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Abstract. Glioblastomas (GBMs) are classified into isocitrate 
dehydrogenase (IDH) mutant (IDHMT) and wild‑type (IDHWT) 
subtypes, and each is associated with distinct tumor behavior 
and prognosis. The present study aimed to investigate differ-
entially expressed long non‑coding (lnc)RNAs and mRNAs 
between IDHMT and IDHWT GBMs, as well as to explore the 
interaction and potential functions of these RNAs. A total of 
132 GBM samples with RNA profiling data (10 IDHMT and 
122 IDHWT cases) were obtained from The Cancer Genome 
Atlas, and 62/78 and 142/219 up/downregulated lncRNAs and 
mRNAs between IDHMT and IDHWT GBMs were identified, 
respectively. Multivariate Cox analysis of the dysregulated 
lncRNAs/mRNAs identified three‑lncRNA and fifteen‑mRNA 
signatures with independent prognostic value, indicating 
that these RNAs may serve roles in determining distinct 
tumor behaviors and prognosis of patients with IDHMT/WT 
GBMs. Functional analysis of the three lncRNAs revealed 
that they were primarily associated with cell stemness or 
differentiation. Pearson's correlation analysis revealed that the 
protective lncRNA AC068643.1 was significantly positively 
correlated with two key bone morphogenetic protein (BMP) 
signaling‑associated mRNAs, Bone morphogenetic protein 2 
(BMP2) and Myostatin (MSTN), from the 15 mRNAs. Further 
in vitro studies demonstrated that BMP2 and MSTN directly 
stimulated AC068643.1 expression. In conclusion, the present 

study identified a BMP signaling pathway‑regulated lncRNA 
AC068643.1, which may contribute to the different tumor 
behaviors observed between IDHMT and IDHWT GBMs.

Introduction

Glioblastomas (GBMs) are the most common and deadliest 
tumors of the central nervous system (CNS) (1). According 
to multiple studies from different regions of the world, 
despite radical therapy involving maximal tumor resec-
tion and chemo/radiotherapy, the median survival time is 
only 14.6 months, and the 5‑year survival rate is only 9.8% 
for patients with GBM (2‑4). At present, the development of 
targeted molecular therapy for GBMs is unsatisfactory; there-
fore, investigation of GBM pathogenesis at the genetic and 
molecular levels is required.

Somatic mutations in isocitrate dehydrogenases (IDH) 
have been commonly identified in lower grade gliomas (LGG; 
WHO grade II and III) and secondary GBMs (5). Development 
of IDH mutant (IDHMT) and IDH wild‑type (IDHWT) gliomas 
is driven by different oncogenic processes, thus these subtypes 
present distinct molecular and clinical features (6). IDHWT 
GBM is more aggressive compared with IDHMT GBM, and 
the median survival time of patients with IDHMT GBM is 
31 months, whereas that of patients with IDHWT GBM is 
<15 months (4,5). IDHMT GBM only constitutes a small 
proportion of total GBM cases (5), suggesting that research 
investigating the underlying mechanisms of the disease should 
focus on IDHWT GBM. However, tumor behaviors are closely 
associated with the altered gene expression patterns (7), and 
thus it is necessary to compare the transcriptomes of IDHMT 

and IDHWT GBM tissues, which may provide more valuable 
information than comparing IDHWT GBM and normal brain 
tissue transcriptomes.

Long noncoding RNAs (lncRNAs), which are >200 nucle-
otides long, have attracted attention due to their multiple gene 
regulation functions at the transcriptional, post‑transcriptional 
and epigenetic levels (8). Previous studies have indicated that 
lncRNAs are predominantly expressed in the CNS (9,10) 
and are spatio‑temporally regulated to serve functions in the 
CNS development (11). Therefore, dysregulation of lncRNA 
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expression may contribute to a number of CNS diseases, 
including brain injuries, neurodegenerative diseases (12) and 
GBM (13,14). For example, Han et al (15) identified 1,308 
lncRNAs dysregulated in GBM tissues compared with the 
normal brain tissues. LncRNAs serve a number of roles in 
GBM, including the involvement in the NEAT‑1‑regulated 
EGFR pathway (16), Hox transcript antisense intergenic 
RNA HOTAIR‑regulated GBM proliferation (17,18) and 
stem‑related lncRNA HIF1A‑AS2‑regulated GBM stem-
ness maintenance (19). The present study aimed to identify 
differentially expressed lncRNAs (DE‑lncRNAs) and mRNAs 
(DE‑mRNAs) between IDHMT and IDHWT GBM by mining 
RNA sequencing data from The Cancer Genome Atlas 
database (TCGA), exploring their interactions and potential 
functions in mediating the different tumor behaviors observed 
in IDHMT and IDHWT GBM.

