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Brain radiotoxicity-related 15CAcBRT gene expression 
signature predicts survival prognosis of glioblastoma 
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Abstract
Background.  Glioblastoma is the most common and devastating primary brain cancer. Radiotherapy is standard 
of care; however, it is associated with brain radiation toxicity (BRT). This study used a multi-omics approach to 
determine whether BRT-related genes (RGs) harbor survival prognostic value and whether their encoded proteins 
represent novel therapeutic targets for glioblastoma.
Methods.  RGs were identified through analysis of single-nucleotide variants associated with BRT (R-SNVs). 
Functional relationships between RGs were established using Protein-Protein Interaction networks. The influence 
of RGs and their functional groups on glioblastoma prognosis was evaluated using clinical samples from the 
Glioblastoma Bio-Discovery Portal database and validated using the Chinese Glioma Genome Atlas dataset. The 
identification of clusters of radiotoxic and putative pathogenic variants in proteins encoded by RGs was achieved 
by computational 3D structural analysis.
Results. We identified the BRT-related 15CAcBRT molecular signature with prognostic value in glioblastoma, by 
analysis of the COMT and APOE protein functional groups. Its external validation confirmed clinical relevance inde-
pendent of age, MGMT promoter methylation status, and IDH mutation status. Interestingly, the genes IL6, APOE, 
and MAOB documented significant gene expression levels alteration, useful for drug repositioning. Biological net-
works associated with 15CAcBRT signature involved pathways relevant to cancer and neurodegenerative diseases. 
Analysis of 3D clusters of radiotoxic and putative pathogenic variants in proteins coded by RGs unveiled potential 
novel therapeutic targets in neuro-oncology.
Conclusions.  15CAcBRT is a BRT-related molecular signature with prognostic significance for glioblastoma pa-
tients and represents a hub for drug repositioning and development of novel therapies.
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Key Points

•	 RGs encode a prognostic molecular signature for glioblastoma patients

•	 3D protein clusters of radiotoxic and pathogenic variants are potential therapeutic 
targets

•	 Proteins encoded by RGs relate to cancer and neurodegenerative molecular 
pathways

Glioblastoma (GBM) is the most common and lethal pri-
mary brain cancer in adults.1 Despite multimodal treatment 
including maximal safe resection followed by radiotherapy 
and chemotherapy,2 the prognosis remains poor with 
a median overall survival of merely 14.6  months.3–5 
Unfortunately, therapeutic radiation can sometimes in-
duce damage to healthy brain tissue, also known as brain 
radiotoxicity (BRT),6 which is associated with poorer sur-
vival in high-grade glioma patients.7

To date, prognostic signatures of GBM survival have 
been identified mostly by differential expression analysis 
between tumor and normal tissue,8 based on the biolog-
ical information of GBM,9 or in association with its tumor 
microenvironment.10 However, clinically relevant molec-
ular signatures related to brain radiobiology have not been 
described yet in GBM. This study evaluates if BTR-related 
tumor transcriptomic may help provide independent prog-
nosis of survival in patients with GBM and harbor potential 
novel therapeutic targets.

BRT has been linked to single-nucleotide variants (SNVs) 
of particular genes, designated as radiotoxic genes (RGs) 
in this work.11 However, very little is known regarding the 
influence that these genes may have on the prognosis of 
GBM patients. Thus, we decided to use genes that were 
related to BRT as a starting, because though radiotoxicity 
predicts poorer overall survival in subjects with high-grade 
gliomas,7 and genomic signatures linking radiotoxicity to 
GBM survival have not been described.

In this study, we hypothesized that RGs transcripts may 
generate a molecular signature with prognostic value for 
GBM patients, and that specific R-SNVs could serve as po-
tential therapeutic molecular targets. To test this hypoth-
esis, we identified R-SNVs and their RGs using a systematic 

review. We then used Protein-Protein Interaction (PPI) 
networks to establish functional relationships between 
these RGs. The gene expression profiles of RGs and their 
functional groups were evaluated as predictors of GBM 
prognosis using the “Glioblastoma Bio-Discovery Portal” 
database (GBM-BioDP, https://gbm-biodp.nci.nih.gov), 
from The Cancer Genome Atlas project (TCGA), identifying 
a robust predictive survival signature, 15CAcBRT. The prog-
nostic value of our newly identified molecular signature 
was validated using the Chinese Glioma Genome Atlas 
(CGGA). Additionally, we also analyzed the pathways in-
volved in the biological networks related to RGs, as well 
as their relationship with cancer. Furthermore, the distri-
bution of new variants across the protein sequence and 3D 
structure of these candidate RGs, as well as their relevance 
as disease-promoting variants, were evaluated using data 
from Mexican population. The novel molecular signature 
15CAcBRT may represent a reliable prognostic tool in fu-
ture clinical practice and could be used to help design indi-
vidualized therapies for GBM.

