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Background: Glioblastoma (GBM) is the most aggressive type of human brain tumor with 
a poor prognosis and a low survival rate. Secreted proteins from tumors are recently 
considered as important modulators to promote tumorigenesis by communicating with 
microenvironments. Repulsive guidance molecule A (RGMA) was initially characterized 
as an axon guidance molecule after secretion in the brain during embryogenesis but has not 
been studied in GBM. In this study, we investigated secreted gene expression patterns and 
the correlation between RGMA expression and prognosis in GBM using in silico analysis.
Methods: RGMA mRNA levels in normal human astrocyte (NHA), human glioma cells, and 
GBM patient-derived glioma stem cells (GSCs) were assessed by qRT-PCR. Patient survival 
analysis was performed with the Kaplan–Meier curve and univariate and multivariate 
analyses using publicly available datasets. The predictive roles of RGMA in progressive 
malignancy were evaluated using Gene Ontology (GO), Kyoto Encyclopedia of Genes and 
Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA).
Results: RGMA mRNA expression was elevated in glioma cells and GSCs compared with 
NHA and correlated with unfavorable prognosis in glioma patients. Thus, RGMA could 
serve as an independent predictive factor for GBM. Furthermore, the increased levels of 
RGMA expression and its putative receptor, neogenin (NEO1), were associated with poor 
patient survival rates in GBM.
Conclusion: We identified RGMA as an independent prognostic biomarker for progressive 
malignancy in glioblastoma and address the possibilities to develop novel therapeutic 
strategies against glioblastoma.
Keywords: bioinformatics, glioblastoma, glioma, glioma stem cell, RGMA

Introduction
Glioblastoma (GBM) ranks among the most fatal and recalcitrant brain tumors in 
the human central nervous system (CNS).1 Despite extensive therapies such as 
surgical resection, radiotherapy, and chemotherapy, the median survival rate of 
GBM patients is approximately 15 months after diagnosis.1,2 Glioma stem cells 
(GSCs) have recently emerged as a small subset of cells in GBM that may self- 
renew and proliferate while retaining normal stem cell features.3–5 GSCs can 
initiate tumor formation and become resistant to conventional treatments by secret
ing molecules to communicate with their microenvironment.6,7 Thus, identifying 
secreted molecules to regulate GSCs is urgently needed.

The process of tumor progression is affected by either genetic/epigenetic altera
tions in GBM cells or communications between GBM cells and the tumor 
microenvironment.3,8 The reciprocal intracellular interaction between glial cells 
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and tumor microenvironment can institute a complicated 
heterogeneous tumor microenvironment.8–10 As the most 
dominant glial cells in the tumor microenvironment, acti
vated astrocytes can surround and penetrate glioma cells 
and protect them from the cytotoxic effects of various 
chemotherapies.9,11,12 Gap junctions existing between 
glioma cells and nearby astrocytes can protect glioma 
cells by regulating various critical survival genes of 
astrocytes.9 Astrocytes could also increase the release of 
several cytokines (IL-6, IGF1, and TGF-β) to the tumor 
microenvironment and stimulate the migration and inva
sion of gliomas, providing evidence that the microenvir
onment can influence the behavior of tumor cells.9,13 

A previous study has demonstrated that glioma resection- 
induced injury can lead to reactive astrocyte changes in the 
peritumoral microenvironment and that astrocyte injury 
can cause alterations in transcriptome and secretome to 
promote glioma progression.12

The repulsive guidance molecule (RGM) family 
encodes glycosylphosphatidylinositol-anchored glycopro
tein and includes RGMA, RGMB (Dragon), and RGMC 
(Hemojuvelin), which are critical for nervous system 

development.14 Among them, RGMA is known as 
a regulator in cephalic neural tube closure by inhibiting 
neurite outgrowth and modulating inflammation and neu
rodegeneration in autoimmune encephalomyelitis 
disease.15–17 RGMA initially has been reported as an 
axon guidance molecule in the brain,18 but also as 
a potential tumor suppressor in some cancers,19–21 and 
a tumor prognostic marker in triple-negative breast 
cancer.22 However, it is less known about the explicit 
function of RGMA in GBM tumors. RGMA can directly 
bind to the cell surface receptor neogenin (NEO1) during 
axonal guidance, causing growth cones to collapse and 
axons to develop along with specific directions.23–25 