Materials and methods

GBM datasets and clinical samples. The present study was 
approved by The Medical Ethics Committee of The Second 
Affiliated Hospital (Xinqiao Hospital) of the Third Military 
Medical University, and written informed content was obtained 
from the patients. mRNA and lncRNA expression data and 
corresponding clinical information, including patient sex, 
age at diagnosis and Karnofsky Performance Status (KPS), 
for 132 GBM samples (122 IDHWT and 10 IDHMT cases) were 
obtained from TCGA database (cancer.gov/tcga). The datasets 
contained 19,676 protein‑coding mRNAs and 9,599 lncRNAs. 
A total of 128 GBM samples (107 IDHWT cases and 21 IDHMT 

cases) with mRNA microarray data and corresponding clinical 
information were obtained from the Chinese Glioma Genome 
Atlas (CGGA; cgga.org.cn/download.jsp) database for further 
validation. In addition, 45 GBM samples (37 IDHWT and 8 
IDHMT cases) and 12 normal peritumor tissues were obtained 
from patients in Xinqiao Hospital (Chongqing, China) for 
validating the bioinformatics analysis results (XQ cohort). The 
age of patients from XQ cohort ranged from 22 to 76 years 
old and the median age was 52.3 years old and the patients' 
male: female sex ratio was 1.67. The tumor and peritumor 
tissues were collected at the time of surgery and then imme-
diately stored at ‑80˚C until use. Patients' clinicopathological 
characteristics are detailed in Table SI. 

Cell culture and subcellular RNA extraction. SNB19 (authen-
ticated by STR profiling) and SF295 (20) human GBM cell 
lines with <5 total passage times were obtained from the 
National Cancer Institute‑60 (NCI‑60) Cancer Cell Line 
Panel (dtp.cancer.gov/discovery_development/nci‑60/default.
htm), whereas LN229 and T98G glioma cells were obtained 
from ATCC. All cell lines were cultured as previously 
described (21). The total RNA was extracted using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific Inc.), and subcel-
lular RNA was extracted using RNA Subcellular Isolation kit 
(Active Motif, Inc.) according to the manufacturer's protocol.

Bone morphogenetic protein 2 (BMP2) and Myostatin (MSTN) 
cytokine treatment of T98G cells. T98G glioma cells were 
cultured in Minimum Essential Medium (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% FBS (Gibco; Thermo 

Fisher Scientific, Inc.) at 37˚C in a humified 5% CO2 atmosphere. 
Recombinant human BMP2 and MSTN (PeproTech, Inc.) cyto-
kines were added to the T98G glioma cell line culture medium 
to achieve 10 and 50 ng/ml, respectively. The BMP2/MSTN 
medium was used for 4‑5 days to culture T98G cells prior to 
harvesting the cells for the subsequent experiments.

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA in 
cells or tissues was extracted by TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific Inc.) to perform (RT‑q)PCR. For 
tissue RNA extraction, 50‑100 mg tissues were added into 
1 ml TRIzol® reagent and homogenized using Precellys 24 
(Bertin Technologies). Then, 0.2 ml chloroform was added 
into the homogenized tissue‑TRIzol mixture and incubated for 
2-3 min and centrifuged at 12,000 g at 4˚C for 15 min for phase 
separation. After that, the RNA‑contained upper aqueous 
phase was transferred to a new RNase/DNase‑free Tube and 
500 µl isopropanol was added to precipitate the RNA. After 
centrifugation at 12,000 g at 4˚C for 10 min, the supernatant 
was discarded and 1 ml 75% ethanol was added to wash the 
RNA. Finally, after the RNA pellet was air dried for 5‑10 min, 
20 µl RNase‑free water was added to dissolve RNA pellet. 

