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Abstract: Glioma, a highly aggressive neuroepithelial malignant brain tumor, is associated with high disability 
and recurrence rates. Enhancer RNA (eRNA) plays a significant role in tumor proliferation and metastasis; how-
ever, their functions in gliomas need further evaluation. We used the computational pipeline, PreSTIGE, to predict 
tissue-specific enhancer-derived RNAs and the underlying regulatory genes. Using data retrieved from the TCGA 
and CGGA databases, a LASSO regression analysis and multiCox proportional hazards regression analyses were 
performed to determine the hub eRNAs associated with glioma prognosis. Quantitative reverse transcription PCR 
was performed on the glioma samples to evaluate the expression characteristics of the identified hub eRNAs. To 
construct a risk signature, we selected three eRNAs, including CRNDE, MRPS31P5, and LINC00844, for their sig-
nificant prognostic values. The predictive value of the risk signature was validated using the CGGA and Rembrandt 
cohorts. Apart from the risk signature, the nomogram performed well at predicting OS in glioma patients. An eRNA-
target gene regulatory network was established, which we evaluated using a target gene enrichment analysis. 
Pathway and gene ontology (GO) analyses demonstrated that the risk signature is associated with mRNA process-
ing and spliceosome in glioma. Furthermore, we found that hub eRNAs potentially regulate the expressions of 
numerous splicing factors, such as MOV10 and SEC31B, and are correlated with prognosis-associated alteration 
splicing (AS). In conclusion, we established a risk signature that comprises three eRNAs, which can accurately be 
utilized as targets to predict prognosis in glioma patients.
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Introduction

Glioma, one of the most common malignant 
brain tumors, is associated with poor progno-
sis. Due to glioma’s high invasiveness and drug 
resistance, glioma patients have high disability 
and recurrence rates. Based on their degree of 
malignancy, gliomas are classified into 4 grad- 
es (i.e., WHO grades I, II, III, and IV). Among 
them, glioblastoma multiforme (GBM) belongs 
to grade IV [1]. The therapeutic options for glio-
ma include surgery, postoperative radiothera-
py, and chemotherapy. However, nearly all GBM 
patients who accept the first-line treatment 
exhibit disease progression after a median PFS 
of 7 to 10 months. Unfortunately, there are no 
efficient rescue treatments that can reliably 

improve glioma patients’ survival outcomes [2]. 
Therefore, the evaluation of glioma tumorigen-
esis and its biomarkers will inform the develop-
ment of effective therapeutic strategies.

Initially described as short DNA fragments, 
enhancer binds with transcription factors (TF) 
and transcription co-activators of histone acet-
ylation positively drive target gene expression. 
Advances in high-throughput sequencing meth-
ods have enabled studies on the molecular fea-
tures of the enhancers. For instance, a tran-
script of the enhancer exists. eRNA transcrip-
tion is bidirectional and is correlated with chro-
matin modifications or the cofactors (H3K27ac, 
p300, H3K4me1, etc.). eRNAs facilitate the 
establishment of the promoter-enhancer com-
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plex by interacting with TF and RNA polymerase 
II [3]. Enhancer RNAs regulate transcription in 
various human cells and tissues. Mutations in 
the eRNA elements of ACTRT1 alter enhancer 
activity and target gene expression, resulting in 
the dysregulation of Hedgehog signaling and 
tumor proliferation [4]. Furthermore, elevated 
expressions of AP001056.1 are correlated  
with poor prognoses in head and neck tumor 
patients [5]. A pan-cancer analysis revealed 
that an enhancer (chr9: 5580709-5581016, 
hereafter called enhancer-9, located ~140 kb 
from PD-L1), shows strong co-expression asso-
ciations with the PD-L1 mRNA levels in multiple 
cancer types, implying that this enhancer can 
modulate the PD-L1 activation [6]. However, 
studies on the role of eRNAs in gliomas are not 
comprehensive.

In this study, three prognosis-associated  
eRNAs were identified and used to construct a 
risk signature that can predict survival out-
comes for glioma patients. Additionally, we 
established enhancer RNA regulatory networks 
composed of hub eRNAs and target genes and 
explored the pathways and biological functions 
associated with the risk signature. Notably, the 
risk signature showed the potential to be uti-
lized as a biomarker for glioma diagnosis and 
therapy.

Methods

Data mining

The RNA-seq data for putative eRNAs and their 
clinicopathological data were downloaded from 
the GBM and LGG datasets in The Cancer 
Genome Atlas database (TCGA, https://portal.
gdc.cancer.gov/). Data for the 693 cohorts  
and the 325 cohorts in the Chinese Glioma 
Genome Atlas (CGGA, http://www.cgga.org.
cn/) and the Rembrandt cohort (GSE108476, 
www.ncbi.nlm.nih.gov/geo) were used to vali-
date the results. Subsequently, we processed 
RNA-seq data through normalization and log2 
transformation.