Recent studies have shown that NEO1 is abundantly 
expressed in brain astrocytes, neurons, neural stem cells, 
and oligodendrocytes, and it has a function in astrocytic 
differentiation in the mouse neocortex.26 Zhang et al27 

have reported that RGMA can regulate reactive astroglio
sis and glial scar formation through TGF-β1/Smad2/3 sig
naling in stroke patients. Also, reactive astrocytes in the 
tumor microenvironment can augment GBM malignancy 
by causing abnormal cell proliferation13 and support 
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immunosuppressive response in the GBM 
microenvironment.28 Here, we hypothesized that RGMA 
could regulate tumorigenesis through interaction with the 
NEO1 receptor in the tumor microenvironment.

In this study, we examined mRNA expression levels of 
secreted proteins predicted from the Human Protein Atlas 
(HPA) secretome during gliomagenesis and found that 
RGMA could be used as a prognostic marker for poor 
glioma patient survival. Moreover, RGMA expression was 
positively correlated with NEO1 expression in GBM tissues. 
Their concomitant high expression resulted in poor GBM 
patients’ clinical outcomes. Taken together, RGMA might 
serve as a predictive factor for the occurrence of GBM.

Materials and Methods
Cell Culture
The human glioma cell lines (A172, A1207, U87MG, and 
LN229, ATCC, USA) were cultured in Dulbecco’s mod
ified Eagle’s medium (DMEM/F12; Welgene, South 
Korea) supplemented with 10% fetal bovine serum (FBS) 
(HyClone, USA) and 1% penicillin-streptomycin solution 
(100X; Welgene, South Korea). The normal human astro
cytes (NHA, Lonza, Switzerland) were maintained in 
astrocyte media (ScienCell, USA) supplemented with 
10% FBS (HyClone, USA) and 1% penicillin- 
streptomycin solution (100X, Welgene, South Korea). 
The GBM patient-derived glioma stem cell lines 
(GSC11, GSC20, GSC23, and GSC267) were obtained 
from the University of Texas MD Anderson Cancer 
Center and cultured with DMEM/F12 medium (Welgene, 
South Korea) supplemented with 2% B27 (Gibco, USA), 
epidermal growth factor (EGF) (20 ng/mL; R&D Systems, 
USA), basic fibroblast growth factor (bFGF) (20 ng/mL; 
R&D Systems, USA), and 1% penicillin-streptomycin 
solution (100X; Welgene, South Korea). Cells were cul
tured in a humidified chamber at 37 °C containing 5% CO2 

and 20% O2.

Quantitative Reverse 
Transcription-Polymerase Chain Reaction 
(qRT-PCR)
Total RNA was extracted from cell lines using the RiboEx 
reagent (GeneAll, South Korea) and purified using 
a Hybrid-R kit (GeneAll, South Korea) followed each 
manufacturer’s instructions. Then complementary DNA 
(cDNA) from 1 µg of total RNA was synthesized using 
Thermo Scientific RevertAid First-Strand cDNA Synthesis 

Kit (Thermo Fisher Scientific, USA). The levels of RGMA 
and 18S (reference gene) were measured by a CFX96 real- 
time polymerase chain reaction detection system (Bio-Rad 
Laboratories, USA) using SYBR Premix Ex Taq (Takara 
Bio, Japan). Results of qRT-PCR were evaluated as cycle 
threshold (Ct) values and calculated using the 2−ΔΔCt 

method.29 Primer sequences used for qRT-PCR amplifica
tion were as follows: RGMA forward (F) 5ʹ-CAACA 
CGCCTGTGCTGCCCG-3ʹ and RGMA reverse (R) 5ʹ- 
CCACCGTTCTTAGAGCCATCCA-3ʹ; 18S forward (F) 
5ʹ-CAGCCACCCGAGATTGAGCA-3ʹ and 18S reverse 
(R) 5ʹ-TAGTAGCGACGGGCGGTGTG-3ʹ.

Dataset Preparation for RGMA 
Expression and Analysis
Data from Gene Expression Omnibus (GSE4536) were 
used to determine RGMA mRNA expression levels in 
different GSC culture mediums. Gene expression profile 
in the Gravendeel dataset was used for RGMA expression 
and patients’ survival analyses. The Ivy Glioblastoma 
Atlas Project RNAseq was used for evaluating RGMA 
expression in different regions of GBM. Public datasets 
such as Gravendeel, CGGA, TCGA GBM, and Rembrandt 
were obtained from the Gliovis website (http://gliovis. 
bioinfo.cnio.es/) to determine correlations of RGMA and 
NEO1 gene expression and their concurrent expression 
with GBM patient survival outcome.