RNA reverse transcription was performed using a 
PrimeScript™ RT Master mix (Takara Bio, Inc.). The reac-
tion condition was reverse transcript at 37˚C for 30 min and 
inactivation of reverse transcriptase at 85˚C for 5s. First‑strand 
cDNA was detected using a Bio‑Rad CFX96™ Real Time 
system using the iTaq™ universal SYBR® Green Supermix 
(both Bio‑Rad Laboratories, Inc.) according to the manu-
facturer's protocol. The PCR conditions were as follows: 
40 cycles of degeneration at 95˚C for 5 sec, and annealing and 
extension at 60˚C for 30 sec. mRNA relative expression levels 
were analyzed using the 2-ΔΔCq method (22), and GAPDH was 
used as a housekeeping gene for baseline expression. For abso-
lute qPCR, lncRNA AC068643.1 qPCR product was retrieved 
using an AxyPrep DNA Gel Extraction kit (Axygen; Corning, 
Inc.) to establish a standard curve. Small nucleolar RNA 
SNORA16A was used as an internal reference. Sequences of 
PCR primers were as follows: GAPDH forward, 5'‑GAC TCA 
TGA CCA CAG TCC ATG C‑3' and reverse, 5'‑AGA GGC AGG 
GAT GAT GTT CTG‑3'; lncRNA AC068643.1 forward, 5'‑GAA 
ACT ACA AGA AGA TGC ATC TGT CTT‑3' and reverse, 5'‑TAT 
CTC TCT CTT GTG TTG CAC CTT TTA‑3'; BMP2 forward, 
5'‑CAG CTT CCA CCA TGA AGA ATC TTT GG‑3' and reverse, 
5'‑ATT CGG TGA TGG AAA CTG CTA TTG TTT‑3'; MSTN 
forward, 5'‑GAA ACA GCT CCT AAC ATC AGC AAA GAT‑3' 
and reverse, 5'‑AGA CTC TGT AGG CAT GGT AAT GAT 
TGT‑3'; ATPase (ATP)13A5 forward, 5'‑GAG TTT GGA 
AAG AAA CTG GAC TGG AAA‑3' and reverse, 5'‑GGC TTT 
CCC TTA GAA AAG ATG AAT GCT‑3'; SNORA16A forward, 
5'‑CTT CCG CAT AGC TGC TGT GGT CAA‑3' and reverse, 
5'‑AGT TAC AAC AAA CAG AAC GGC GAC C‑3'.

Identification of DE‑lncRNAs/mRNAs between IDHWT and 
IDHMT GBMs. GBM RNASeq HTSeq Level 3 (23) Agilent‑based 
lncRNA/mRNA profiling datasets were obtained from TCGA 
database. DE‑lncRNA/mRNAs (DERs) were identified using 
R 3.4.3 (24) software and the R/Bioconductor package ‘edgeR’ 
(version 3.20.6). The significant DERs were filtered based on 
log2 fold‑change ≥2/≤‑2 and ‑log10 adjusted P‑value ≥2. 
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Survival analysis. Survival analysis was performed in the R 
studio (25) and R version 3.4.3 statistical environments. R 
package ‘survival’ was used to determine the prognostic DERs. 
For univariate Cox proportional hazards regression analysis, 
patient survival time, status (dead or alive) and lncRNA/mRNA 
expression levels were combined and processed using the 
‘coxph’ function to explore the association between DERs and 
patient overall survival (OS). DERs with a hazard ratio (HR) 
value >1 were defined as risk RNAs, whereas those with HR <1 
were defined as protective RNAs. DE‑lncRNAs with P<0.001 
and DE‑mRNAs with P<0.01 were selected as survival‑associ-
ated DERs. Similarly, for multivariate Cox regression analysis, 
the ‘coxph’ and ‘step’ functions from the R package ‘survival’ 
were used to determine the key lncRNAs/mRNAs associ-
ated with the survival of patients with GBM (survival‑related 
DERs). Risk scores were established using the survival‑related 
DERs, which were weighted using the regression coefficients 
in the multivariate Cox regression model, and a prognostic 
lncRNA/mRNA signature was constructed. Kaplan‑Meier 
curves (using GraphPad Prism version 6.00 for Windows, 
graphpad.com/) were used to estimate the survival for patients 
between low/high‑risk lncRNA/mRNA groups.

Integrative prediction analysis of lncRNA function. Pearson's 
correlation analysis was used to evaluate the co‑expression 
relationship between prognostic lncRNAs and mRNAs. 
Correlation coefficient r>0.4 was considered as co‑expressed, 
and co‑expressed mRNAs were used to predict the function of 
lncRNAs using The Database for Annotation, Visualization and 
Integrated Discovery (david.ncifcrf.gov/). Functional enrichment 
results were limited to Gene Ontology (GO) terms, including 
biological process, cell components and molecular function, and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
categories. The presented results include the top 10 significantly 
enriched GO terms and top five enriched KEGG terms.

