were 

FIGURE 2 | Dysregulated ceRNA pairs driven by CNV. (A–B) Distribution of enhanced and weakened ceRNA pairs in GBM (A) and LGG (B). Red for enhanced pairs 
and blue for weakened pairs. (C) Global view of ceRNA network in GBM. The ceRNAs driven by CNV and their ceRNA pairs were colored by orange and light gold, 
respectively. The CNV-driven ceRNA which was also another CNV-driven ceRNA pair was colored by purple. Square indicated mRNAs and diamond indicated lncRNAs.
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weakened because of the CNV-driven ceRNAs, and only a few 
CNV-driven ceRNAs (ELAVL2 and PDGFRA) showed opposite 
influence (Figure 2C). Similar results were also observed in LGG. 
Interestingly, many CNV-driven genes shared the same ceRNAs 
in the ceRNA network, and the number of sharing ceRNAs in 
LGG was larger than GBM. For example, VOPP1 and CDKN2A, 
which have been proved important in glioma (Xia et al., 2013; 
Roy et al., 2016), were linked by KCTD5 in GBM (Figure 2C). It 
should be noted that MARCH9, a CNV-driven ceRNA, was also 
regulated by ELAVL2, and they shared the most ceRNAs (such 
as MTMR1, STMN1, and CECR2). The interactions between 
STMN1 and ELAVL2/MARCH9 were weakened by CNV, while 
in MTMR1 and CECR2 the interactions were weakened by 
MARCH9 amplification and enhanced by ELAVL2 deletion. In 
LGG, the ceRNAs shared by MTAP and CDKN2A contained 
many genes highly associated with gliomas and other cancers, 

such as IDH1 and CDK4/6 (Cheng et al., 2017). Some studies 
have shown that co-deletion of CDKN2A and MTAP could 
be used as markers for glioma stratification, and the deletion 
of CDKN2A was associated with the expression of CDK4/6 in 
various tumors (Kaul et al., 2015; Frazao et al., 2018).

Functional Characterization of 
Dysregulated ceRNAs Driven by CNV
To evaluate the effects of CNV-driven dysregulated ceRNAs, we 
used a functional analysis pipeline to characterize their aberrant 
functions in LGG and GBM, respectively (see Materials and 
Methods). In LGG, the top significant KEGG pathways, such as 
cell cycle and p53 signaling pathway, have been shown to play a 
crucial role in tumor occurrence (Figure 3A). For example, the 
activation of tumor suppressor protein p53 was confirmed to 

TABlE 2 | The information of dysregulated ceRNA pairs driven by CNV in GBM and LGG.

CNV-driven ceRNAs ceRNA pairs mRNAs lncRNAs Enhanced pairs Weakened pairs

lGG Amplification 34 1488 8031 99 545 943
Deletion 6 12288 3600 233 549 11739

GBM Amplification 7 102 147 6 29 73
Deletion 3 160 83 5 3 157

FIGURE 3 | Functional analysis of CNV-driven dysregulated ceRNAs. (A–B) KEGG pathways and GO terms annotated by all dysregulated ceRNAs in LGG (A) and 
GBM (B). The red dotted line indicates that p-value is 0.05. (C-D) KEGG pathways and GO terms annotated by partial CNV-driven ceRNA and its ceRNA pairs in 
LGG (C) and GBM (D). The size of the scatter represents the relative proportion of genes which enriched in the corresponding function.
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be regulated by CHK-2 kinase in p53 signaling pathway, which 
indicated that ceRNA network could reflect the mechanism of 
tumorigenesis (Harris and Levine, 2005). In GBM, dysregulated 
ceRNAs were primarily enriched in categories related to cell 
cycle, e.g. cell cycle G1/S phase transition, and cell division, 
such as mitotic sister chromatid segregation, negative regulation 
of mitotic cell cycle phase transition and mitotic spindle 
organization (Figure 3B).

We further investigated the functions of ceRNA pairs driven 
by each CNV with the same approach. By comparing with 
functions of all dysregulated ceRNAs, we obtained more detailed 
tumor-related functions in both LGG and GBM. In LGG, an 
average of three KEGG pathways and four biological processes 
were identified (P < 0.05, Figure 3C). The top enriched results not 
only contained the pathways enriched by dysregulated ceRNAs 
but also included pathways that regulated cancer development, 
such as MAPK signaling, which has been shown to significantly 
promote the proliferation and migration of glioma cells (Wan 
and Too, 2010; Zhang et al., 2017). Furthermore, we observed 
ceRNA pairs enriched in the cell cycle, including CDKN2A (a 
CNV-driven ceRNA), CDK4 and CDK6. It has been proven 
that cell cycle was mediated by CDKN2A (Aoki et al., 2018), 
its dysregulation driven by copy number deletion could inhibit 
CDK4 and CDK6 and thus blocked traversal from G1 to S-phase 
(Serrano et al., 1993; Kamb et al., 1994). We also found many 
cancer-related biological functions in GBM, such as p53 signaling 
pathway, DNA replication as well as GO terms associated with 
cell cycle (Figure 3D). These results demonstrated that more 
precise regulatory mechanisms related to glioma could be found 
by annotating dysregulated ceRNAs.