Materials and Methods

Collection of SNVs in RGs

SNVs associated with BRT identified via systematic re-
view12,13 were named as R-SNVs (see Supplementary 
Materials and Methods), and the genes carrying them were 
termed as RGs. The correspondence between genes and 
R-SNVs was verified in the Single Nucleotide Polymorphism 
Database (dbSNP) (https://www.ncbi.nlm.nih.gov/snp/). 

Importance of the Study

Glioblastoma (GBM) is the most common and devas-
tating primary brain cancer. Although radiotherapy is 
standard of care, it is associated with brain radiation 
toxicity (BRT). Our study unveils the interplay between 
BRT-related genes (RGs), GBM prognosis, and poten-
tial new therapeutic targets. We show 15CAcBRT is 
a novel BRT-related molecular signature that harbor 
prognostic value in GBM, independent of the IDH mu-
tation status, MGMT promoter methylation status, and 
age. 15CAcBRT-associated biological networks involve 

cancer and neurodegenerative molecular pathways, 
which further support our findings. By analyzing net-
works of interactions of proteins encoded by RGs, we 
show that COMT-APOE cluster-specific associations re-
lated to 15CAcBRT harbor potential hubs for novel ther-
apeutic targets and drug repositioning. Furthermore, 
our data revealed 3D clusters of R-SNVs and putative 
pathogenic variants in proteins (COMT, APOE, CYP1B1, 
MGMT, and POR) coded by RGs that might represent a 
relevant part of a neuro-oncology molecular target.

https://gbm-biodp.nci.nih.gov
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
https://www.ncbi.nlm.nih.gov/snp/
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Furthermore, when a variant was located between two 
genes, both genes were included in the RG list, generating 
extended RGs (E-RGs). The proteins encoded by RGs were 
named radiotoxic proteins (RPs). Novel variants of R-SNVs 
identified utilizing prospectively collected data from 
Mexican population14 were also included in our analysis 
(see Supplementary Materials and Methods).

Computational Structural Analysis of the Novel 
Variants Identified in Mexican Population

We investigated the distribution of the novel variants iden-
tified in Mexican population along protein domains and 3D 
structure. The experimentally determined 3D structure and 
theoretical models were retrieved from the PDB (https://
www.rcsb.org/) and ModBase (https://modbase.compbio.
ucsf.edu/) databases, respectively. For more details, see 
Supplementary Table S1. The spectrum of novel variants in 
protein domains is represented as a lollipop plot. The pro-
tein isoform associated with the longer transcript of each 
gene was used. The position and clustering of the variants 
in the 3D structure of the proteins were also studied with 
the mutation 3D program (http://mutation3d.org), as re-
commended by the developers.15 The parameters were set 
as follows: diameter or CL-distance = 30 Å and number of 
bootstrapping iterations  =  10  000. The identified clusters 
contained at least three individual positions within spheres 
with a 15-30 Å diameter.

We also integrated functional annotations, such as ligand 
binding sites, catalytic residues, posttranslational modifi-
cations of proteins, and residues in PPI interfaces, for the 
variants using the Structure-PPi system.16 Structure-PPi 
considers residues in physical proximity (at a 5 Å distance) 
to amino acid changes found in human diseases.

Construction of the PPI Networks Associated 
with BRT

We used the Search Tool for the Retrieval of Interacting 
Genes/Proteins database (STRING v.11, https://string-db.
org/)17 to construct the PPI network associated with BRT. 
The E-RGs were introduced as input in STRING to generate 
the PPI network (score ≥0.4, for homo sapiens) among the 
proteins produced by these genes. This network was called 
“BRT-PPI.”

Topological analyses of the search node of the BRT-
PPI network were performed. With use of the hub node 
and its edges as input, we implemented STRING again 
to construct the “COMT-extended-PPI network” associ-
ated with hub. The settings used were: (1) no more than 
50 interactors and no more than 10 interactors in the first 
shell and second shell, respectively, and (2) required an in-
teraction score ≥0.4. The COMT-extended-PPI network was 
then imported with the highest confidence for an interac-
tion score ≥0.9 into Cytoscape Consortium (v3.8.0) (https://
github.com/cytoscape/cytoscape/releases/3.8.0/) and clus-
tered by the Molecular Complex Detection method.