Statistical analysis. Data are presented as the mean ± standard 
deviation. Unpaired Students' t‑test (two‑tailed) was used to 
analyze the differences between the means of two groups. 
Pearson correlation analysis was used to establish the correla-
tion between RNA expression levels. A Kruskal‑Wallis test 
with Bonferroni's post‑hoc correction was used for compari-
sons among multiple groups. P<0.05 was considered to indicate 
a statistically significant difference. 

Results

Identification of prognostic DERs between IDHMT and IDHWT 
GBMs. To determine the key factors mediating different behav-
iors between IDHMT and IDHWT GBMs, DE‑lncRNAs between 
the 122 IDHWT and 10 IDHMT GBM samples from TCGA data-
base were investigated. Heatmap clustering analysis revealed 
that IDHWT and IDHMT GBMs presented distinct lncRNA 
expression patterns (Fig. 1A), demonstrating that IDHWT 
and IDHMT were distinct GBM subtypes. Using screening 
criteria log2 fold‑change ≥1/≤‑1 and ‑log10 adjusted P‑value 
≥2, 62 upregulated and 78 downregulated lncRNAs in IDHMT 
GBMs were identified (Fig. 1B). To identify DE‑lncRNAs that 
served roles in GBM, the DE‑lncRNAs were subjected to an 
univariate Cox model. The results revealed that four lncRNAs 

were significantly associated with the patients' OS (P<0.001), 
among which AC068643.1 and AC022148.1 were protective 
lncRNAs (HR <1), whereas Linc01776 and Linc02036 were 
risk lncRNAs (HR >1) (Table SII). These OS‑related lncRNAs 
were further subjected to a multivariate Cox model and the 
results revealed a three‑lncRNA prognostic signature that best 
able to predict patients' survival. The three‑lncRNA prognostic 
signature includes one protective lncRNA (AC068643.1) and 
two risk‑associated lncRNAs (Linc01776 and Linc02036) 
(Table I; Fig. 1C). Using the three‑lncRNA prognostic signa-
ture, a risk score was calculated for each patient with GBM. 
All patients were then divided into two groups: Low‑risk 
(n=66) and high risk (n=66) using the median risk score as 
the cutoff value (Fig. 1C). Kaplan‑Meier survival analysis 
revealed that the survival time of patients in the high‑risk 
group was significantly shorter compared with the low‑risk 
group [P=0.004, HR=1.779, 95% confidence interval (CI), 
1.246‑2.852; Fig. 1D]. Therefore, the lncRNA profile, COX 
and survival analyses identified three prognostic lncRNAs 
that may serve roles in determining the distinct properties of 
IDHWT and IDHMT GBM.

Previous studies have demonstrated that lncRNAs act 
through mRNA interaction (8,26); therefore, the present study 
sought to identify the target mRNAs that interacted with 
the three prognostic signature lncRNAs. The DE‑mRNAs 
in the 122 IDHWT and 10 IDHMT GBM samples were also 
explored. Heatmap clustering revealed that IDHMT GBMs 
exhibited distinct mRNA expression patterns compared with 
IDHWT GBMs (Fig. 2A). A total of 142 upregulated and 219 
downregulated lncRNAs were identified in IDHMT GBMs 
(Fig. 2B). Univariate Cox model analysis of DE‑mRNAs 
revealed 47 survival‑related mRNAs, including 10 protective 
and 37 risk mRNAs (P<0.01; Table SIII). In addition, multi-
variate Cox regression analysis identified a fifteen‑mRNA 
prognostic signature that predicted the survival of patients 
with GBM, including four protective mRNAs: BMP2, MSTN, 
ATP13A5, Histone cluster 3 H2a and 11 risk‑associated 
mRNAs: Carboxylesterase 1 (CES1), G protein‑coupled 
receptor 1 (GPR1), Testis expressed 261, WAP four‑disulfide 
core domain 2 (WFDC2), Salute carrier family 16 member 11, 
Desmin, AHNAK nucleoprotein 2 (AHNAK2), DNA damage 
inducible transcript 4 like, SH3 and cysteine rich domain 2 
and Pentraxin 3 (PTX3), as presented in Fig. 2C and Table II. 
Patients were also divided into low/high‑risk groups according 
to the median risk score. Kaplan‑Meier survival analysis 
revealed that the OS time of patients in the high‑risk group 
was significantly shorter compared with the low‑risk group 
(P<0.001; HR=3.284; 95% CI, 2.972‑7.072; Fig. 2D). Therefore, 
the mRNA profile analysis revealed 15 prognostic mRNAs 
that may serve roles in determining the distinct properties of 
IDHWT and IDHMT GBMs.