Exploring Community structures 
in the CNV-Driven ceRNA Network
Based on the hypothesis that special topological components in 
biological networks may provide a new clue to the functional 
characterization of ceRNAs, we investigated the function of 
important community structures in the CNV-driven ceRNA network 
to determine these effects on tumorigenesis (Figures 2A, B). Here, 
modules identified from multi-level optimization of modularity 
were defined as communities (Song et al., 2017).

The largest community in LGG contained 798 nodes, including 
some glioma-associated genes like IDH1 and CDK4/6 (Cheng 
et al., 2017), in which most ceRNA pairs were driven by copy 
number deletion. The functional analysis showed that six GO 
terms and five KEGG pathways were significantly enriched in this 
community (p-value < 0.05), such as mesenchyme development, 
p53 signaling pathway and TGF-beta signaling (Figure 4). In 
this community, BMP-7, as a ceRNA driven by MTAP, has been 
proved to act as a tumor suppressor that repressed proliferation, 
self-renewal, and tumor initiation of stem-like glioblastoma cells 
through suppressing epithelial–mesenchymal transition (EMT) 
(Zeisberg et al., 2003; Tate et al., 2012). Among all the enriched 
functions, cell cycle was the most significant (Figure 4B), and 
CDKN2B (Ink4b) drew our attention. As a CNV-driven ceRNA, 
CDKN2B has been reported to serve as a functional unit in the 
oncogenesis of malignant gliomas (Shete et al., 2009; Weller et al., 

2009), its ceRNA pairs, CDK2 and RBL1, were also annotated 
in cell cycle and located in the downstream of the pathway 
(Figure  4C). Analogous results were also obtained from the 
communities of GBM. The largest community of GBM with 34 
genes was identified to be relevant to cell cycle-related biological 
processes (G1/S transition of mitotic cell cycle) and cancer-
related pathways (DNA replication) (Figure 4D).

CNV-Driven ceRNAs Associated With 
Prognosis and histological subtypes
To further detect the roles of CNV-driven ceRNAs in prognosis, 
we assessed whether the effects on the clinical outcome of a CNV-
driven ceRNA differed by copy number status. We identified 
some ceRNAs were significantly related to overall survival in 
LGG (log-rank test p-value < 0.05, Figure 5), but regretfully we 
did not find any significant results in GBM. For LGG, our results 
showed that the deletion of MTAP, CDKN2A, and CDKN2B 
had the worse prognosis (with hazard ratios of 1.946, 1.992 and 
1.984, respectively). The dysregulated ceRNA network driven by 
the deletion of CDKN2B was enriched in Epac1/Rap1 pathway, 
which was proved to be important in glioma cell death (Moon 
et al., 2012). By using the Cox proportional hazards regression 
model, we found that the CNV-driven ceRNAs, such as MTAP, 
KLHL9, and ELAVL2, whose deletion led to worse overall 
survival also exhibited significant associations between their 
expression and survival time (Table 3, univariate Cox hazard 
analysis, P < 0.05). Seven of them, for example, KLHL9, showed 
to be independent prognosis factors (Table 3, multivariate Cox 
hazard analysis, P < 0.05).

Furthermore, we found that the CNV-driven prognosis factors 
also showed high correlation with histological subtype (Table 4, 
Fisher exact test, P < 0.05). Interestingly, all of the subtype 
related CNV-driven ceRNAs were located in the deletion region 
at 9p21. It has been shown that the deletion of 9p21, especially 
co-deletions of CDKN2A/B and MTAP, could be a marker for 
different grades of glioma (Frazao et al., 2018). Interestingly, 
CDKN2B, CDKN2A, MTAP, and KLHL9 also belonged to 
the largest community in the dysregulated ceRNA network, 
suggesting their possible role to inhibit the development of 
glioma together. Besides, we also found a lncRNA, RP11–321l2.2, 
whose ceRNA pairs were involved in MAPK and PI3K pathways.

DIsCUssION

In this study, we provided a comprehensive catalog of dysregulated 
ceRNA interactions driven by CNV in both LGG and GBM. We 
identified the expression of protein-coding genes and lncRNAs 
affected by CNVs and figured out consistent changes of genes 
in both cancer subtypes. Based on the CNV-driven genes and 
ceRNA triplets, dysregulated ceRNA networks driven by copy 
number amplification/deletion were identified in LGG and 
GBM. We found that CNV could attenuate the interactions 
between most ceRNA pairs, and the dysregulated ceRNAs driven 
by CNV were involved in some critical biological functions in 
glioma. Furthermore, some CNV-driven ceRNAs showed a 

Frontiers in Genetics | www.frontiersin.org October 2019 | Volume 10 | Article 1055

https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Dysregulated ceRNA Networks Driven by CNVsXu et al.