Identifying candidate eRNAs in glioma

lncRNAs transcripted from active tissue-specif-
ic enhancers and their potential target genes 
were explored using Predicting Specific Tis- 
sue Interactions of Genes and Enhancers 
(PreSTIGE, https://galaxyproject.org/use/pres-

tige/) [7]. Then, BioMart (https://www.ensem-
bl.org) was used to convert the Ensembl tran-
script ID to a gene symbol for further analysis. 
Spearman correlation analyses were perform- 
ed to evaluate the correlations between the 
eRNA levels and the predicted target genes. 
Putative eRNAs that were correlated with the 
levels of their target genes (|R|>0.4, P<0.001) 
and overall survival (OS, P<0.05) were consid-
ered candidate eRNAs in glioma. Additionally, 
the CGGA database was used to validate the 
prognostic value of candidate eRNAs.

Constructing and validating the eRNA prognos-
tic model 

The least absolute shrinkage and selection 
operator (LASSO) model is a type of regression 
method for multiple linear problems, and it can 
be used for parameter estimation and variable 
selection. In this study, we determined the can-
didate eRNAs suitable for the prediction model 
(iteration = 1000) using the lasso model and 
subjected them to multivariate Cox proportion-
al hazards regression analyses. Through the 
mentioned analyses, hub eRNAs were selected 
from the candidate eRNAs to construct a risk 
model where each sample’s risk score was cal-
culated according to the following formula:

risk Score = i
n
R  expression level of hub eRNA (i) 

* β (i) (β: coefficient of hub eRNA).

A log-rank test was performed to compare the 
differences in OS between the low- and high-
risk groups. The prognostic model’s perfor-
mance was evaluated in terms of the area 
under the receiver operating characteristic 
curve (ROC) [8]. Patients from the CGGA and 
Rembrandt cohorts were used to validate the 
model. Using the rms R-package, a nomogram 
(a statistical model with a user-friendly graphi-
cal interface) was established to predict the OS 
outcomes for the glioma patients. We used a 
calibration plot to assess the nomogram’s 
capacity.

Verification of the expressions and the prog-
nostic values of the hub eRNAs

The associations between the expressions of 
the hub eRNAs and the clinicopathological fea-
tures were evaluated using the TCGA cohort. 
Furthermore, quantitative reverse transcription 
PCR (qRT-PCR) was performed to measure the 
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expression levels of the hub eRNAs in 40  
glioma samples from Guangdong Provincial 
People’s Hospital. Then we verified the prog-
nostic value of the hub eRNAs in the gliomas 
based on the corresponding clinicopathological 
data of the glioma samples (Supplementary 
Table 1).

Constructing the eRNA-target gene regulatory 
network and the functional analysis

We performed Spearmen correlation analyses 
to assess the correlation between the hub 
eRNAs and their target genes based on the 
TCGA database. Next, the target genes 
(Spearmen’s rank correlation analysis |r|>0.4, 
P<0.001) were selected to construct the eRNA-
target gene regulatory network and to perform 
further functional analyses. Gene ontology  
(GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses were performed on 
the detected target genes to establish their 
functions (P<0.05).

Downloading and processing alterative splic-
ing (AS) data

From the TCGASpliceSeq database (https://
bioinformatics.mdanderson.org/TCGASplice- 
Seq/), as profiles were downloaded to assess 
mRNA splicing patterns in glioma patients. 
Quantifying the AS events, the Percent Spliced 
In (PSI) values were used to determine the 
seven types of alternative splicing events: 
Alternate Acceptor site (AA), Alternate Donor 
site (AD), Alternate Terminator (AT), Alternate 
Promoter (AP), Retained Intron (RI), Mutually 
Exclusive Exons (ME), and Exon Skip (ES).

Using UpSet-R (version 1.3.3), we generated 
distinguishable visualization UpSet plots to 
quantitatively analyze the intersections be- 
tween the AS events and the risk signature in 
glioma. The associations between the splicing 
factors and the alternative splicing events were 
further analyzed under the Pearson correlation 
coefficient threshold >|0.6|, P<0.001.

Quantitative reverse transcription PCR (qRT-
PCR)

A total of 40 glioma samples were used for the 
qRT-PCR verification of the expression of hub 
eRNAs. Total RNAs from the samples were 
extracted using the trizol reagent (AG21102, 
Accurate Biotechnology, Hunan, China). cDNA 
was synthesized with the RT Premix for qPCR 
(AG11706, Accurate Biotechnology, Hunan, 
China) in the Reverse Transcription System 
(Biometra Advanced). The RT-PCR conditions 
were: 37°C for 15 min, 85°C for 5 s, and 4°C 
hold. qRT-PCR was performed on the cDNA 
using SYBR GREEN kits (Accurate Biotech- 
nology, Hunan, China) in the BIO-RAD CFX con-
nect Real-Time PCR System. The mixes were 
pre-denaturized at 95°C for 10 min, followed  
by 40 cycles of denaturation at 95°C for 5 s, 
60°C for 30 s and 72°C for 30 s. The 2-ΔCt 
method was used to calculate the relative 
expression levels of the hub eRNAs, which were 
presented as the means with SD. The primers 
used are shown in Table 1.