Cox regression analysis was performed to determine if the 
prognostic capacities of the three‑lncRNA and fifteen‑mRNA 
signatures were independent of the other clinical variables in 
patients with GBM, including age, sex, KPS and IDH muta-
tion status. As presented in Table III, patient IDH mutation 
status combined with the three‑lncRNA and fifteen‑mRNA 
signature significantly predicted the survival of patients 
with GBM in the univariate Cox model. In the multivariate 
Cox model, the three‑lncRNA and the fifteen‑mRNA 
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signatures remained significant prognostic markers for 
patients with GBM (Table III). These results suggested that 
the three‑lncRNA and fifteen‑mRNA signatures may serve 
roles in mediating the different behaviors observed in IDHMT 

and IDHWT GBMs and contribute to the distinct prognosis of 
these patients. 

Associa t ion bet ween the three‑ lncR NA and the 
fifteen‑mRNA signatures. First, the correlations between 

the expression of the three lncRNAs and the 19,676 mRNAs 
from the whole genome were investigated. Pearson's corre-
lation analysis identified 337 mRNAs co‑expressed with 
the three lncRNAs (r>0.4), 187 of which were co‑expressed 
with AC068643.1, 145 with Linc02036 and 5 with 
Linc01776 (Fig. 3A‑C). Functional enrichment analyses 
revealed that these co‑expressed mRNAs were significantly 
enriched in 19 GO terms and 5 KEGG pathways (P<0.05; 
Fig. 3D and E), which were primarily involved in regulating 

Figure 1. Identification of prognostic DE‑lncRNAs in IDHMT and IDHWT GBMs. (A) Heatmap of DE‑lncRNAs between IDHWT and IDHMT GBM subtypes 
(n=122 and n=10, respectively). Each row represents an individual lncRNA and each column represents an individual sample. (B) Volcano plot of DE‑lncRNAs 
in IDHWT and IDHMT GBM subtypes (n=122 and n=10, respectively). Blue dots represent all tested lncRNAs. Red lines represent the threshold value of 
fold‑change and adjusted P‑value of DE‑lncRNAs. Significant DE‑lncRNAs were filtered based on log2 fold‑change ≥1/≤‑1 and ‑log10 adjusted P‑value ≥2. 
(C) Three prognostic DE‑lncRNAs that categorize patients with GBM into low and high‑risk groups: Top, lncRNA risk score distribution; middle, patient 
survival; bottom, low and high score groups for the three lncRNAs (AC068643.1, Linc01776 and Linc02036). (D) Kaplan‑Meier survival analysis of patients 
in the low and high‑risk groups. DE‑lncRNAs, differentially expressed long non‑coding RNAs; IDHMT, isocitrate dehydrogenase mutant; IDHWT, isocitrate 
dehydrogenase wild‑type; GBMs, glioblastomas; FDR, adjusted P‑value; HR, hazard ratio; CI, confidence interval.
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stem cell pluripotency, Hippo and Wnt signaling pathways 
and cell differentiation.

The mRNAs co‑expressed with the fifteen signature 
DE‑mRNAs were analyzed; the protective DE‑lncRNA 

Figure 2. Identification of prognostic DE‑mRNAs between IDHMT and IDHWT GBMs. (A) Heatmap of DE‑mRNAs between IDHWT and IDHMT GBMs subtypes 
(n=122 and n=10, respectively). Each row represents an individual mRNA and each column represents an individual sample. (B) Volcano plot of DE‑mRNAs 
in IDHWT and IDHMT GBMs. Blue dots represent all tested mRNAs. Red lines represent the threshold value of fold‑change and adjusted P‑value of DE‑mRNAs. 
Significant DE‑mRNAs were filtered based on log2 fold‑change ≥1/≤‑1 and ‑log10 adjusted P‑value ≥2. (C) Fifteen prognostic DE‑mRNAs used to classify 
GBM patients into low and high‑risk groups: Top, mRNA risk score distribution; middle, patient survival; bottom, low and high score groups for the fifteen 
mRNAs. (D) Kaplan‑Meier survival analysis of patients in the low‑ and high‑risk groups. DE‑mRNAs, differentially expressed mRNAs; IDHMT, isocitrate 
dehydrogenase mutant; IDHWT, isocitrate dehydrogenase wild‑type; GBMs, glioblastomas; FDR; adjusted P‑value; HR, hazard ratio; CI, Confidence interval.