Gene Set Enrichment Analysis (GSEA)
Gene signatures analyzed were obtained from C2 chemical 
and genetic perturbation collection of the Molecular 
Signatures Database (http://software.broadinstitute.org/ 
gsea/msigdb). The raw expression data profile of glioma 
patients was extracted from the Gravendeel dataset (n = 
276). In this GSEA method, the continuous phenotype was 
applied to find gene sets that correlated with RGMA (gene 
neighbors). Pearson’s correlation was applied to score and 
rank genes. Default options were used with 1000 repeti
tions of gene set permutations. Significant enrichments 
were considered when the false discovery rate (FDR) 
was less than 0.01 and the p-value was less than 0.05.

Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes 
(KEGG) Pathway Analysis
GO and KEGG analyses of genes that exhibited correlation / 
R/ ≥ 0.4 with RGMA in the Gravendeel dataset were 
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performed using the Database for Annotation, Visualization, 
and Integrated Discovery (DAVID) bioinformatics 
resources (version 6.8, https://david.ncifcrf.gov/). Gene 
sets were then displayed by using the dot plot, in which 
significant pathways with gene counts of ≥ 2 and p < 0.05 
were set as the threshold.

Statistical Analysis
Microsoft Excel, SPSS 20, GraphPad Prism version 9, 
R version 4.0.3, and Python version 3.8.3 were used for 
statistical analyses. In univariate and multivariate Cox 
regression analyses, p < 0.05 indicated statistical signifi
cance. Heat maps were created using Java TreeView and 
R language. Significant quantitative differences between 
and among groups were determined by an unpaired 
Student’s t-test (two-tailed) and one-way ANOVA, respec
tively, followed by Tukey’s multiple comparison test. 
Bivariate correlation analysis (Pearson’s R test) was 
applied to examine the correlation of two variables in 
human specimens. Kaplan-Meier survival analysis was 
performed to estimate survival distribution, followed by 
a Log rank test.

Results
RGMA is Identified as a Gene Elevated 
Under GSCs Culture Condition
To analyze secreted gene expression patterns to regulate 
the stem cell character of GSCs, we generated a database 
of mRNA expression profiles from the public dataset 
GSC4536.30 We used 1708 putative secreted genes listed 
from the Human Protein Atlas secretome (https://www. 
proteinatlas.org/search/protein_class%3APredicted 
+secreted+proteins) (Figure 1A–C), and candidate genes 
with a fold change > 1.5 and p < 0.05 were selected. 
A total of 49 and 42 genes were selected from GSC0308 
and GSC1228 cell lines, respectively. Among them, 24 
genes (ADAMTS3, ADAMTS9, AZGP1, B3GAT1, BCAN, 
BMP7, C21orf62, CX3CL1, DHRS13, FAM131A, 
FGFBP3, LPL, MDK, NCAN, NXPH1, PTN, PTPRZ1, 
RGMA, SCG2, SCG3, SORL1, SPARCL1, TIMP4, and 
VGF) were found to be overlapped in both cell lines 
(Figure 1D) and re-displayed in heatmaps (Figure 1E and 
F). Based on its high basal expression and clinical rele
vance in GBM, the RGMA gene was selected to further 
investigate whether this gene is indeed involved in glio
magenesis. We found that RGMA mRNA expression level 
was significantly increased more than three-fold in 

GSC0308 and two-fold in GSC1228 under NBE-culture 
condition compared to that under FBS-culture condition 
(Figure 1G and H). We next performed qRT-PCR analysis 
to measure RGMA mRNA levels in publicly available 
glioma cell lines (A172, A1207, LN229, and U87MG), 
GBM patient-derived GSC cell lines (GSC23, GSC11, 
GSC 20, and GSC267), and NHA. As expected, RGMA 
expression was significantly upregulated in glioma cell 
lines and GSCs, as compared to that in NHA (Figure 1I). 
These results indicate that RGMA is highly expressed in 
glioma.