8

significant correlation to overall survival, indicating that they 
may be potential clinical biomarkers of prognosis.

We not only demonstrated that the dysregulated ceRNA 
network could be influenced by CNV in both LGG and GBM 
but also obtained some critical biological functions related to 
the CNV-driven dysregulated ceRNAs. These ceRNAs were 
significantly enriched in the programs of tumorigenesis, such as 
cell cycle, p53 signaling pathway. By further functional analysis 
of each CNV-driven ceRNA sub-network, we identified more 
detailed tumor-related functions, for example, cell cycle G1/S 
phase transition. Our study demonstrated a novel finding that 
the CDKN2B (p15, driven by copy number amplification) could 
regulate TGF-β signaling pathway in LGG. TGFβR1, which 
was a ceRNA pair of CDKN2B, is activated by binding with 
TGF-β (Massague, 1992). Another ceRNA GDNF, a member 
of TGF-β super-family, has been revealed to strongly induce 
glioma cell proliferation and migration (Song and Moon, 2006; 
Ng et al., 2009). These findings could potentially account for the 
mechanism that TGF-β receptors may be mediated by CDKN2B 
to influence the glioma occurrence and development. Meanwhile, 

higher levels of RhoA, another ceRNA member of CDKN2B and 
a downstream factor in TGF-β/MAPK signaling pathway, can 
significantly promote glioma cell proliferation and migration 
(Wan and Too, 2010; Shabtay-Orbach et al., 2015). These results 
suggest that although the regulation of CDKN2B through TGF 
superfamily members is not clear, it is worth to determine in the 
future.

By performing a functional analysis of the largest community 
in CNV-driven ceRNA network, we could identify key biological 
functions relevant to LGG pathogenesis. Epithelial–mesenchymal 
transition (EMT) is known as a facilitator of cellular dissociation 
and migration, which plays a critical role in cancer metastasis 
(Cheng et al., 2012; Iwadate, 2016). Our results elucidated a key 
EMT-related molecule: BMP-7 and discovered a critical ceRNA 
interaction between MTAP and BMP-7. The ceRNA interactions 
explain the role of EMT in malignant glioma, which may provide 
new insight into the mechanism of tumorigenesis. Additionally, 
the loss of CDKN2B could cause the dysregulation of its relevant 
community structures, by affecting the expression of its ceRNA 
partners, including CDK2 and RBL1, and ultimately resulted in 

FIGURE 4 | Community analysis in LGG and GBM. (A) The architecture of the largest community in LGG. (B) Significantly enriched GO terms and KEGG pathways 
of the largest community in LGG. (C) The regulation of ceRNAs involved in cell cycle pathway. (D) The architecture of the largest community in GBM.
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cell-cycle dysregulation. These ceRNAs founded by exploring 
specific community structures could provide new potential 
therapeutic targets for malignant gliomas.

Our study further revealed the putative influence of 
CNV-driven ceRNAs in clinicopathologic characteristics. By 
performing a systematic analysis of the CNV-driven ceRNAs with 

clinical features, we found that the CNVs of some genes (such as 
MTAP/CDKN2A/CDKN2B/KLHL9) had significant impacts on 
histological diagnosis and survival in glioma. Functional analysis 
of CDKN2B through its influenced ceRNA network further 
revealed that the dysregulation of specific ceRNA networks 
driven by CNVs could act as prognostic markers of glioma 

FIGURE 5 | Overall survival among LGG patients (n = 432) stratified by the copy number status of CNV-driven ceRNAs.

TABlE 3 | Univariate and multivariate Cox hazard analyses in LGG.