Table I. Detailed information of the prognostic three‑lncRNA signature from The Cancer Genome Atlas database. 

Ensemble ID lncRNA Position HR P‑value

ENSG00000257703 AC068643.1 Chr12:103080950‑103178675: ‑1 0.754 0.001a

ENSG00000226053 LINC01776 Chr1:98210747‑98272658: 1 1.234 0.001a

ENSG00000225742 LINC02036 Chr3:194203016‑194250153: ‑1 1.385 0.001a

aP<0.001. lncRNA, long non‑coding RNA; Chr, chromosome.
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AC068643.1 was significantly correlated with three protective 
signature mRNAs: BMP2 (r=0.403; P<0.001), MSTN (r=0.415; 
P<0.001) and ATP13A5 (r=0.471; P<0.001) as presented 
in Figs. 3A and S1A‑C. BMP2 and MSTN both belong to 
the BMP‑signaling pathway (27), thus it was predicted that 
AC068643.1 may function through interaction with the 
BMP signaling pathway. qPCR analysis of GBM samples 
from the XQ cohort demonstrated that protective lncRNA 
AC068643.1, BMP2 and MSTN were upregulated in IDHMT 
GBMs (Fig. 4A‑C), and AC068643.1 was significantly posi-
tively correlated with BMP2 (r=0.427; P=0.004) and MSTN 
(r=0.395; P=0.010; Fig. 4D and E). RNA profiling data from 
the CGGA database confirmed that BMP2 and MSTN expres-
sion levels were upregulated in IDHMT compared with IDHWT 
GBMs, predicting a favorable prognosis for these patients 

(Fig. S1D‑G). These results indicated an association between 
AC068643.1, BMP2 and MSTN. 

Following treatment with BMP2 and MSTN cytokines 
in cell culture medium, AC068643.1 expression levels were 
significantly upregulated in T98G cells treated with different 
concentrations (0, 10 and 50 ng/ml) of BMP2 or MSTN 
(Fig. 4F). These results suggested that upregulated BMP 
signaling may promote IDHMT GBM differentiation through 
promoting AC068643.1 expression. 

Functional analysis of lncRNA AC068643.1. To investigate the 
function of AC068643.1, GO and KEGG analysis of the 187 
co‑expressed mRNAs of AC068643.1 were performed. The 
results suggested that AC068643.1 was associated with ‘mito-
chondrial matrix’, ‘regulation of transcription, DNA‑templated’, 

Table II. Detailed information of the prognostic fifteen‑mRNA signature from The Cancer Genome Atlas database. 