The biological functions of each of the clusters were 
determined by BiNGO v 3.0.4 (https://apps.cytoscape.
org/). The BRT-PPI network was extended in a similar 
manner to the COMT-extended-PPI network. The giant 

components (enrichment of PPI with more than 100 nodes) 
of the extended-PPI networks were generated by STRING 
through enrichment.

Identification of novel GBM survival prognostic 
profiles related to the expression of genes 
involved in BRT, using GBM-BioDP

Analysis of RGs expression and mRNA coding for protein 
clusters derived from the COMT-extended-PPI network (in-
teraction score ≥0.9) was performed using the GBM-BioDP 
tool (https://gbm-biodp.nci.nih.gov) with data from the TCGA 
(https://tcga-sata.nci.nih.gov/tcga/). Heatmaps for visualizing 
the correlation matrix and Kaplan-Meier (KM) plots were also 
generated with GBM-BioDP. The strategy to identify molec-
ular signatures and their prognostic relevance for GBM pa-
tients in GBM-BioDP was carried out according to Varghese 
et al.18 The datasets used herein include: (1) HT_HG-U133A 
from Broad Institute and (2) HuEx-1_0-st-v2 from the 
Berkeley Laboratory. Associations between R-SNVs, radio-
therapy, and clinical output could not be evaluated, because 
in this point our interest were the gene expression levels.

Additionally, to evaluate the impact of functional SNV on 
gene expression, we used the Genotype-Tissue Expression 
portal (https://gtexportal.org). See Supplementary 
Materials and Methods.

External Validation of the 15CAcBRT Signature 
Using the CGGA Dataset

The gene expression and clinical data were obtained from 
the CGGA (Set ID: mRNA_array_301) from http://www.
cgga.org.cn/download.jsp. With these data, a clustering 
analysis was performed based on expression levels of the 
genes that conformed 15CAcBRT signature (15 mRNAs of 
COMT + APOE protein clusters associated with BRT). Only 
primary GBM with overall survival data were included 
for analysis. The patients were stratified according to the 
heatmap cluster membership to compute a Cox regression 
analysis, using R CRAN project 4.0.0. Additionally, a uni- 
and multivariate analysis was performed using age, IDH 
mutation status, MGMT promoter methylation status, che-
motherapy treatment, and heatmap cluster membership.

Ethics Statement

This project (research protocol No. 116/19) was reviewed 
and approved by the Clinical Research Committee (No. 
DIC/264/2020) and by the Research Ethics Committee (No 
CEI/029/21) of the National Institute of Neurology and 
Neurosurgery of Mexico. It was also reviewed and ap-
proved by the Research and Ethics Committees of the 
National Institute of Genomic Medicine of Mexico.

Statistical Analysis

Fisher’s exact tests were performed using GraphPad Prism 
version 8.0.0 for Windows (GraphPad Software, San Diego, 
CA, USA; www.graphpad.com) to compare the allelic 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
https://www.rcsb.org/
https://www.rcsb.org/
https://modbase.compbio.ucsf.edu/
https://modbase.compbio.ucsf.edu/
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://mutation3d.org
https://string-db.org/
https://string-db.org/
https://github.com/cytoscape/cytoscape/releases/3.8.0/
https://github.com/cytoscape/cytoscape/releases/3.8.0/
https://apps.cytoscape.org/
https://apps.cytoscape.org/
https://gbm-biodp.nci.nih.gov
https://tcga-sata.nci.nih.gov/tcga/
https://gtexportal.org
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://www.cgga.org.cn/download.jsp
http://www.cgga.org.cn/download.jsp
http://www.graphpad.com
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frequencies of R-SNV in the Mexican population with 
those of other populations of phase 3 of the 1000 Genomes 
Project.

Results

Genotypes Associated with BRT

We performed a systematic literature review 
(Supplementary Figure S1) and identified 36 R-SNVs. 
Twenty-nine R-SNVs belonged to 11 genes (RGs) selected 
from the systematic review (Table 1, Supplementary Table 
S2), and seven R-SNVs belonged to six genes selected 
from the dbSNP (https://www.ncbi.nlm.nih.gov/snp/). 
APOC1 was also included in our analysis because it is in a 
19q13.32 chromosome cluster with APOE,23 which was pre-
viously identified as an RG. These 18 genes were named 
as extended (E-RGs). The E-RGs included APOE, NECTIN2, 
APOC1P1, TOMM40, POR, MAT1A, CYP1B1, COMT, ARVCF, 
TXNRD2, BDNF, BDNF-AS, DTNBP1, MGMT, CEP128, 
DISC1FP1, KCTD1, and APOC1 (Supplementary Table S3).