Statistical analysis

The correlation plots of the hub eRNAs and the 
corresponding splicing factors were visualized 
in Cytoscape (version 3.6.0). Wilcoxon tests 
were used to compare the differences in the 
expression levels of the three hub eRNAs and 
the risk signatures between the groups. Overall 
survival (OS) was presented as a Kaplan-Meier 
curve, according to the median value of the hub 
eRNAs’ expressions or risk scores. The statisti-
cal data were analyzed using R/Bioconductor 
(version 3.6.1). Moreover, P<0.05 was consid-
ered statistically significant.

Results

Prognosis-related eRNAs

Figure 1 is a schematic presentation of the 
study design. We identified a total of 2,880 
ENCODE (Encyclopedia of DNA Elements data-

Table 1. The primer of hub eRNAs
Hub eRNA Forward Reverse
CRNDE 5’-CATGGAAAAATCAAAGTGCTCG-3’ 5’-CCTTCTTCTGCGTGACAACTG-3’
LINC00844 5’-CAGAGACATAGACATGGATCTGGG-3’ 5’-GAGGAAGTTTAAGTTTTGCTTAGCC-3’
MRPS31P5 5’-CGAAGGTATTACCTGCTGGGT-3’ 5’-GGCAAGTCATCTTATCTTTCTGGG-3’
GAPDH 5’-GAACGGGAAGCTCACTGG-3’ 5’-GCCTGCTTCACCACCTTCT-3’
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base, https://www.encodeproject.org/) anno-
tated lncRNA transcripts, which were tran-
scripted from active tissue-specific enhancers 
and from the 2,304 predicted target genes 
based on the PreSTIGE algorithm. To facilitate 
the data processing and the exploration in the 
TCGA and CGGA databases, Ensembl BioMart 
(http://asia.ensembl.org/info/data/biomart/
index.html) was used to convert the transcript 
ID to a gene ID. Next, the 1,406 putative eRNA 
transcripts were mapped to their correspond-
ing 1,406 genes. Subsequently, using the RNA-
sequencing data from the 692 glioma patients 
in the TCGA database and the 929 patients in 
the CGGA database, 42 of the 1,406 putative 
eRNA genes associated with glioma patient 
survival were identified (P<0.05). Our Spear- 
man’s rank correlation analyses revealed that 
the mRNA expression levels for the 11 eRNAs 

wildtype gliomas, compared to the IDH mutant 
samples (Figure 4G, 4H, 4K, and 4L). In addi-
tion to the glioma sample expression and clini-
cal data from the Guangdong Provincial 
People’s Hospital, we further validated the 
prognostic value of the three hub eRNAs in glio-
ma (Figure 4M-O).

Construction and analysis of the prognostic 
signature

A prognostic signature was established based 
on the hub eRNAs. The risk score for each 
patient was calculated according to the 
formula:

Risk score = (-0.10905 * ExpLINC00844) + 
(0.24722 * ExpCRNDE) + (-0.34714 * ExpMR- 
PS31P5).

Figure 1. Schematic presentation for the analysis of eRNAs in glioma.

were correlated with the 
mRNA expression levels of 
their targeted genes (Table  
2 and Figure 2). To establish 
the prognostic significance of 
the 11 eRNAs, lasso regres-
sion analyses were perform- 
ed, whereby we obtained five 
prognostic-associated eRNAs 
(Figure 3A and 3B). Further- 
more, the five prognostic-
associated eRNAs were sub-
jected to multiple stepwise 
Cox regression analyses, from 
which three hub eRNAs were 
identified (Figure 3C).

Verification of the expression 
levels and the prognostic val-
ues of hub eRNAs 

The expression levels of the 
three hub eRNAs were corre-
lated with the WHO grades 
and the glioma IDH status- 
es. With an increase in the gli-
oma grade, the CRNDE ex- 
pression increased (Figure  
4A and 4B) and the LINC- 
00844 and MRPS31P5 ex- 
pressions decreased (Figure 
4E, 4F, 4I and 4J). In addi- 
tion, the CRNDE expression 
was upregulated (Figure 4C 
and 4D), but the LINC00844 
and MRPS31P5 expressions 
were suppressed in the IDH 
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In the TCGA cohort, the low-risk group of 
patients exhibited better prognostic outcomes 
than the patients in the high-risk group (Figure 
5A). Our time-dependent ROC analysis sug-
gested that the model has a satisfactory diag-
nostic performance for glioma (Figure 5B). 
Moreover, our scatter plots and heatmap 
showed the correlations between the risk 
scores of the signature and the survival status-
es of the patients in the low-risk and high-risk 
subgroups (Figure 5C and 5D). Furthermore, 
the results from the CGGA and Rembrandt 
cohorts were used to validate the performance 
of the prognostic score model (Figure 6).