CNV-driven ceRNA Univariate analysis Multivariate analysis

hR (95% CI for hR) P value hR (95% CI for hR) P value

MTAP 0.34 (0.2334–0.4953) <0.0001 1.0602 (0.4489–2.5036) 0.8939
KLHL9 0.4094 (0.3043–0.5509) <0.0001 0.3836 (0.207–0.7107) 0.0023
ELAVL2 0.6828 (0.5714–0.8159) <0.0001 1.3713 (0.9268–2.0289) 0.1142
ZNF517 0.6397 (0.4225–0.9687) 0.0348 0.0913 (0.0286–0.2915) 0.0001
SCRIB 1.5802 (1.1698–2.1345) 0.0029 7.2575 (2.4772–21.2626) 0.0003
PUF60 0.542 (0.3389–0.8668) 0.0106 0.0707 (0.0132–0.3791) 0.002
TNPO3 1.476 (1.0102–2.1566) 0.0442 0.2493 (0.0815–0.7628) 0.0149
VPS28 0.4436 (0.2507–0.785) 0.0052 0.1131 (0.0195–0.6546) 0.015
RP11-2E11.5 0.4738 (0.3411–0.6582) <0.0001 0.5463 (0.3263–0.9146) 0.0215
GRINA 0.4164 (0.2753–0.6299) <0.0001 0.4701 (0.1931–1.1442) 0.0963
ARHGAP39 1.4211 (1.0099–1.9998) 0.0438 2.0575 (0.8929–4.7411) 0.0903
CEP41 1.5897 (1.1494–2.1987) 0.0051 1.1195 (0.5523–2.2692) 0.7542
CYHR1 1.5474 (1.1329–2.1134) 0.0061 1.5989 (0.6935–3.6862) 0.2708
KLHDC10 1.592 (1.0146–2.4981) 0.0431 0.9731 (0.2574–3.6795) 0.968
LY6K 0.3638 (0.1954–0.6773) 0.0014 0.7473 (0.292–1.9124) 0.5434
PPP1R16A 1.5943 (1.1601–2.191) 0.004 0.6491 (0.2303–1.8295) 0.4136
ZC3HC1 1.6585 (1.0856–2.5338) 0.0193 1.1166 (0.4487–2.779) 0.8126
ZNF707 1.7057 (1.1677–2.4915) 0.0057 1.6517 (0.6609–4.1278) 0.2829
RECQL4 1.6168 (1.2803–2.0417) 0.0001 0.9333 (0.5146–1.6927) 0.8202
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FIGURE 6 | The TGF-beta signaling pathway annotated by ceRNA pairs of CDKN2B (p15). Orange node represents CNV-driven ceRNA. Blue nodes represent the 
ceRNA members of the CNV-driven ceRNA.

TABlE 4 | Fisher exact test of histological subtypes and copy number status of CNV-driven ceRNAs.

ceRNA CNV histological subtypes p-value

Astrocytoma Oligoastrocytoma Oligodendroglioma

MTAP 0 117 101 150 5.61E-05
−2 39 12 13

ELAVL2 0 128 105 155 0.000373
−2 28 8 8

KLHL9 0 125 104 154 0.00018
−2 31 9 9

CDKN2A 0 111 101 148 3.50E-06
−2 45 12 15

CDKN2B 0 110 101 149 8.65E-07
−2 46 12 14

RP11-321L2.2 0 129 105 155 0.000736
−2 27 8 8
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(Figure 6). We proposed that the CNV-driven ceRNAs detected 
to be associated with clinical features may possess clinical 
functions through regulating other genes by ceRNA networks. 
The CNV-driven ceRNA network could be used to presume 
potential prognostic markers of glioma.

DATA AVAIlABIlITY sTATEMENT

Publicly available datasets were analyzed in this study. This data 
can be found here: https://tcga-data.nci.nih.gov/tcga.

AUThOR CONTRIBUTIONs

YX, CX, and JX conceived and designed this study. XH, LP, SS, and 
SH collected and analyzed the data. JX, XH, SS, and SH carried out 
the method and performed the analysis. YY, KL, and LX helped 
to analyze the results. JX, XH, SS, and YY participated in the 
discussion of the project.  JX, LP and WY revised the manuscript. 
All authors reviewed, edited, and approved the manuscript.

ACKNOWlEDGMENTs

This work was supported by National Natural Science Foundation 
of China [61573122, 31871336]; National Science Foundation 
of Heilongjiang Province [YQ2019C012]; Heilongjiang 
Postdoctoral Science Foundation [LBH-Q18099]; Special Funds 
for the Construction

sUPPlEMENTARY MATERIAl

The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fgene.2019.01055/
full#supplementary-material

sUPPlEMENTARY FIGURE 1 | The computational approach to identify 
dysregulated ceRNA–ceRNA interactions driven by CNVs.

sUPPlEMENTARY TABlE s1 | List of the CNV-driven genes.

sUPPlEMENTARY TABlE s2 | List of the significant ceRNA pairs driven by CNV.