PPI Networks with Functional Clusters 
Associated with BRT

The BRT-PPI network (Figure 1A) consisted of 12 nodes and 
17 edges (Supplementary Table S3). The global network 
topological and stats measurements (Figure 1B) showed 
that the proteins have significantly more interactions 
among one another than expected for a random set of 
proteins of similar size (P-value = 2.3 × 10−12). Such enrich-
ment indicates that the BRT-PPI network is considered as 
a nonrandom graph, and that these proteins are at least 
partially biologically connected. The results of the topo-
logical analyses of each node are listed in Supplementary 
Table S4, which showed that COMT was the “hub” (with 
the largest degree k = 7) and “bottleneck” (with the highest 
Betweenness Centrality value of 0.73) in this network, thus 
suggesting a central regulatory role. COMT could therefore 
be strongly involved in cellular processes associated with 
BRT or be relevant in connecting regulatory molecules. 
Interestingly, the node corresponding to APOE had the 
second most relevant topological attributes in biological 
terms of the BRT-PPI network.

Next, the COMT-extended-PPI network was generated 
with COMT (hub of the BRT-PPI network) and its direct 
edges, and then expanded by STRING (Figure 1C). The top-
ological characteristics of the COMT-extended-PPI network 
(Figure 1B) indicated that the nodes have significantly more 
interactions than expected (P-value < 1 × 10−16), as previ-
ously found in the BRT-PPI network. Based on these results, 
we identified a network of proteins (Supplementary Table 
S5) functionally related to BRT. The COMT-extended-PPI 
network (score ≥0.9) visualized by Cytoscape generated 
eight clusters (Figure 1D), seven of which were related to 
the following RPs: COMT, APOE, BDNF, MAT1A, DTNBP1, 
APOC1, and CYP1B1. The top four biological functions of 
those clusters (Figure 1D, Supplementary Figure S2) asso-
ciated with RPs (correlation P-value between 1 × 10−5 and 

1 × 10−12) revealed that these proteins are part of biologi-
cally active complexes (Figure 1D).

Expression of RGs Associated with BRT Reveals 
a Putative Molecular Profile Associated with 
Survival in GBM Patients

We used mRNA expression levels of COMT, APOE, BDNF, 
MAT1A, MGMT, POR, and CYP1B (the remaining RGs 
were not included in the platform) to determine if there 
was any transcriptomic profile that might associate with 
survival in patients diagnosed with GBM. Data from 277 
patients included in the GMB-BioDP (HT_HG-U133A plat-
form) were analyzed as detailed in Figure 2A. An unsu-
pervised hierarchical clustering analysis performed with 
the mRNA expression profiles of the seven genes above 
mentioned revealed two clusters of GBM patients (A and 
B). Cluster A showed a significantly shorter survival time 
(12.3 months) when compared with cluster B (17.4 months) 
(Log-Rank P-value  =  .043). The cluster analysis also 
identified three different RGs subgroups (Figure 2A). 
However, analysis of these RGs subgroups did not iden-
tify any prognostic cluster with impact on patient survival 
(Supplementary Figure S3). Overall, our results identified a 
novel molecular profile with implications on GBM patient 
prognosis, which we called the 7BRT (seven genes associ-
ated with BRT) molecular profile.

3D Clusters of SNVs in Proteins Encoded 
by 7BRT Molecular Profile Genes Include 
Putative Pathogenic Variants Associated with 
Cancer Biology

We examined the distribution of the novel variants across 
protein sequence and 3D structure of E-RGs in a Mexican 
population (genomic data previously obtained by our 
group),14 (Supplementary Tables S6–S8). According to the 
structural analysis, 3D clusters containing at least three 
variants in spheres with 15-30  Å diameters were discov-
ered in APOE, COMT, CYP1B1, MGMT, and POR (Figure 
3). The functional annotation of the identified variants ac-
cording to the Structure-PPI system (https://rbbt.bsc.es/
StructurePPI/) is provided in Supplementary Table S9.