The risk signature and the clinicopathological 
features in glioma

The clinicopathological features (glioma age, 
grade, the 1p19q codel status, and the IDH  
status) play significant roles in the glioma prog-
nosis. The risk signatures of glioma patients 
<60 years were lower than those of older 
patients (aged ≥60) (Figure 7A and 7F). With 
the different grades, the risk signatures of  
LGG (grades II and III) were lower than the risk 
signatures of GBM (WHO grade IV) (Figure 7C 
and 7H). The risk signature was higher in the 
IDH wildtype glioma compared to the risk  
signature in the IDH mutant glioma (Figure 7D 
and 7I). Also, the glioma 1p19q status corre-
lated with glioma: the risk signatures of the 
1p19q co-deletion gliomas were lower than the 

risk signatures of the 1p19q non-codeletion 
ones (Figure 7E and 7J). Furthermore, the 
patients with high-risk scores had poorer prog-
nostic outcomes than those with low-risk 
scores in both lower-grade glioma (LGG) and 
glioblastoma (GBM) (Figure 7K-N). 

Establishing a hub of eRNA-related nomo-
grams

The clinical characteristics of glioma patients 
are vital for their prognoses. We performed 
multivariate Cox regression analyses to deter-
mine their prognostic values. The three-eRNA 
signature was found to be a potential indepen-
dent prognostic factor for glioma patients 
(P<0.05, Figure 8A). Next, a nomogram was 
established to evaluate the glioma patients’ 
survival rates, which could help the neurosur-
geons to create clinical plans for glioma thera-
py (Figure 8B). The calibration plots showed 
good conformity between the predicted and 
observed outcomes in both the TCGA and 
CGGA cohorts (Figure 8C and 8D).

eRNA-target gene regulatory networks and a 
functional analysis of the three-eRNA risk sig-
nature

Some targeted genes (|R|>0.4) were selected 
for functional enrichment analyses. The bio- 
logical processes that were found to be associ-
ated with glioma proliferation and invasion 

Table 2. The eRNAs associated with glioma patients’ survival and their predicted targeted genes
eRNA P-value of KM (TCGA) P-value of KM (CGGA) Target Cor (TCGA) P-value of Cor
LINC01088 0.00129281 4.70E-12 NAA11 0.88876 5.50E-238
HCP5 2.01E-05 1.84E-09 MICB 0.553877 0
TP53TG1 0.014471187 0.00233817 CROT 0.512476 0
SSPO 0.002109041 0.00027333 ZNF862 0.437471 0
LINC00689 6.51E-07 5.91E-11 VIPR2 0.880249 1.60E-227
LINC00844 3.71E-05 0 PHYHIPL 0.473788 0
LINC00601 1.53E-06 0 ADAM12 0.488035 4.73E-43
MRPS31P5 0.030106381 1.16E-05 ATP7B 0.547907 6.18E-56

NEK3 0.44947 5.22E-36
CRNDE 0 0 IRX5 0.843398 6.02E-190
LINC00665 8.22E-06 0 ZFP14 0.590735 6.94E-67

ZFP82 0.582864 0
ZNF146 0.633844 0
ZNF260 0.707048 0

DGCR5 0.028838174 0 PRODH 0.401513 0
P<0.05, a significant difference.
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Figure 2. Prognostic values and predicted target genes for key eRNAs in glioma. A. The effect of CRNDE on glioma patients in the TCGA cohort. B. The effect of 
LINC00844 on glioma patients in the TCGA cohort. C. The effect of MRPS31P5 on glioma patients in the TCGA cohort. D. The effect of CRNDE on glioma patients in 
the CGGA cohort. E. The effect of LINC00844 on glioma patients in the CGGA cohort. F. The effect of MRPS31P5 on glioma patients in the CGGA cohort. G. A correla-
tion analysis of CRNDE and its predicted targeted gene, IRX5, in the TCGA cohort. H. A correlation analysis of LINC00844 and its predicted targeted gene, PHYHIPL, 
in the TCGA cohort. I. A correlation analysis of MRPS31P5 and its predicted targeted gene, ATP7B, in the TCGA cohort. J. A correlation analysis of MRPS31P5 and 
its predicted targeted gene, NEK3, in the TCGA cohort. K. A correlation analysis of CRNDE and IRX5 in the CGGA cohort. L. A correlation analysis of LINC00844 
and PHYHIPL in the CGGA cohort. M. A correlation analysis of MRPS31P5 and ATP7B in the CGGA cohort. N. A correlation analysis of MRPS31P5 and NEK3 in the 
CGGA cohort. IRX5: Iroquois homeobox 5; PHYHIPL: phytanoyl-CoA 2-hydroxylase interacting protein like; ATP7B: ATPase copper transporting β; NEK3: NIMA related 
kinase 3. *, P<0.05; **, P<0.01; ***, P<0.001.
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included histone modification, microtubule 
cytoskeleton organization, and mRNA process-
ing (Figure 9A-D). Several KEGG pathways, 
including the FoxO signaling pathway, spliceo-
some, autophagy (animal), RNA degradation, 
and the AMPK signaling pathways were identi-
fied (Figure 9E and 9F). 