RGMA is Preferentially Expressed in GBM 
Tissues and Correlated with Poor 
Prognosis
Next, we investigated the relationship between RGMA 
expression and glioma patient prognosis. The Gravendeel 
dataset showed that RGMA mRNA was highly expressed 
in GBM samples than in low-grade glioma and non-tumor 
samples (Figure 2A). Furthermore, glioma patient survival 
analysis revealed that high RGMA expression was corre
lated with short patient survival using the Kaplan-Meier 
curve (Figure 2B). Immunohistochemistry analysis from 
human protein atlas data revealed RGMA was presented in 
the peripheral region in the glioma tissues (Figure 2C). 
Collectively, these data suggest that RGMA expression is 
associated with glioma malignancy and tumor 
microenvironments.

RGMA Expression is an Independent Risk 
Factor Associated with Glioma Patient 
Survival
We further performed Cox regression analysis with the 
survival data from the Gravendeel dataset to analyze the 
relationship of the survival time of glioma patients with 
RGMA expression level, age, gender, tumor grade, IDH1, 
and EGFR status. A forest map was adopted to perform 
univariate and multivariate Cox regression analysis 
(Figure 3). Results of the univariate analysis indicated sig
nificant correlations of overall patient survival with RGMA 
expression level, age, grade, EGFR status, and IDH1 status 
(all p < 0.001) (Figure 3A and B). Furthermore, multivariate 
analysis confirmed that high RGMA expression (p = 0.001), 
age (p < 0.001), grade (p < 0.001), and IDH1 status (p = 
0.004) were covariates influencing the survival of glioma 
patients (Figure 3C and D). Taken together, these results 
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indicate that RGMA might be a prognostic factor that can 
influence the survival time of glioma patients.

RGMA, a Predictive Gene for GBM 
Malignancy, is Enriched in GBM Classical 
Subtype
To examine the preferential expression of RGMA in GBM 
subtypes, we used three previously defined subtypes of 
GBM.31,32 RGMA expression was significantly higher in 
classical subtype than in mesenchymal and proneural sub
types based on the Gravendeel dataset (Figure 4A). 
Furthermore, there was a remarkable difference between 
EGFR non-amplification and EGFR amplification 
(Figure 4B), in which EGFR vIII amplification was 

known as a genetic alteration of the classical subtype.31,33 

In the Gravendeel dataset, RGMA mRNA levels were posi
tively correlated with classical GSC markers (FGFR3, 
HEY1, NOTCH1, PDGFA, NES, and EGFR), mesenchymal 
GSC markers (CD44, STAT3, RELB, CHI3L1, and VIM), 
and proneural GSC markers (BCAN, OLIG2, and DLL3) 
(Figure 4C). Gene set enrichment analysis also revealed that 
Verhaak_Glioblastoma_Classical phenotypes were posi
tively correlated with RGMA expression in the Gravendeel 
dataset (Figure 4D). We next employed the Ivy 
Glioblastoma Atlas dataset to understand the association 
of individual histologic features of an anatomic human 
glioblastoma with RGMA expression patterns. Results 
revealed that RGMA expression was significantly 

Figure 1 RGMA is a highly expressed gene under GSCs culture conditions. (A) Scheme to screen 1708 secreted protein-encoding genes from dataset GSE4536 with 
GSC0308 and GSC1228 cell lines. (B and C) Volcano plots for identifying genes with significant fold change under the NBE-culture condition compared with FBS-culture 
condition in GSC0308 and GSC1228 cell lines. Upregulated genes are presented in red; Downregulated genes are presented in green; Not-significant genes are shown in 
blue. NBE-culture condition, serum-free neurobasal media supplemented with basic FGF and EGF; FBS-culture condition, DMEM/F12 media contained 10% fetal bovine 
serum. (D) Ven diagram indicating 24 common genes from both cell lines with fold change > 1.5 and p < 0.05. (E and F) Heatmaps show different expression levels of these 
genes under the above-cultured conditions. (G and H) RGMA expression follows its probe set in the GSE4536 dataset. (I) RGMA expression in glioma cell lines and glioma 
stem cell lines using the qRT-PCR method. (B, E and G): GSC0308 (NBE, n = 10; FBS, n = 9); (C, F and H): GSC1228 (NBE, n = 10; FBS, n = 11). **p < 0.01; ***p < 0.001; 
and ****p < 0.0001. 
Abbreviation: FC, fold change.
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upregulated in the infiltration tumor (IT) and cellular tumor 
(CT), suggesting a possible role of RGMA during the inva
sion of GBM (Figure 4E and F). Collectively, these findings 
indicate that RGMA expression is associated with GBM’s 
classical signature and that it is present in the IT and CT 
regions of the tumor.