REFERENCEs

Alentorn, A., Dehais, C., Ducray, F., Carpentier, C., Mokhtari, K., Figarella-
Branger, D., et al. (2015). Allelic loss of 9p21.3 is a prognostic factor in 
1p/19q codeleted anaplastic gliomas. Neurology 85, 1325–1331. doi: 10.1212/
WNL.0000000000002014

Aoki, K., Nakamura, H., Suzuki, H., Matsuo, K., Kataoka, K., Shimamura, T., 
et al. (2018). Prognostic relevance of genetic alterations in diffuse lower-grade 
gliomas. Neuro-Oncology 20, 66–77. doi: 10.1093/neuonc/nox132

Bhargava, S., Patil, V., Mahalingam, K., and Somasundaram, K. (2017). Elucidation 
of the genetic and epigenetic landscape alterations in RNA binding proteins 
in glioblastoma. Oncotarget 8, 16650–16668. doi: 10.18632/oncotarget.14287

Cesana, M., Cacchiarelli, D., Legnini, I., Santini, T., Sthandier, O., Chinappi, M., et al. 
(2011). A long noncoding RNA controls muscle differentiation by functioning as 
a competing endogenous RNA. Cell 147, 358–369. doi: 10.1016/j.cell.2011.09.028

Cheng, W., Ren, X., Zhang, C., Cai, J., Han, S., and Wu, A. (2017). Gene expression 
profiling stratifies idh1-mutant glioma with distinct prognoses. Mol. Neurobiol. 
54, 5996–6005. doi: 10.1007/s12035-016-0150-6

Cheng, W. Y., Kandel, J. J., Yamashiro, D. J., Canoll, P., and Anastassiou, D. (2012). 
A multi-cancer mesenchymal transition gene expression signature is associated 
with prolonged time to recurrence in glioblastoma. PloS One 7, e34705. doi: 
10.1371/journal.pone.0034705

Crespo, I., Tao, H., Nieto, A. B., Rebelo, O., Domingues, P., Vital, A. L., et al. 
(2012). Amplified and homozygously deleted genes in glioblastoma: impact 
on gene expression levels. PloS One 7, e46088. doi: 10.1371/journal.pone. 
0046088

Do, D., and Bozdag, S. (2018). Cancerin: a computational pipeline to infer cancer-
associated ceRNA interaction networks. PLoS Comput. Biol. 14, e1006318. doi: 
10.1371/journal.pcbi.1006318

Feng, J., Kim, S. T., Liu, W., Kim, J. W., Zhang, Z., Zhu, Y., et al. (2012). An 
integrated analysis of germline and somatic, genetic and epigenetic alterations 
at 9p21.3 in glioblastoma. Cancer 118, 232–240. doi: 10.1002/cncr.26250

Frazao, L., do Carmo Martins, M., Nunes, V. M., Pimentel, J., Faria, C., Miguens, J., 
et al. (2018). BRAF V600E mutation and 9p21: CDKN2A/B and MTAP 
co-deletions - markers in the clinical stratification of pediatric gliomas. BMC 
Cancer 18, 1259. doi: 10.1186/s12885-018-5120-0

Harris, S. L., and Levine, A. J. (2005). The p53 pathway: positive and negative 
feedback loops. Oncogene 24, 2899–2908. doi: 10.1038/sj.onc.1208615

Inoue, R., Moghaddam, K. A., Ranasinghe, M., Saeki, Y., Chiocca, E. A., and Wade-
Martins, R. (2004). Infectious delivery of the 132 kb CDKN2A/CDKN2B 
genomic DNA region results in correctly spliced gene expression and growth 

suppression in glioma cells. Gene Therapy 11, 1195–1204. doi: 10.1038/
sj.gt.3302284

Iwadate, Y. (2016). Epithelial-mesenchymal transition in glioblastoma progression. 
Oncol. Letters 11, 1615–1620. doi: 10.3892/ol.2016.4113

Jornsten, R., Abenius, T., Kling, T., Schmidt, L., Johansson, E., Nordling, 
T. E., et al. (2011). Network modeling of the transcriptional effects of copy 
number aberrations in glioblastoma. Mol. Syst. Biol. 7, 486. doi: 10.1038/
msb.2011.17

Kamb, A., Gruis, N. A., Weaver-Feldhaus, J., Liu, Q., Harshman, K., Tavtigian, 
S. V., et al. (1994). A cell cycle regulator potentially involved in genesis of many 
tumor types. Science 264, 436–440. doi: 10.1126/science.8153634

Kaul, A., Toonen, J. A., Cimino, P. J., Gianino, S. M., and Gutmann, D. H. (2015). 
Akt- or MEK-mediated mTOR inhibition suppresses Nf1 optic glioma growth. 
Neuro-Oncology 17, 843–853. doi: 10.1093/neuonc/nou329

Li, J., Han, L., Roebuck, P., Diao, L., Liu, L., Yuan, Y., et al. (2015). TANRIC: an 
interactive open platform to explore the function of lncRNAs in cancer. Cancer 
Res. 75, 3728–3737. doi: 10.1158/0008-5472.CAN-15-0273

Li, J. H., Liu, S., Zhou, H., Qu, L. H., and Yang, J. H. (2014). starBase v2.0: decoding 
miRNA-ceRNA, miRNA-ncRNA and protein-RNA interaction networks from 
large-scale CLIP-Seq data. Nucleic Acids Res. 42, D92–D97. doi: 10.1093/nar/
gkt1248