Our structural analysis in APOE revealed one cluster (di-
ameter = 17.78 Å and P-value = .080) that contains the vari-
ants p.V140M, p.G145D, and p.R154S (Figure 3A). These 
variants are positioned in a hotspot region with deleterious 
effects on the protein function and contain pathogenic 
variants from other diseases (Supplementary Table S6).24,25

For the COMT, we identified one cluster (diam-
eter  =  24.16  Å and P-value  =  .025) that contains the 
variants p.A72S, p.E84K, p.A102T, p.R125C, p.R128H, 
and p.V158M (Figure 3B), located in the dimer inter-
face affecting the PPI. The p.A72S variant correlates 
with reduced enzyme activity and is considered a risk 
factor for schizophrenia,26,27 and lung and breast cancer 
(COSM6354285). p.E84K was identified in lung cancer 
(COSM2892544), while p.A102T is classified as benign 
in ClinVar. The p.V158M is associated with low enzyme 
activity and thermolability28 and identified in lung, 

http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
https://www.ncbi.nlm.nih.gov/snp/
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
https://rbbt.bsc.es/StructurePPI/
https://rbbt.bsc.es/StructurePPI/
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
http://academic.oup.com/neuro-oncology/article-lookup/doi/10.1093/neuonc/noac171#supplementary-data
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pancreatic, and colorectal cancers (COSM4997949). 
p.V158M are linked to drug response, Parkinson’s dis-
ease, and schizophrenia spectrum disorders.27,29

In CYP1B1 (Figure 3C), we identified only one cluster (di-
ameter = 18.08 Å and P-value =  .014), which contains the 
variants p.V432L, p.A443G, and p.N453S. Somatic variant 

  
Table 1  Molecular and Phenotypic Characteristics of Germline Variants Selected From the Systematic Review

First 
Author, 
YearRef. 

Gene(s)
Selected 
(Articles) 

SNVs Selected 
(Articles) 

Gene(s) 
Selected 
(dbSNP) 

Role Alleles 
(dbSNP) 

Minor 
Allele 

Country/
Region 

Ethnicity GWAS or 
CGS 

Adverse 
Effect 

Correa, 
201419

APOE rs405509  Upstream T>G T USA Caucasian CGS Lower scores 
in recognition 
memory, in 
attention and 
executive 
functions, in 
recognition 
memory and 
in learning

rs429358  Coding exon T>C C

rs7412  Coding exon C>T T

rs72654473  Downstream C>A A

rs439401  Downstream T>C T

rs6857 NECTIN2 3′-UTR C>T T

rs769446  Upstream T>C C

rs5112 APOC1P1 Intron C>G C

rs405697 TOMM40 Intron A>G A

rs449647  Upstream A>T T

Lombardi, 
201520

POR rs17685  3′-UTR G>A A Italy Caucasian CGS Higher risk 
to develop 
severe 
myelotoxicity

MAT1A rs17102596  Intron T>C C

rs7087728  3′-UTR G>A A

CYP1B1 rs1056837  Coding exon A>G A

rs1056836  Coding exon G>C C

Correa, 
201621

COMT rs4680  Coding exon G>A A USA Overall: 
Caucasian, 
Asian and 
Black

CGS Lower scores 
in delayed 
recall, tests 
of attention, 
working 
memory, and 
executive 
functions

rs4646316  Intron C>T T

rs9332377  Intron C>T T

rs165815 ARVCF Coding exon C>A C

rs4818  Coding exon C>G G

rs5746847 TXNRD2 5′-UTR T>A T

rs4646312  Intron T>C C

rs5993883  Intron T>G G

rs6269  5′-UTR A>G G

BDNF rs10767664  Upstream T>A T Lower scores 
on tests of 
attention, 
working 
memory, and 
executive 
functions

rs11030104* BDNF-AS Intron A>G G

rs10835210* BDNF-AS 5′-UTR C>A A

rs2030324  Intron A>G G

DTNBP1 rs742106  3′-UTR G>A A

Altinoz, 
201722

MGMT rs2308321  Coding exon A>G G Turkey Caucasian CGS Higher risk 
to develop 
myelotoxicity: 
neutropenia 
and thrombo-
cytopenia

rs2308327  Coding exon A>G G

rs12917  Coding exon C>T T

Wang, 
20198

CEP128 rs17111237  Promoter A>G G China Asian GWAS Higher risks 
to develop 
radiation-
induced TLI

rs162171  Intron A>C A

DISC1FP1 rs10501719  Intron A>G G     

KCTD1 rs9304497  Intron G>A A     

Abbreviations: CGS, comparative genome sequence; GWAS, genome-wide association studies.
The genes that do not code for proteins are in bold.
*These SNVs are assigned to both BDNF and BDNF-AS genes in dbSNP.
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p.N453S (COSM1408011) was found in colorectal cancer 
(Supplementary Table S10).