Identification of Co-Expressed Genes 
with RGMA in GBM Samples and Their 
Enrichment Analysis
To understand the related signaling pathways of RGMA, we 
summarized the down- and upregulated genes with RGMA 
expression from the dataset. Pearson’s correlation coefficient 
was used to identify co-expressed genes positively corre
lated with RGMA (R ≥ 0.4) in the Gravendeel dataset, and 
300 co-expression genes were shown in the heatmap 
(Figure 5A). These genes were subjected to analyses of 
GO biological processes and KEGG pathways using the 

DAVID database. The first enriched categories were ranked 
based on their significant p-values and then they were visua
lized by utilizing the “ggplot2” R package. Regarding its 
biological processes, co-expressed genes were involved in 
cell adhesion, intracellular signal transduction, extracellular 
matrix organization, positive regulation of ERK1 and ERK2 
cascade, positive regulation of cell division, and activation 
of MAPKK activity (Figure 5B). Furthermore, the co- 
expressed genes in KEGG categories were enriched in the 
regulation of actin cytoskeleton, Hippo signaling pathway, 
Rap1 signaling pathway, signaling pathways of regulation of 
pluripotency of stem cells, and TGF-β signaling pathway 
(Figure 5C). A previous study has reported that the Rap1 
signaling pathway is involved in tumor cell proliferation and 
invasion,34 specifically protein Rap1A can promote GBM 
growth in vivo.35 Muramatsu et al36 have shown that RGMA 
can activate Rap1 and regulate CD4+ T cell adhesion in 
autoimmune encephalomyelitis disease, implying the 

Figure 2 RGMA is overexpressed in GBM, and such overexpression is correlated with poor prognosis. (A) RGMA expression is significantly upregulated in the GBM group 
of the Gravendeel dataset (non-tumor, n = 8; LGG, low-grade glioma, n = 117; GBM, n = 159). *p < 0.05; **p < 0.01; and ***p < 0.001. (B) Kaplan-Meier analysis evaluates 
the correlation between RGMA expression and survival of 270 glioma patients (LGG, n = 115; GBM, n = 155; p = 0.0019; Log rank test). (C) Immunohistochemical staining 
images of glioma tissues from the Human Protein Atlas exhibit RGMA proteins’ localization between glioma cells.
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possible role of RGMA in GBM development through Rap1 
pathway activation. Collectively, the elevated expression of 
RGMA may be associated with dysregulated growth signal
ing and immune response in the microenvironments 
of GBM.

RGMA Expression is Positively 
Correlated with Its NEO1 Receptor in 
GBM Samples
NEO1 is known as a receptor of RGMA and their interac
tion has been shown in neural development.24,37 We then 
hypothesized that RGMA might also be associated with 
NEO1 in GBM. Results revealed that RGMA expression 
was significantly correlated with NEO1 in Gravendeel (R 
= 0.26), CGGA (R = 0.65), TCGA GBM (R = 0.41), and 
Rembrandt (R = 0.32) datasets (Figure 6A). Importantly, 
high expression levels of both RGMA and NEO1 in GBM 
tissues were correlated with poor patient survival 
(Figure 6B). This result suggests that co-activation of 
RGMA and NEO1 might be an important signaling event 
that occurs during GBM tumorigenesis.

In conclusion, we found that RGMA is overexpressed 
in GBM samples and that RGMA expression is linked to 
poor glioma patient survival. As a result, RGMA could be 
a potential target for GBM treatment.