Liang, L., Fang, J. Y., and Xu, J. (2016). Gastric cancer and gene copy number 
variation: emerging cancer drivers for targeted therapy. Oncogene 35, 1475–
1482. doi: 10.1038/onc.2015.209

Lopez-Gines, C., Gil-Benso, R., Ferrer-Luna, R., Benito, R., Serna, E., Gonzalez-
Darder, J., et al. (2010). New pattern of EGFR amplification in glioblastoma and 
the relationship of gene copy number with gene expression profile. Mod Pathol. 
Off. J U. S. Can Acad Pathol. Inc 23, 856–865. doi: 10.1038/modpathol.2010.62

Massague, J. (1992). Receptors for the TGF-beta family. Cell 69, 1067–1070. doi: 
10.1016/0092-8674(92)90627-O

Mermel, C. H., Schumacher, S. E., Hill, B., Meyerson, M. L., Beroukhim, R., and 
Getz, G. (2011). GISTIC2.0 facilitates sensitive and confident localization of 
the targets of focal somatic copy-number alteration in human cancers. Genome 
Biol. 12, R41. doi: 10.1186/gb-2011-12-4-r41

Momtaz, R., Ghanem, N. M., El-Makky, N. M., and Ismail, M. A. (2018). Integrated 
analysis of SNP, CNV and gene expression data in genetic association studies. 
Clin. Genet. 93, 557–566. doi: 10.1111/cge.13092

Moon, E. Y., Lee, G. H., Lee, M. S., Kim, H. M., and Lee, J. W. (2012). 
Phosphodiesterase inhibitors control A172 human glioblastoma cell death 
through cAMP-mediated activation of protein kinase A and Epac1/Rap1 
pathways. Life Sci. 90, 373–380. doi: 10.1016/j.lfs.2011.12.010

Frontiers in Genetics | www.frontiersin.org October 2019 | Volume 10 | Article 1055

https://tcga-data.nci.nih.gov/tcga.
https://www.frontiersin.org/articles/10.3389/fgene.2019.01055/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.01055/full#supplementary-material
https://doi.org/10.1212/WNL.0000000000002014
https://doi.org/10.1212/WNL.0000000000002014
https://doi.org/10.1093/neuonc/nox132
https://doi.org/10.18632/oncotarget.14287
https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1007/s12035-016-0150-6
https://doi.org/10.1371/journal.pone.0034705
https://doi.org/10.1371/journal.pone.0046088
https://doi.org/10.1371/journal.pone.0046088
https://doi.org/10.1371/journal.pcbi.1006318
https://doi.org/10.1002/cncr.26250
https://doi.org/10.1186/s12885-018-5120-0
https://doi.org/10.1038/sj.onc.1208615
https://doi.org/10.1038/sj.gt.3302284
https://doi.org/10.1038/sj.gt.3302284
https://doi.org/10.3892/ol.2016.4113
https://doi.org/10.1038/msb.2011.17
https://doi.org/10.1038/msb.2011.17
https://doi.org/10.1126/science.8153634
https://doi.org/10.1093/neuonc/nou329
https://doi.org/10.1158/0008-5472.CAN-15-0273
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1038/onc.2015.209
https://doi.org/10.1038/modpathol.2010.62
https://doi.org/10.1016/0092-8674(92)90627-O
https://doi.org/10.1186/gb-2011-12-4-r41
https://doi.org/10.1111/cge.13092
https://doi.org/10.1016/j.lfs.2011.12.010
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Dysregulated ceRNA Networks Driven by CNVsXu et al.

12

Ng, W. H., Wan, G. Q., Peng, Z. N., and Too, H. P. (2009). Glial cell-line derived 
neurotrophic factor (GDNF) family of ligands confer chemoresistance 
in a ligand-specific fashion in malignant gliomas. J. Clin. Neurosci. Off. J. 
Neurosurgical Soc. Australasia 16, 427–436. doi: 10.1016/j.jocn.2008.06.002

Ostrom, Q. T., Gittleman, H., Liao, P., Rouse, C., Chen, Y., Dowling, J., et al. (2014). 
CBTRUS statistical report: primary brain and central nervous system tumors 
diagnosed in the United States in 2007-2011. Neuro-Oncology 16 Suppl 4, iv1–
i63. doi: 10.1093/neuonc/nou223

Park, C., Ahn, J., Yoon, Y., and Park, S. (2012). Identification of functional CNV 
region networks using a CNV-gene mapping algorithm in a genome-wide 
scale. Bioinformatics 28, 2045–2051. doi: 10.1093/bioinformatics/bts318