In MGMT (Figure 3D), another cluster with five variants 
was identified (diameter = 21.03 Å and P-value =  .021). 
The variants were: p.V81M, p.L84F, p.S93L, p.L142I, 
and p.I143V. Although all of them were not annotated 
in the ClinVar database, MGMT mutations at position 
81 with different variations, have been identified in the 
lung (COSM6461010), colorectal (COSM6712349), and 
stomach (COSM8554441) cancers. Moreover, somatic 
variants in contiguous positions were associated with 
GBM (A82V, COSM2151781), and other types of cancer 
(Supplementary Table S10).

In POR, we identified three different clusters: Cluster 
1 (diameter = 20.99 Å and P-value = .020) contains the 
variants p.T372M, p.I444Hfs*6, and p.V492M without 
any annotations from ClinVar database (Figure 3E); 
Cluster 2 (diameter = 28.26 Å and P-value = .002) con-
tains the variants p.P469A, p.V472M, p.A503V, p.I544L, 
and p.D575N and Cluster 3 (diameter  =  29.97  Å and 
P-value = .003) contains the variants p.V85M, p.R107H, 
p.D165A, p.G213E, p.V230M, p.E232G, and p.R406C. 
The variants in these last two clusters have been as-
sociated with different types of cancer (Supplementary 
Table S10).

COMT and APOE RPs Functional Groups Reveal 
a Novel and Robust Gene Expression Profile 
Associated with Prognosis in GBM Patients

We analyzed the protein clusters obtained from the COMT-
extended-PPI network and the combinations between 
them. Only COMT and APOE protein clusters showed sig-
nificant prognostic value (Figure 4A). For this reason, we 
combined COMT and APOE protein clusters to evaluate its 
prognostic potential in GBM patients using the GMB-BioDP 
portal (n = 277 patients, HuEx-1_0-st-v2 platform). Thus, we 
identified two groups of patients with significant differ-
ences in survival (Log-Rank P-value <.001) (Figure 4B). The 
median overall survival times for clusters A  and B were 
13.5 and 33.3 months, respectively. Moreover, a stratified 
survival analysis according to GBM molecular subtypes 
(C: classic, M: mesenchymal, P: proneural, N: neural) was 
also able to identify differences in survival among clusters 
A and B (Figure 4C–E). Overall, patients with lower multi-
gene expression levels (cutoff < median) survive longer re-
gardless of the GBM molecular subtypes. Taken together, 
our data strongly suggest that the interaction of the COMT 
and APOE protein clusters associated with BRT represents 
a novel signature with strongly significant prognostic value 
in GBM. The newly-developed molecular signature, named 
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15CAcBRT (15 mRNAs of COMT + APOE protein clusters re-
lated to BRT), includes: APOE, COMT, APP, MAOB, PCSK9, 
MAOA, IL6, APOA1, APOA5, DDC, DBH, ALB, APOA2, 
AHSG, and APOB (Supplementary Table S4). Additionally, 
we identify that the COMT and APOE protein clusters, 
connected by COMT-APOE and MAOB-APP protein inter-
actions (Figure 4F), were increased for all GBM molecular 
subtypes (Supplementary Tables S7 and S11). The analysis 
of survival with a Cox model multivariate documented that 
15CAcBRT molecular signature was independent of MGMT 
promoter methylation status (P-value = .167) performed in 
GBM-BioDP.

Additionally, we found that brain expression levels 
of E-RGs and genes involved in 15CAcBRT signature are 
affected by R-SNVs, among them, COMT_rs4680 and 
MATIA_rs7087728 described as an eQTL, (Supplementary 
Information, Supplementary Figures S4 and S5).