Discussion
High-grade glioma is featured by striking heterogeneous 
cellularity, encompassing GSCs and non-neoplastic tumor 
cells which consist of endothelial cells, vascular pericytes, 
astrocytes, tumor-associated macrophages, and other 
immune cells.4,38 Despite the best available treatment, 
this tumor can still recur and become resistant to 
treatment.39 Lee et al30 have reported that NBE cultured 
cells show more aggressiveness in tumor growth and 
mimic the phenotype and biology of primary tumors than 
FBS cultured cells. By performing bioinformatics analysis, 
we tried to find a biomarker to predict GBM tumorigen
esis. Finally, we found that RGMA, a secreted protein- 
encoding gene, was highly expressed under the NBE cul
ture condition. RGMA expression was remarkably 
increased in glioma and GSC cell lines. This finding 
indicated that RGMA might give rise to tumorigenesis 

Figure 3 RGMA expression associated with an unfavorable survival of glioma patients. (A) Univariate Cox regression of RGMA expression for overall survival in glioma 
patients. (B) Relationship between RGMA expression and the survival function or the cumulative hazard function of glioma patients according to univariate analysis. (C) 
Multivariate Cox regression of RGMA expression for overall survival in glioma patients. (D) Relationship between RGMA expression and the survival function or the 
cumulative hazard function of glioma patients follow multivariate analysis. RGMA high, n = 166; RGMA low, n = 104; age < 60 years old, n = 193; age ≥ 60 years old, n = 77; 
female, n = 91; male, n = 179; grade I–II, n = 30; grade III–IV, n = 240. 
Abbreviations: HR, hazard ratio; CI, confidence interval; EGFR, epidermal growth factor receptor; EGFR non-AMP, EGFR non-amplification, n = 42; EGFR AMP, EGFR 
amplification, n = 100; IDH1, isocitrate dehydrogenase 1; IDH1 wt, IDH1 wild type, n = 81; IDH1 mut, IDH1 mutant, n = 134.
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and support the self-renewal of GSCs. RGMA expression 
was also increased in GBM tissues than in either low- 
grade tumors or non-tumor tissues and such high expres
sion of RGMA was correlated with devastating outcomes 
of glioma patients. Taken together, these results postulate 
that RGMA is a potential biomarker for predicting glioma 
patient survival.

Identifying multiple subtypes within GBM has revealed 
distinct molecular alteration and tumoral heterogeneity 
which reflect tumor histology and are related to the clinical 
outcome of the disease.33 By performing classification of 
GBM subtypes,31,32 the present study indicated that RGMA 
expression was preferentially expressed in the classical sub
type with high EGFR amplification. Hence, further 

experiments with EGFR inhibitors are needed to interpret 
RGMA-related pathways that correlate with a worse prog
nosis of GBM patients. Meanwhile, genes co-expressed with 
RGMA in the Gravendeel dataset indicated that they were 
mainly enriched in cell adhesion, intracellular signal, extra
cellular matrix organization, positive regulation of ERK1 and 
ERK2 cascade, positive regulation of cell division, activation 
of MAPKK activity, regulation of actin cytoskeleton, Hippo 
or Rap1 signaling pathway, regulation of pluripotency of 
stem cells, and TGF-β signaling pathways. Recent studies 
have shown that TGF-β signaling pathways are dysregulated 
in cancer and play a role in the initiation and advancement of 
glioma cells.40 On the other hand, ERK1 and ERK2 were 
found to activate matrix metalloproteinase molecules and 

Figure 4 RGMA is overexpressed in GBM classical subtype. (A) Comparing RGMA mRNA expression levels in GBM subtypes from the Gravendeel dataset (Classical, n = 52; 
Mesenchymal, n = 54; Proneural, n = 53). *p < 0.05; **p < 0.01. (B) Comparison of RGMA expression between EGFR non-AMP and EGFR AMP groups. ***p < 0.001. (C) 
Correlation between RGMA mRNA expression and GSC markers in the Gravendeel dataset with each GBM subtype. (D) In the Gravendeel dataset, gene set enrichment 
analysis of glioma patients reveals significant enrichment of classical phenotype with RGMA gene expression. (E) Heatmap of RGMA expression signature is correlated with 
different GBM regions in the Ivy GAP RNAseq dataset. (F) RGMA mRNA expression by different GBM regions from the Ivy GAP dataset. Data are presented as means ± 
SEM (LE, n = 19; IT, n = 24; CT, n = 111; PNZ, n = 26; PAN, n = 40; HBV, n = 22; MVP, n = 28). **p < 0.01; ****p < 0.0001 relative to the PAN group. 
Abbreviations: LE, leading edge; IT, infiltration tumor; CT, cellular tumor; PNZ, perinecrotic zone; PAN, pseudopalisading cells around necrosis; HBV, hyperplastic blood 
vessels; MVP, microvascular proliferation; NES, normalized enrichment score; FDR, false discovery rate; EGFR non-AMP, EGFR non-amplification, n = 46; EGFR AMP, EGFR 
amplification, n = 32.
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engage many cancer hallmarks to promote tumor invasion 
and preserve GSCs.41 Also, earlier reports have shown that 
active MAPKK can stimulate the MAPK pathway, which 
then activates transcription factors such Elk1, c-MYC, 
STAT1/3, and PPARγ, resulting in cell transformation and 
glioma cell apoptosis.42 Additionally, Hippo pathway- 
mediated pro-tumoral immunosuppression was found to be 
associated with poor GBM outcomes.43,44 Lastly, Rap1 sig
naling is upregulated in GBMs, and this increase is linked to 
a higher tumor grade by influencing GSC migration.35 Thus, 
we can infer that RGMA and its co-expressed genes are 
involved in a complex network that controls GBM 
development.