Interestingly, the GO and KEGG analyses 
revealed that the target gene of the risk signa-
ture was enriched in histone modification as 
well as in the mRNA processing and splicing, 

indicating that the risk signature may be asso-
ciated with splicing events in glioma. From the 
list of eRNA-targeted genes, 78 splicing factors 
were detected (Supplementary Table 2), which 
were then incorporated in the eRNA-splicing 
factor regulatory network (Figure 10A and 
10B). Based on the alternative splicing (AS) 
event data from the TCGASpliceSeq database, 
16,806 AS events were associated with glioma 
prognoses (Figure 10C and 10D). Among the 
78 splicing factors, the mRNA MOV10 (Mov10 
RISC Complex RNA Helicase) and SEC31B 

Figure 3. Identification of the hub eRNAs. A. Partial likelihood deviance of the lasso regression analysis of candidate 
eRNAs. B. Coefficients of the lasso regression analysis of candidate eRNAs. C. Multivariate Cox regression analyses 
of the candidate eRNAs to obtain hub eRNA. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 4. Verification of the expressions and the prognostic values of the hub eRNAs. A. The association between 
the CRNDE expression and the glioma grades in the TCGA cohort. B. The association between the CRNDE expres-
sion and the glioma grades in the Guangdong Provincial People’s Hospital cohort. C. The association between the 
CRNDE expressions and the isocitrate dehydrogenase (IDH) status of the gliomas in the TCGA cohort. D. The asso-
ciation between the CRNDE expressions and the isocitrate dehydrogenase (IDH) status of gliomas in the Guangdong 
Provincial People’s Hospital cohort. E. The association between the LINC00844 expressions and the glioma grades 
in the TCGA cohort. F. The association between the LINC00844 expressions and the glioma grades in the Guang-
dong Provincial People’s Hospital cohort. G. The association between the LINC00844 expressions and the isocitrate 
dehydrogenase (IDH) status of the gliomas in the TCGA cohort. H. The association between the LINC00844 expres-
sions and the isocitrate dehydrogenase (IDH) statuses of the gliomas in the Guangdong Provincial People’s Hospital 
cohort. I. The association between the MRPS31P5 expressions and the glioma grades in the TCGA cohort. J. The 
association between the MRPS31P5 expressions and the glioma grades in the Guangdong Provincial People’s Hos-
pital cohort. K. The association between the MRPS31P5 expressions and the isocitrate dehydrogenase (IDH) sta-
tuses of the gliomas in the TCGA cohort. L. The association between the MRPS31P5 expressions and the isocitrate 
dehydrogenase (IDH) statuses of the gliomas in the Guangdong Provincial People’s Hospital cohort. M. The effect of 
CRNDE on the glioma patients in the Guangdong Provincial People’s Hospital cohort. N. The effect of LINC00844 on 
the glioma patients in the Guangdong Provincial People’s Hospital cohort. O. The effect of MRPS31P5 on the glioma 
patients in the Guangdong Provincial People’s Hospital cohort. *, P<0.05; **, P<0.01; ***, P<0.001.



Enhancer RNAs are associated with the prognosis of glioma

8621 Am J Transl Res 2021;13(8):8611-8631

(secretory pathway component Sec31 homolog 
B) expression levels were correlated with  
the glioma prognosis in the TCGA and CGGA 
cohorts (Figure 10E-H). After evaluating the 
correlation between the splicing factors and 
the AS events, a total of 152 prognosis-associ-
ated AS events were filtered. In summary, the 
two key splicing factors, MOV10 and SEC31B, 
regulate the AS events in glioma (Figure 10I).