Ensemble IDs mRNA Position HR P‑value

ENSG00000198848 CES1 Chr16:55802851‑55833337: ‑1 1.179 0.001b

ENSG00000169508 GPR1 Chr13:99294530‑99307405: ‑1 1.172 0.002a

ENSG00000175664 TEX261 Chr13:30932703‑30975502: 1 1.198 0.005a

ENSG00000101443 WFDC2 Chr20:45469706‑45481532: 1 1.339 0.001b

ENSG00000174326 SLC16A11 Chr17:7041630‑7043923: ‑1 1.284 0.001b

ENSG00000175084 DES Chr2:219418377‑219426739: 1 1.152 0.009a

ENSG00000185567 AHNAK2 Chr14:104937244‑104978357: ‑1 1.187 0.004a

ENSG00000145358 DDIT4L Chr4:100185870‑100190782: ‑1 1.203 0.001b

ENSG00000141750 STAC2 Chr17:39210536‑39225872: ‑1 1.179 0.006a

ENSG00000163661 PTX3 Chr3:157436789‑157443628: 1 1.244 0.001b

ENSG00000187527 ATP13A5 Chr3:193274790‑193378843: ‑1 0.799 0.001b

ENSG00000138379 MSTN Chr2:190055697‑190062729: ‑1 0.857 0.002a

ENSG00000125845 BMP2 Chr20:6767664‑6780280:1 0.769 0.006a

ENSG00000181218 HIST3H2A Chr1:228456979‑228457873: ‑1 0.839 0.001b

aP<0.01, bP<0.001. Chr, chromosome; HR, hazard ratio; CES1, Carboxylesterase 1; GPR1, G protein‑coupled receptor 1; TEX261, Testis 
expressed 261; SLC16A11, Salute carrier family 16 member 11; DES, Desmin; AHNAK2, AHNAK nucleoprotein 2; DDIT4L, DNA damage 
inducible transcript 4 like; STAC2, SH3 and cysteine rich domain 2; PTX3, Pentraxin 3; ATP13A5, ATPase 13 A5; MSTN, Myostatin; BMP2, 
Bone morphogenetic protein 2; HIST3H2A, Histone cluster 3 H2a.

Table III. Univariate and Multivariate Cox Regression analyses of the prognostic three‑lncRNA and fifteen‑mRNA signatures. 

 Univariate Multivariate
 ---------------------------------------------------------------------- ---------------------------------------------------------------------
Variables HR 95% CI P‑value HR 95% CI P‑value

Sex, male vs. female ‑  ‑ 0.212 ‑ ‑ 0.363
Age at diagnosis, years, ≥40 vs. <40 ‑ ‑ 0.098 ‑ ‑ 0.304
Karnofsky performance status, ≤70 vs. >70 ‑ ‑ 0.331 ‑ ‑ 0.33
IDH status, mutant vs. wild‑type 0.271 0.108‑0.683 0.006a ‑ ‑ 0.076
lncRNA signature, high vs. low 2.771 1.772‑4.332 0.001b  2.701 1.642‑4.443 0.001b

mRNA signature, high vs. low 4.094 2.571‑6.521 0.001b  4.624 2.744‑7.792 0.001b

aP<0.01, bP<0.001. HR, hazard ratio; CI, confidence interval; lncRNA, long non‑coding RNA; IDH, isocitrate dehydrogenase; High, high risk 
score; Low, low risk score.
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‘nucleic acid binding’ and ‘regulation of pluripotency of stem 
cells’ (Fig. S2A and B). In addition, subcellular expression of 
AC068643.1 was detected using different glioma cell lines, 
including SF295, SF268, LN229 and T98G, and the results 
demonstrated that AC068643.1 exhibited low expression levels 
and was primarily expressed in the glioma cell nucleus (Fig. 4G), 
which was consistent with the gene enrichment analysis.

Discussion

The discovery of IDH mutations changed the classification 
system of glioma, leading to the acknowledgement of the IDHWT 
and IDHMT subtypes (6). Studies investigating the role of IDH 
mutations in IDHMT gliomas have aimed to treat this glioma 
subtype through IDH mutation‑targeted treatment (28,29), 

Figure 3. Functional assessment of the three‑lncRNA signature (AC068643.1, Linc01776 and Linc02036). (A‑C) Venn diagram analysis showing the interac-
tion of co‑expressed mRNAs, signature mRNAs and DE‑mRNAs for each signature lncRNA: (A) AC068643.1, (B) Linc01776 and (C) Linc02036. (D) Kyoto 
Encyclopedia of Genes and Genomes and (E) Gene Ontology gene enrichment analyses of mRNAs co‑expressed with the three signature lncRNAs. lncRNA, 
long non‑coding mRNA; DE‑mRNAs, differentially expressed mRNAs; GO, Gene Ontology.
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whereas the mechanisms underlying IDHWT glioma, which 
exhibits a higher degree of malignancy and accounts for >70% 
of all GBMs (5), have been somewhat neglected. The present 
study aimed to explore the altered lncRNA/mRNAs expres-
sion levels between IDHWT and IDHMT gliomas, the results of 
which may provide insight into understanding the biological 
behaviors of IDHWT GBM.