Park, C., Kim, J. I., Hong, S. N., Jung, H. M., Kim, T. J., Lee, S., et al. (2017). A copy 
number variation in PKD1L2 is associated with colorectal cancer predisposition 
in korean population. Int. J. Cancer 140, 86–94. doi: 10.1002/ijc.30421

Parsons, D. W., Jones, S., Zhang, X., Lin, J. C., Leary, R. J., Angenendt, P., et al. 
(2008). An integrated genomic analysis of human glioblastoma multiforme. 
Science 321, 1807–1812. doi: 10.1126/science.1164382

Roy, D. M., Walsh, L. A., Desrichard, A., Huse, J. T., Wu, W., Gao, J., et al. (2016). 
Integrated genomics for pinpointing survival loci within arm-level somatic copy 
number alterations. Cancer Cell 29, 737–750. doi: 10.1016/j.ccell.2016.03.025

Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA 
hypothesis: the Rosetta Stone of a hidden RNA language? Cell 146, 353–358. 
doi: 10.1016/j.cell.2011.07.014

Schwartzbaum, J. A., Fisher, J. L., Aldape, K. D., and Wrensch, M. (2006). 
Epidemiology and molecular pathology of glioma. Nat. Clin. Pract. Neurol. 2, 
494–503. doi: 10.1038/ncpneuro0289 quiz 491 p following 516.

Serrano, M., Hannon, G. J., and Beach, D. (1993). A new regulatory motif in cell-
cycle control causing specific inhibition of cyclin D/CDK4. Nature 366, 704–
707. doi: 10.1038/366704a0

Shabtay-Orbach, A., Amit, M., Binenbaum, Y., Na'ara, S., and Gil, Z. (2015). 
Paracrine regulation of glioma cells invasion by astrocytes is mediated by 
glial-derived neurotrophic factor. Int. J. Cancer 137, 1012–1020. doi: 10.1002/
ijc.29380

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., 
et  al. (2003). Cytoscape: a software environment for integrated models of 
biomolecular interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/
gr.1239303

Shete, S., Hosking, F. J., Robertson, L. B., Dobbins, S. E., Sanson, M., Malmer, B., 
et al. (2009). Genome-wide association study identifies five susceptibility loci 
for glioma. Nat. Genet. 41, 899–904. doi: 10.1038/ng.407

Simon, M., Koster, G., Menon, A. G., and Schramm, J. (1999). Functional 
evidence for a role of combined CDKN2A (p16-p14(ARF))/CDKN2B (p15) 
gene inactivation in malignant gliomas. Acta Neuropathol. 98, 444–452. doi: 
10.1007/s004010051107

Song, C., Zhang, J., Qi, H., Feng, C., Chen, Y., Cao, Y., et al. (2017). The global view 
of mRNA-related ceRNA cross-talks across cardiovascular diseases. Sci. Rep. 7, 
10185. doi: 10.1038/s41598-017-10547-z

Song, H., and Moon, A. (2006). Glial cell-derived neurotrophic factor (GDNF) 
promotes low-grade Hs683 glioma cell migration through JNK, ERK-1/2 
and p38 MAPK signaling pathways. Neurosci. Res. 56, 29–38. doi: 10.1016/j.
neures.2006.04.019

Tate, C. M., Pallini, R., Ricci-Vitiani, L., Dowless, M., Shiyanova, T., D'Alessandris, 
G. Q., et al. (2012). A BMP7 variant inhibits the tumorigenic potential of 

glioblastoma stem-like cells. Cell Death Differ. 19, 1644–1654. doi: 10.1038/
cdd.2012.44

Tay, Y., Kats, L., Salmena, L., Weiss, D., Tan, S. M., Ala, U., et al. (2011). Coding-
independent regulation of the tumor suppressor PTEN by competing 
endogenous mRNAs. Cell 147, 344–357. doi: 10.1016/j.cell.2011.09.029

Tay, Y., Rinn, J., and Pandolfi, P. P. (2014). The multilayered complexity of ceRNA 
crosstalk and competition. Nature 505, 344–352. doi: 10.1038/nature12986

Wan, G., and Too, H. P. (2010). A specific isoform of glial cell line-
derived neurotrophic factor family receptor alpha 1 regulates RhoA 
expression and glioma cell migration. J. Neurochem. 115, 759–770. doi: 
10.1111/j.1471-4159.2010.06975.x

Wang, Y., Xu, Z., Jiang, J., Xu, C., Kang, J., Xiao, L., et al. (2013). Endogenous miRNA 
sponge lincRNA-RoR regulates Oct4, Nanog, and Sox2 in human embryonic 
stem cell self-renewal. Dev. Cell 25, 69–80. doi: 10.1016/j.devcel.2013.03.002