Discussion

Non-specific therapeutic options for glioma, 
including surgical resection, radiotherapy, and 
chemotherapy, have been shown to have  
unsatisfactory survival outcomes for glioma 
patients. However, currently, there is no effec-
tive targeted therapy that can improve the cura-
tive effect. lncRNAs are involved in glioma pro-
liferation and can be regarded as potential 
therapeutic targets [9]. As a specific subclass 
of lncRNAs, eRNAs can affect the transcription 
of the corresponding genes in the cis-acting 
model [10]. With the potential to predict 
enhancer-gene regulatory links, eRNAs are criti-
cal for enhancer functions in the neuronal sys-
tem. They are involved in the depolarization 
activity of neurons after stimuli [11-13]. In  
brain ischemia, the knockdown of some eRNAs 
extend the infarction region of the brain [14]. 
However, the functions of eRNAs in glioma  
have not been clearly elucidated. A convenient 
method, PreSTIGE provides an important ave-
nue for researchers to predict eRNAs using 
RNA-seq data. After using PreSTIGE to estab-
lish long ncRNA associated with tissue-specific 
enhancers, we adopted the Kaplan-Meier 
method to evaluate the prognostic value of 
eRNAs in glioma. Moreover, LASSO regression 
and multivariate Cox regression analyses were 
performed to screen the hub eRNAs with prog-
nostic significance. Then, a predictive model 
was established based on the expressions of 
the hub eRNAs. We constructed a nomogram 
model by integrating the risk signature and the 
clinicopathological factors (age, gender, grade, 
IDH status, and 1p19q status) to predict glio- 
ma patient survival. Finally, the functions of the 
risk signature were evaluated based on their 
highly correlated genes.

We identified CRNDE, MRPS31P5, and 
LINC00844 as hub eRNAs in glioma. IRX5 
(Iroquois homeobox 5), the predicted target of 
CRNDE, has been reported to promote colorec-
tal cancer (CRC) invasion by inhibiting the RHOA 
pathway in CRC cells [15]. IRX5 directly binds 
OPN and enhances the NF-κB luciferase activi-
ty, promoting the proliferation and migration of 
cancer cells in tongue squamous cell carcino-
ma [16]. In another study, it was observed that 
the elevated expression levels of CRNDE were 
positively correlated with IRX5 in CRC, consis-
tent with our findings [17]. Previous studies 
reported that LINC00844 suppresses tumor 
growth and is downregulated in several tumors, 
including hepatocellular carcinoma and pros-
tate tumors [18-20]. As a targeted gene of 
LINC00844, PHYHIPL (phytanoyl-CoA 2-hydrox-
ylase interacting protein like) is a marker for 
poor prognosis in glioblastoma patients [21]. 
We found that the elevated expression levels  
of MRPS31P5 are associated with the 
enhanced expressions of its targeted gene 
ATP7B (ATPase copper transporting β) and 
NEK3 (NIMA Related Kinase 3). ATP7B regu-
lates the availability of copper for oncogenic 
enzymes such as LOX and LOX-like proteins, 
conferring higher invasiveness to malignant 
cells [22, 23]. In breast cancer, prolactin stimu-
lation was shown to induce the interaction 
between NEK3 and paxillin (a component of 
cytoskeleton), significantly elevating paxillin 
serine phosphorylation and the motility of 
breast cancer cells [24].

Although eRNAs have been reported to modu-
late targeted cis-acting genes, it has been sug-
gested that eRNAs potentially mediate the 
expression of other genes [25, 26]. Several of 
them are important modulators of ncRNAs in 
tumors and play important roles in tumor prolif-
eration, invasion, and metastasis [19, 27, 28]. 
We measured other co-expressed genes to 
evaluate the functions of these hub eRNAs. 
Besides the predicted target gene for eRNAs, a 
total of 3,374 genes were found to exhibit  
significant expression correlations with hub 
eRNAs. Apart from their correlation with the 
mRNA transcription process, e.g., histone mod-
ification, the gene transcripts associated with 