Meanwhile, previous studies have also shown that when 
RGMA binds to its NEO1 receptor, it activates the RhoA- 
ROCK1/Rho-kinase signaling cascade, inhibiting neurite 

outgrowth.25 The Rho/ROCK or RhoA/Rho kinase activa
tion can influence GBM cell growth and migration by inter
acting with different pathways.45 NEO1 also has been 
identified as a netrin family receptor. In GBM, the over
expression of either netrin-1 or netrin-4 can mediate the 
enhanced invasiveness of GBM cells and predict poor 
patient survival.46,47 Meanwhile, NEO1 is abundantly 
expressed in astrocytes of the brain and it is involved in 
regulating cortical blood vessel homeostasis and function.26

In brain tumors, the tumor microenvironment holds 
a critical role in cancer development, propagation, and 
therapy response.9,38 As one of the major stromal cells in 
the brain, astrocytes account for nearly 50% of brain 
cells. They urge cell-cell communications, reinforce the 
neural network, and maintain neural circuits in the 
human central nervous system.38 In particular, tumor- 

Figure 5 Identifying co-expressed genes with RGMA in GBM samples and their enrichment analysis. (A) The heatmap shows 300 co-expressed genes are positively 
correlated with RGMA mRNA expressions by ranking Pearson’s R-value with p < 0.05. (B and C) Bubble plots present 20 enrichment pathways of genes co-expressed with 
RGMA. BP, biological processes; Y-axis, name of the signaling pathways or functions; X-axis, percentage of genes assigned to a category among the total numbers of genes 
annotated in the network; Bubble size, number of genes are assigned to a pathway; Color enriched P-value; Red bubbles indicate a greater significance level.
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associated astrocytes contribute to tumor malignancy by 
engendering cell proliferation, eventually affecting anti- 
inflammatory responses.11,13,28 GBM tumors can also 
alter the local microenvironment, increasing astrocyte 
cytokine production and encouraging astrocyte migra
tion. Also, GBM cells may cooperate with their neigh
boring astrocyte to enhance tumor recurrence.38,48 In this 
study, RGMA was shown to be positively correlated with 

the expression of NEO1 in public datasets. We assume 
RGMA is released into the tumor microenvironment by 
glioma cells to interact with NEO1 in astrocytes, which 
are ubiquitously tiled surrounding GBM cells. This bind
ing might contribute to the role of tumor-associated 
astrocytes in forming reactive astrocytes and facilitating 
tumor proliferation and migration.11,28 Moreover, high 
concurrent expression of RGMA and NEO1 in GBM 

Figure 6 RGMA expression is associated with its NEO1 receptor in GBM samples. (A) Correlation between RGMA mRNA expression level and its NEO1 receptor in 
Gravendeel (n = 159), CGGA (n = 225), TCGA GBM (n = 156), and Rembrandt (n = 219) datasets. (B) Kaplan-Meier survival analysis of the combined RGMA and NEO1 
expression and the overall survival of GBM patients from Gravendeel (n = 126) and CGGA (n = 166) databases (Log rank test).
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patients is associated with poor survival outcomes. 
Nevertheless, the interaction between RGMA and 
NEO1 entails future investigations to understand their 
synergistic effects on GBM tumor malignancy and 
aggressiveness.

Conclusion
By applying bioinformatics analysis, we profiled the clin
ical value of RGMA in glioma. Our results demonstrate 
that RGMA is a promising biomarker for GBM occur
rence. Hence, it could open opportunities to develop 
more relevant therapies to treat GBM.
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