The present study utilized comprehensive Agilent 
RNA‑profiling data containing ~10,000 lncRNAs in each 
sample. IDHMT GBMs only constitute a small proportion of 
GBMs cases (~5.6%) (5), and thus data for only 10 IDHMT GBM 
cases were obtained from TCGA, compared with 122 cases 
of IDHWT GBM, which is a limitation of the present study. 
A total of 140 DE‑lncRNAs and 361 DE‑mRNAs between 

IDHWT and IDHMT GBMs were identified. Three‑lncRNA and 
fifteen‑mRNA signatures with prognostic value were identi-
fied, suggesting that these lncRNAs and mRNAs may function 
in determining the distinct properties between IDHWT and 
IDHMT GBMs. Gene enrichment analysis revealed that the 
three‑lncRNA signature was associated with cell differentia-
tion‑associated KEGG pathways and GO terms. By contrast, 
seven mRNAs from the fifteen‑mRNA signature, including: 
five risk mRNAs, CES1 (30), GPR1 (31), WFDC2 (32), 
AHNAK2 (33) and PTX3 (34), and two protective mRNAs, 
BMP2 (35) and MSTN (36), were associated with cell stem-
ness or cell differentiation. These results suggested that cell 
differentiation/stemness status may be the primary distinct 
property between IDHWT and IDHMT GBMs. 

Figure 4. Functional analysis of AC068643.1. (A) qPCR analysis demonstrated that lncRNA AC068643.1 expression levels were upregulated in IDHMT compared 
with IDHWT GBMs. (B and C) qPCR detection showed that (B) BMP2 and (C) MSTN expression levels were upregulated in IDHMT compared with IDHWT 
GBMs. (D and E) Pearson correlation analyses revealed that AC068643.1 was significantly positively correlated with (D) BMP2 and (E) MSTN in GBMs 
samples from the XQ cohort. (F) qPCR analysis revealed that AC068643.1 expression levels were upregulated by BMP2 and MSTN treatment. (G) Subcellular 
qPCR detection of lncRNA AC068643.1 in SF295, SNB19, LN229 and T98G glioma cell lines demonstrated that AC068643.1 was primarily expressed in 
the nucleus and at low levels. *P<0.05, **P<0.01 and ***P<0.001. qPCR, quantitative PCR; lncRNA, long non‑coding mRNA; IDHMT, isocitrate dehydrogenase 
mutant; IDHWT, isocitrate dehydrogenase wild‑type; GBMs, glioblastomas; XQ, Xinqiao Hospital; BMP2, Bone morphogenetic protein 2; MSTN, Myostatin.
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Previous studies have demonstrated that tumor stem cells 
are responsible for tumor growth, chemoresistance and relapse, 
and that tumor stemness is associated with poor patient survival 
outcomes (37,38). The results of the present study indicated that 
the distinct tumor behaviors and clinical features between IDHWT 
and IDHMT GBMs may be partially due to the different cell 
differentiation status. A recent study has reported that the stem 
cell markers nestin and CD133 are significantly upregulated in 
IDHWT compared with IDHMT gliomas (39). Overexpression of 
IDH mutant protein in glioma stem cells downregulates nestin 
and CD133 expression levels and promotes glioma stem cell 
differentiation via the Wnt/β‑catenin pathway (39), providing 
further evidence that varied differentiation/stemness status 
between IDHWT and IDHMT GBMs may be a contributing factor 
for their distinct behaviors.

BMP2 and MSTN belong to the BMP signaling pathway, 
which can prevent cell self‑renewal and enhance differen-
tiation (27). In the present study, the expression levels of 
AC068643.1 were significantly positively correlated with those 
of BMP2 and MSTN, suggesting that there may be a potential 
positive regulatory axis between AC068643.1 and the BMP 
signaling pathway responsible for promoting glioma differen-
tiation. In vitro treatment of T98G cells with BMP2 and MSTN 
significantly upregulated AC068643.1 expression, suggesting 
that AC068643.1 expression level is regulated by the BMP 
signaling pathway. Future studies should focus on exploring 
the effects of AC068643.1 knockdown or overexpression in the 
BMP signaling pathway and glioma differentiation.

In conclusion, by comparing the transcriptome profiling data 
between IDHMT and IDHWT GBMs, the present study identified 
stemness‑related three‑lncRNA and fifteen‑mRNA signatures, 
suggesting that cell differentiation or stemness status may be a 
primary property which is distinct between IDHWT and IDHMT 
GBMs. Protective lncRNA AC068643.1 was significantly upreg-
ulated in IDHMT GBMs and was positively regulated by BMP2 
and MSTN, which suggested that AC068643.1 overexpression 
may prevent glioma self‑renewal and enhance cell differentiation. 
These results may aid our understanding of the more differenti-
ated status and the more favorable prognosis of IDHMT compared 
with IDHWT GBMs and may provide a basis for IDHWT GBM 
treatment by inducing lncRNA AC068643.1 overexpression. 
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