Figure 5. An analysis of the three-eRNAs signature model in the TCGA cohort. A. The effect of the risk signature on 
glioma prognosis in the TCGA cohort. B. An ROC analysis of the three-eRNAs signature model in the TCGA cohort. C. 
A heatmap showing the difference in the hub eRNA expressions between the low-risk group and the high-risk group. 
D. The survival statuses of the patients in the TCGA cohort. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 6. An analysis of the three-eRNA signature model in the CGGA and Rembrandt cohorts. A. The effects of the risk-signature on the glioma prognosis in the 
CGGA cohort. B. An ROC analysis of the three-eRNAs signature model in the CGGA cohort. C. A heatmap showing the difference in the hub eRNA expressions be-
tween the low-risk and high-risk groups of the CGGA cohort. D. The survival statuses of the patients in the CGGA cohort. E. The effect of the risk-signature on the 
glioma prognosis in the Rembrandt cohort. F. An ROC analysis of the three-eRNA signature model in the Rembrandt cohort. G. A heatmap showing the differences 
in the hub eRNA expressions between the low-risk and high-risk groups in the Rembrandt cohort. H. The survival statuses of the patients in the Rembrandt cohort. 
*, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 7. The prognostic values and the clinical characteristics of the three-eRNA signature in glioma. A. The association between the risk signature and the ages 
of the glioma patients in the TCGA cohort. B. The association between the risk signature and the genders of the glioma patients in the TCGA cohort. C. The as-
sociation the between risk signature and the glioma grades in the TCGA cohort. D. The association between the risk signature and the isocitrate dehydrogenase 
(IDH) statuses of the gliomas in the TCGA cohort. E. The association between the risk signatures and the 1p19q statuses of the gliomas in the TCGA cohort. F. The 
association between the risk signatures and the ages of the glioma patients in the CGGA cohort. G. The association between the risk signature and the genders of 
the glioma patients in the CGGA cohort. H. The association between the risk signatures and the glioma grades in the CGGA cohort. I. The association between the 
risk signatures and the isocitrate dehydrogenase (IDH) statuses of the gliomas in the CGGA cohort. J. The association between the risk signature and the 1p19q 
statuses of the gliomas in the CGGA cohort. K. The prognostic value of the three-eRNA signatures in the LGG of the TCGA cohort. L. The prognostic value of the 
three-eRNA signatures in the GBM of the TCGA cohort. M. The prognostic value of the three-eRNA signatures in the LGG of the CGGA cohort. N. The prognostic value 
of the three-eRNA signatures in the GBM of the CGGA cohort. *, P<0.05; **, P<0.01; ***, P<0.001.
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these hub eRNAs are mainly involved in spliceo-
some, nuclear speck, mRNA processing, and 
RNA splicing. Alternative pre-mRNA splicing 
plays a significant role in regulating the gene 
expression pathways, and it also serves as a 
therapeutic target in tumors [29, 30]. Small-
molecule inhibitors, such as ladienolide-B or 
antisense-oligonucleotide have been reported 
to inhibit tumor growth by suppressing the 
splicing factor activity [31]. We found that hub 
eRNAs regulate the expression of 78 splicing 
factors and nearly 470 prognostic-associated 
AS events in glioma cells. Among them, MOV10 
and SEC31B are regarded as the key splicing 
factors of the eRNA-signature, due to their 
prognostic value. MOV10, associated with 

telomerase, regulates the development of the 
central nervous system [32-35]. In glioma, the 
binding of MOV10 to cir-DICER1 promotes 
tumor angiogenesis through ZIC4-Hsp90β  
[36]. The other key splicing factor, SEC31B, has 
been reported to play a significant role in COP-II 
coat formation [37, 38]. However, experimental 
studies have not evaluated the correlations 
between these SFs and the above reported 
eRNAs in glioma.

Conclusion

Three eRNAs are correlated with glioma prog-
nosis. Based on these eRNAs, a risk signature 
was constructed using the TCGA cohort and 

Figure 8. A Nomogram and the calibration plots of the risk signature and the clinicopathologic factors. A. A multivari-
ate Cox regression analysis showing the risk signature as an independent prognostic factor for glioma. B. A Nomo-
gram predicting the 1-, 3- and 5-year OS in the TCGA cohort. C. The calibration plots of the nomogram predicting OS 
at 1, 3, and 5 years in the TCGA cohorts. D. Calibration plots of the nomogram predicting OS at 1, 3, and 5 years in 
the CGGA cohorts. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 9. A functional enrichment analysis of the eRNA-target genes. A. Bar plots showing the gene ontology (GO) terms the eRNA-target genes are enriched in. 
B. Validating the result of the GO-BP (GO-term- Biological Process) analysis in the WEB-based Gene Set Analysis Toolkit. C. Validating the result of the GO-CC (GO-
Cellular Component) analysis in the WEB-based Gene Set Analysis Toolkit. D. Validating the result of the GO-MF (GO term-Molecular Function) analysis in the WEB-
based Gene Set Analysis Toolkit. E. A bubble plot showing the results of the Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses for the eRNA-target genes. 
F. The KEGG analysis in the WEB-based Gene Set Analysis Toolkit.
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Figure 10. eRNAs and the alternative splicing events. A. A heatmap showing the association between the expressions of the splicing factors and the hub eRNA. B. 
A network showing the correlation between the hub eRNAs and their targeted splicing factors. C. A volcano map showing the relationships between the alternative 
events and the glioma prognoses. D. An upset map showing the prognosis-related alternative events. E. A Kaplan-Meier survival curve showing the effect of the 
MOV10 expression on the overall survival of the glioma patients in the TCGA cohort. F. A Kaplan-Meier survival curve depicting the effect of the MOV10 expressions 
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validated using the CGGA and Rembrandt 
cohorts. The risk signature was associated with 
the clinicopathological features of glioma, 
including age, grade, the 1p19q codel status, 
and the IDH status. In addition, we established 
eRNA-target gene regulatory networks. Our 
functional analysis revealed that the risk signa-
ture is associated with histone modification, 
histone binding, and RNA processing, which are 
critical for glioma proliferation. In a nutshell, 
the risk signature may be utilized as a prognos-
tic biomarker for glioma. However, the correla-
tion between the transcripts does not neces-
sarily infer a causal relationship. Meanwhile, 
whether these genes are functional compo-
nents of enhancer activities should be further 
explored.
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Supplementary Table 1. The clinicopathological characteristics in patients with glioma from Guang-
dong Provincial People’s Hospital
Parameters Number Percentage (%)
Age
    <60 years 29 72.5
    ≥60 years 11 17.5
Gender
    Male 24 60
    Female 16 40
Location
    Frontal Lobe 16 40
    Occipital Lobe 2 5
    Parietal Lobe 5 12.5
    Temporal Lobe 10 25
    Brain Stem 5 12.5
    Cerebellum 2 5
Grade
    II 11 27.5
    III 12 30
    IV 17 42.5
Isocitrate dehydrogenase status
    Wild Type 20 50
    Mutant 19 47.5
    NA 1 2.5
Type
    Astrocytoglioma 10 25
    Oligodendroglia glioma 3 7.5
    Anaplastic astrocytoglioma 4 10
    Anaplastic oligodendroglia glioma 5 12.5
    Glioblastoma 18 45
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Supplementary Table 2. Hub eRNAs and its targeted SFs
eRNA Correlation P-value Targeted SFs
CRNDE 0.47 0 SF3A3