External Validation of the 15CAcBRT Signature

We obtained the microarray dataset mRNA_array_301 from 
the CGGA portal (http://www.cgga.org.cn/download.jsp), to 
validate the 15CAcBRT signature in a cohort with different 
ancestry using the same approach of multi-gene survival 
analysis of GBM-BioDP. Similar to our previous results (see 
section “COMT and APOE RPs Functional Groups Reveal a 
Novel and Robust Gene Expression Profile Associated with 
Prognosis in GBM Patients”), this analysis revealed three 
different GBM patient clusters (group 1, n = 23; group 2, 
n = 83; and group 3, n = 2), with significant differences in 
survival between group 1 vs group 2 (P-value= .007) and 

group 1 vs group 3 (P-value = .108) (Supplementary Figure 
S6A and B). Furthermore, in the most aggressive molec-
ular subtypes (classical and mesenchymal),30 better prog-
nosis was found in patients with lower gene expression 
profiles, in line with the results from our GBM-BioDP co-
hort (Supplementary Figure S7A and B). A  description 
of the patients by group is presented in Supplementary 
Table S12. Multivariate Cox regression analysis confirmed 
that membership to group 2 of 15CAcBRT signature was 
an independent predictor of survival (P-value  =  .006) 
after accounting for confounding covariates, such as age 
(P-value  =  .836), MGMT promoter methylation status 
(P-value  =  .362), IDH mutation status (P-value  =  .955) 
(Log-Rank P-value = 8.0 × 10−4), Supplementary Table S13. 
Interestingly IL6, APOA5, APOA1, APOA2, APOB, APOE, 
DCC, MAOB, and PCSK9 genes, belonging to 15CAcBRT 
signature, showed significant differences in gene expres-
sion levels among groups, when the patients were strat-
ified by heat map cluster membership (Supplementary 
Figure S6C). Additionally, this signature was able to predict 
an increase in the probability of survival in patients under 
chemotherapy treatment (Log-Rank P-value  =  3  ×  10−5). 
(Supplementary Figure S7C and D).

Genes Associated with BRT Are Functionally 
Associated With Cancer and Neurodegenerative 
Disease Pathways

To better understand the molecular mechanisms involved 
in BRT, we performed a functional enrichment analysis of 
giant components of PPI networks associated with BRT. 
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For this purpose, giant components (Figure S8) of the BRT-
PPI and COMT-extended-PPI networks were generated 
(Supplementary Tables S14 and S15). Their global topolog-
ical and stats measurements (Figure 1B) showed that these 
giant components can be useful for functional enrichment 
analysis. In the giant component of COMT-extended-PPI net-
work, cancer-associated pathways were the majority (38%) 
(Figure 5A, red bars). However, neurodegenerative diseases 
were predominant (50%) in the giant component BRT-PPI 
network, where Alzheimer’s, Huntington’s, and Parkinson’s 
diseases were the most relevant (Figure 5B, red bars).

The human diseases associated with the giant com-
ponent BRT-PPI network were covered by the giant com-
ponent COMT-extended-PPI network. Interestingly, the 
COMT-extended-PPI network linked neurodegenerative 

diseases with cancer pathways (Figure 5A and C). All path-
ways are listed in Supplementary Tables S16 and S17.

Discussion

In the current study, we identified the novel 15CAcBRT 
brain radiotoxicity-related gene expression signature that 
can classify GBM patients with survival differences. This 
signature is unique as it showed that: (1) it is composed 
of two protein clusters which interactions could be poten-
tially regulated with targeted therapy or drug repositioning 
in GBM patients (Figure 4F) and (2) it is a novel predictor 
of survival, independent of MGMT methylation and IDH 
mutation status.
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Fig. 4  COMT and APOE protein clusters associated with BRT present novel prognostic signatures for GBM. (A) Protein clusters associated 
with RGs and their combinations. Statistically significant results are in bold. (B) GBM patient clustering with COMT + APOE protein clusters and 
Kaplan-Meier (KM) survival analysis using the Platform HuEx-1_0-st-v2 in Bio-Discovery Portal (GBM-BioDP). Molecular names are annotated 
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The extended COMT-PPI network with its direct interactors 
generated the protein clusters of the 15CAcBRT molec-
ular signature. A  relevant protein in the 15CAcBRT was 
COMT, which has a frequent worldwide eQTL (rs4680, 
Val158Met; Supplementary Table S6) that decreases its ac-
tivity, increasing the dopamine (monoamine catechola-
mine neurotransmitter) levels in the prefrontal cortex.31 It 
has been proposed that high levels of dopamine generate 
antitumor effects on GBM.32 This suggests that the COMT 
genotype could be decisive for the prognosis of the GBM, 
as well as its functional cluster, which is consistent with our 
findings showing the COMTrs4680 as eQTLs. Furthermore, 