Weller, M., Felsberg, J., Hartmann, C., Berger, H., Steinbach, J. P., Schramm, J., 
et al. (2009). Molecular predictors of progression-free and overall survival in 
patients with newly diagnosed glioblastoma: a prospective translational study 
of the German Glioma Network. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 27, 
5743–5750. doi: 10.1200/JCO.2009.23.0805

Xi, R., Hadjipanayis, A. G., Luquette, L. J., Kim, T. M., Lee, E., Zhang, J., et al. 
(2011). Copy number variation detection in whole-genome sequencing data 
using the Bayesian information criterion. Proc. Natl. Acad. Sci. U.S.A. 108, 
E1128–E1136. doi: 10.1073/pnas.1110574108

Xia, H., Yan, Y., Hu, M., Wang, Y., Wang, Y., Dai, Y., et al. (2013). MiR-218 
sensitizes glioma cells to apoptosis and inhibits tumorigenicity by regulating 
ECOP-mediated suppression of NF-kappaB activity. Neuro-Oncology 15, 413–
422. doi: 10.1093/neuonc/nos296

Xu, H., Zong, H., Ma, C., Ming, X., Shang, M., Li, K., et al. (2017). Epidermal 
growth factor receptor in glioblastoma. Oncol. Letters 14, 512–516. doi: 
10.3892/ol.2017.6221

Yoon, J. H., Abdelmohsen, K., Srikantan, S., Yang, X., Martindale, J. L., De, S., 
et al. (2012). LincRNA-p21 suppresses target mRNA translation. Mol. Cell 47, 
648–655. doi: 10.1016/j.molcel.2012.06.027

Zeisberg, M., Hanai, J., Sugimoto, H., Mammoto, T., Charytan, D., Strutz, F., et al. 
(2003). BMP-7 counteracts TGF-beta1-induced epithelial-to-mesenchymal 
transition and reverses chronic renal injury. Nat. Med. 9, 964–968. doi: 
10.1038/nm888

Zhang, B. L., Dong, F. L., Guo, T. W., Gu, X. H., Huang, L. Y., and Gao, D. S. (2017). 
MiRNAs Mediate GDNF-Induced proliferation and migration of glioma cells. 
Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 44, 1923–
1938. doi: 10.1159/000485883

Conflict of Interest: The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be construed as a 
potential conflict of interest.

Copyright © 2019 Xu, Hou, Pang, Sun, He, Yang, Liu, Xu, Yin, Xu and Xiao. This 
is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) and the copyright owner(s) are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

Frontiers in Genetics | www.frontiersin.org October 2019 | Volume 10 | Article 1055

https://doi.org/10.1016/j.jocn.2008.06.002
https://doi.org/10.1093/neuonc/nou223
https://doi.org/10.1093/bioinformatics/bts318
https://doi.org/10.1002/ijc.30421
https://doi.org/10.1126/science.1164382
https://doi.org/10.1016/j.ccell.2016.03.025
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1038/ncpneuro0289
https://doi.org/10.1038/366704a0
https://doi.org/10.1002/ijc.29380
https://doi.org/10.1002/ijc.29380
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1038/ng.407
https://doi.org/10.1007/s004010051107
https://doi.org/10.1038/s41598-017-10547-z
https://doi.org/10.1016/j.neures.2006.04.019
https://doi.org/10.1016/j.neures.2006.04.019
https://doi.org/10.1038/cdd.2012.44
https://doi.org/10.1038/cdd.2012.44
https://doi.org/10.1016/j.cell.2011.09.029
https://doi.org/10.1038/nature12986
https://doi.org/10.1111/j.1471-4159.2010.06975.x
https://doi.org/10.1016/j.devcel.2013.03.002
https://doi.org/10.1200/JCO.2009.23.0805
https://doi.org/10.1073/pnas.1110574108
https://doi.org/10.1093/neuonc/nos296
https://doi.org/10.3892/ol.2017.6221
https://doi.org/10.1016/j.molcel.2012.06.027
https://doi.org/10.1038/nm888
https://doi.org/10.1159/000485883
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Identification of Dysregulated Competitive Endogenous RNA Networks Driven by Copy Number Variations in Malignant Gliomas
	Introduction
	Materials and Methods
	Data Source
	Identification of CNV-Driven Protein-Coding Genes and lncRNAs
	Identification of Dysregulated ceRNA–ceRNA Interactions Driven by CNV

	Functional Enrichment Analysis
	Statistical Analysis of Clinical Data

	Results
	Identifying DNA Copy Number Variations in LGG and GBM
	Different Copy Number Status Affected the Expression of Protein-Coding Genes and lncRNAs
	Identification of the Dysregulated ceRNA Network Driven by CNV
	Functional Characterization of Dysregulated ceRNAs Driven by CNV
	Exploring Community Structures in the CNV-Driven ceRNA Network
	CNV-Driven ceRNAs Associated With Prognosis and Histological Subtypes

	Discussion
	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