0.415 0 SNRPC
0.463 0 PPIH
0.424 0 PRPF31
0.534 0 WDR77
0.445 0 DNAJC8
0.516 0 MAGOH
0.401 0 DDX20
0.481 0 LSM10
0.404 8.35E-29 SRSF4
0.437 0 MOV10
0.453 1.56E-36 SRSF10
0.425 0 PPIE
0.504 0 SNRNP40
0.431 0 TOE1

MRPS31P5 0.475 1.23E-40 CLK4
0.618 8.22E-75 U2SURP
0.452 2.15E-36 ZNF131
0.51 1.88E-47 INTS6

0.415 1.66E-30 TIAL1
0.507 5.98E-47 SRSF6
0.466 5.61E-39 CCAR1
0.487 6.08E-43 RBBP6
0.465 1.19E-38 PRPF39
0.598 5.42E-69 RBM26
0.621 9.42E-76 GPATCH8
0.469 2.04E-39 SNRNP48
0.536 3.64E-53 RNPC3
0.559 1.53E-58 ARGLU1
0.441 1.68E-34 CDC40
0.433 2.63E-33 HNRNPH1
0.458 1.61E-37 FMR1
0.477 7.22E-41 DHX38
0.595 4.74E-68 CPSF6
0.411 8.56E-30 PRPF8
0.635 5.46E-80 TCERG1
0.504 2.87E-46 RBM5
0.434 2.03E-33 RBFOX2
0.555 1.47E-57 LUC7L3
0.648 2.05E-84 DDX17
0.519 2.27E-49 PAXBP1
0.414 2.95E-30 SDE2
0.637 8.15E-81 TTC14
0.472 4.22E-40 RBM39
0.596 2.43E-68 DDX39B
0.456 4.30E-37 ZNF207
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0.557 3.15E-58 PRPF40B
0.589 1.82E-66 RBM25
0.56 8.28E-59 SRRM2

0.616 4.08E-74 MATR3
0.496 1.31E-44 TIA1
0.441 1.18E-34 FUBP3
0.476 1.13E-40 CDK12
0.427 2.41E-32 RBM4
0.486 1.32E-42 SEC31B
0.575 1.28E-62 MYEF2
0.584 5.82E-65 PRPF4B
0.438 3.92E-34 DDX42
0.536 4.45E-53 DDX46
0.415 2.05E-30 ILF3
0.527 4.51E-51 INTS3
0.487 8.54E-43 SF1
0.512 6.45E-48 ZC3H13
0.481 1.28E-41 HNRNPDL
0.58 5.44E-64 SF3B1

0.442 9.57E-35 ACIN1
0.552 6.73E-57 ZC3H11A
0.447 1.49E-35 RBMX
0.483 4.25E-42 HNRNPA3
0.483 4.46E-42 SREK1
0.49 1.64E-43 SRSF5

0.522 3.95E-50 PNN
0.555 1.02E-57 DHX36
0.519 2.61E-49 PPWD1
0.412 5.44E-30 ELAVL3

LINC00844 0.453 1.31E-36 RBM17
0.452 1.94E-36 GPKOW

SF: splicing factor. SFs with correlation coef >0.4, P-value <0.05 were regarded as targeted SFs.