Structure-PPI analysis showed that variants located at the 
COMT dimer interface affect its interactions with other pro-
teins and can therefore be used to design new drugs that 
regulate the interaction between COMT and APOE clusters. 
This could lead to a significant alteration in the expression of 
genes involved in the 15CAcBTR signature, whose decreased 
expression resulted in increased survival rate for all GBM 
molecular subtypes. Otherwise, MGMT promoter methyla-
tion status has relevance as a clinical biomarker in GBM,33 
and it is associated with better response to chemoradiation 
and longer overall survival.34,35 In this work, we identified a 
hotspot region in the MGMT protein with significant impacts 
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in different tumors, including GBM (COSM2151781). This re-
veals that regions other than the MGMT promoter may also 
be relevant to GBM patients, and their influence on response 
to chemoradiation and overall survival should be evaluated. 
Overall, the 3D structural modifications for proteins codified 
by BRT-associated RGs described here may not only be rel-
evant for GBM but also important for other types of cancer 
(Supplementary Table S10). These are promising avenues 
as molecular targets for cancer therapy, although further 
studies should be conducted to evaluate the interactions be-
tween BRT-associated germline variants (which induce low 
levels of RGs expression) and somatic variants in GBM pa-
tients. This could provide different mechanisms of analysis 
and clinical interpretation, as current genomic data are lim-
ited to filtered somatic alterations.36 Furthermore, although 
the articles included in our systematic review comprised 
studies containing mainly Caucasian and Asian populations, 
R-SNVs were found in all populations included in the 1K gen-
omes and gnomAD databases, although they displayed dif-
ferent frequencies (Supplementary Table S6).

Our novel molecular signature 15CAcBRT classifies pa-
tients with significant survival differences based on the 
expression level of RGs (Supplementary Figure S6C), 
which suggest silencing or overexpression of their prod-
ucts might represent an unexplored therapeutic approach. 
15CAcBRT signature may be useful for drug repositioning 
for GBM. For example, a specific antibody targeting the 
IL-6 receptor or anti-IL-6 treatment could be combined with 
MAOB inhibitors (RNA expression profile in Figure 4B, 
Supplementary Figure S6A and C) used for the treatment 
of Parkinson’s disease and Temozolomide, acting on cancer 
pathways and neurodegenerative diseases.37

On the other hand, the inverse comorbidity between 
neurodegenerative diseases and cancer has been clini-
cally observed, but its molecular basis is still under study. 
Recently, it has been documented that some microRNAs 
are able to link GBM to neurodegenerative disorders,38 and 
expression levels of genes involved in neurodegenerative 
conditions, such as Alzheimer’s and Parkinson’s diseases, 
correlated with better prognosis of gliomas.39 APOE and 
COMT have a proven association with these neurodegen-
erative diseases.40 Their protein clusters are the compo-
nents of the 15CAcBRT signature identified and validated 
in our work, and they form biological networks involved in 
the pathways of cancer and neurodegenerative diseases. 
Furthermore, among the most significant KEGG pathways 
(Figure 5) are those associated with cellular radiation re-
sponse: PI3K/AKT, Ras, MAPK, and EGFR tyrosine kinase 
inhibitor resistance,41,42 which evidences the relationship 
between the 15CAcBRT signature, radiotherapy, cancer, 
and neurodegenerative diseases. Consequently, our find-
ings provide evidence at the level of molecular biological 
networks linking neurodegenerative diseases and cancer 
(Figure 5), useful for evaluating combinations of antitumor 
drugs with those used for neurodegenerative diseases, fo-
cused on drug repositioning for precision medicine.

Study Limitations

Associations between the clinical prognosis and the sex of 
the GBM patients were not evaluated.

Conclusions

Our results demonstrate that genes related to BRT have 
clinical relevance for GBM patients. The 15CAcBRT sig-
nature related to BRT harbors prognostic survival value 
in GBM patients and potential for drug repositioning and 
precision medicine. A relationship between the RGs, neu-
rodegenerative diseases, and cancer was demonstrated 
using KEGG pathway enrichment analysis. The 3D clus-
ters in the proteins (APOE, COMT, CYP1B1, MGMT, and 
POR) encoded by RGs containing R-SNVs and the puta-
tive pathogenic variants associated with BRT could be 
a relevant part of a neuro-oncology targeting approach. 
Overall, our results add evidences to the precision med-
icine, diagnostic interventions, and development of 
therapeutics for GBM.
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Supplementary material is available at Neuro-Oncology 
online.
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