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Abstract: Glioma stem cells (GSCs) contribute to the pathogenesis of glioblastoma (GBM), which
is the most malignant form of glioma. The implications and underlying mechanisms of protein
glycosylation in GSC phenotypes and GBM malignancy are not fully understood. The implication of
protein glycosylation and the corresponding candidate genes on the stem cell properties of GSCs and
poor clinical outcomes in GBM were investigated, using datasets from the Gene Expression Omnibus,
The Cancer Genome Atlas, and the Chinese Glioma Genome Atlas, accompanied by biological
validation in vitro. N-linked glycosylation was significantly associated with GSC properties and
the prognosis of GBM in the integrated bioinformatics analyses of clinical specimens. N-linked
glycosylation was associated with the glioma grade, molecular biomarkers, and molecular subtypes.
The expression levels of the asparagine-linked glycosylation (ALG) enzyme family, which is essential
for the early steps in the biosynthesis of N-glycans, were prominently associated with GSC properties
and poor survival in patients with GBM with high stem-cell properties. Finally, the oxidative
phosphorylation pathway was primarily enriched in GSCs with a high expression of the ALG enzyme
family. These findings suggest the role of N-linked glycosylation in the regulation of GSC phenotypes
and GBM malignancy.

Keywords: glioma stem cells; glioblastoma; protein glycosylation; gene expression omnibus; the
cancer genome atlas; chinese glioma genome atlas

1. Introduction

The World Health Organization defines glioblastoma (GBM) as a grade IV cancer,
and GBM is the most malignant form of glioma [1,2]. GBM is one of the most aggressive
and fatal types of central nervous system cancer [3]. Isocitrate dehydrogenase (IDH)
status is a prognostic biomarker in patients with GBM; IDH mutant GBM has a better
prognosis than IDH wild-type GBM [4]. GBM is also classified by the following molecular
subtypes: mesenchymal, classical, proneural, and neural [5]. Patients with GBM have a
significantly poor prognosis and rarely exhibit long-term survival, despite recent advances
in multimodality therapy with a combination of surgical operation, radiation therapy,
chemotherapy, and molecular targeted therapy [6]. Glioma stem cells (GSCs) exhibit stem
cell-like properties, such as self-renewal capacity, ability to differentiate into non-GSCs,
and tumor-propagating potential [7]. GSCs play important roles in several events, such
as therapeutic resistance (radioresistance and chemoresistance), rapid recurrence, cancer
invasion, and tumor angiogenesis, indicating that targeting GSCs is an effective strategy
for improving GBM treatment [8].
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Protein glycosylation, a typical posttranslational modification, is a complex and multi-
step process involving various glycan-modifying enzymes, including glycosyltransferases
and glycosidases [9,10]. It regulates a diverse range of fundamental cellular and biological
pathways, including protein trafficking, signal transduction, pluripotency, proliferation,
differentiation, and survival [11]. The most abundant and commonly occurring types of
protein glycosylation include N-linked (asparagine-linked) and O-linked (serine/threonine-
linked) glycosylation [12,13]; C-linked glycosylation (C-mannosylation) is a comparatively
rare event, and its biological function has not been fully elucidated yet. Although ex-
tensive studies have been conducted to reveal the implication of protein glycosylation
in the pathogenesis of glioma, limited evidence is available on the role of protein gly-
cosylation alterations in stem-cell properties and the aggressiveness of GSCs and GBM
malignancy [14–19]. We aimed to investigate the implication of protein glycosylation and
the corresponding candidate genes on the stem cell properties of GSCs and poor clinical
outcomes in GBM, using integrated bioinformatics analyses, single-cell RNA sequencing
(scRNA-seq), and bulk RNA-seq datasets of clinical GBM specimens deposited in the Gene
Expression Omnibus (GEO) database with different cohorts, in addition to The Cancer
Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) databases of patients
with glioma, accompanied by in vitro validation.

2. Materials and Methods
2.1. scRNA-seq Data Analysis

We used the gene expression data for patients with GBM (GSE84465) [20], which was
downloaded from GEO. The downloaded data was analyzed using the Seurat package
(ver. 4.2.1) on the R software (ver. 4.2.1). First, cells with more than 60,000, less than
600 expressed genes, or more than 100,000 counted genes were removed in advance. After
performing sctransform normalization, dimensional compression was performed using
principal component analysis (PCA) and uniform manifold approximation and projec-
tion (UMAP). Clustering was then performed using the Louvain algorithm, followed
by identification of each cluster using known marker genes. Copy number variation
(CNV) was performed using the inferCNV package (ver. 1.6.0). Wilcoxon’s rank-sum test
was performed to identify differentially expressed genes (DEGs) using the presto pack-
age (ver. 1.0.0). Single sample gene set enrichment analysis (ssGSEA) was performed
using the GSVA package (ver. 1.46.0). We defined the top 10% of neoplastic tumor
cells in the ssGSEA score of the “BEIER_GLIOMA_STEM_CELL_UP” gene set as can-
cer stem cell (CSC)-signaturehigh GBM cells and the rest as CSC-signaturelow GBM cells.
Gene sets deposited in the Molecular Signatures Database (MSigDB) (http://www.gsea-
msigdb.org/gsea/msigdb/index.jsp) (accesed on 1 December 2022) were used. For “PRO-
TEIN_C_LINKED_GLYCOSYLATION” (https://www.gsea-msigdb.org/gsea/msigdb/
human/geneset/GOBP_PROTEIN_C_LINKED_GLYCOSYLATION.html) (accesed on 1
December 2022) and “PROTEIN_DEGLYCOSYLATION” (https://www.gsea-msigdb.org/
gsea/msigdb/human/geneset/GOBP_PROTEIN_DEGLYCOSYLATION.html) (accesed
on 1 December 2022), 6 and 26 genes listed in the MSigDB were analyzed, respectively. For
“PROTEIN_O_LINKED_GLYCOSYLATION_VIA_SERINE” (https://www.gsea-msigdb.
org/gsea/msigdb/human/geneset/GOBP_PROTEIN_O_LINKED_GLYCOSYLATION_VIA_
SERINE.html) (accesed on 1 December 2022) and “PROTEIN_O_LINKED_GLYCOSYLATION_
VIA_THREONINE” (https://www.gsea-msigdb.org/gsea/msigdb/human/geneset/GOBP_
PROTEIN_O_LINKED_GLYCOSYLATION_VIA_THREONINE.html) (accesed on 1 December
2022), 10 genes listed in the MSigDB were analyzed for each gene set. Genes that were
expressed in more than 10% of cells and those that showed significant changes between the
two groups (CSC-signaturehigh and CSC-signaturelow) were identified as DEGs for genes re-
lated to the N-linked glycosylation pathway. GSEA was performed using the clusterProfiler
package (ver. 4.6.0). The HALLMARK gene set is deposited in the H collection of MSigDB,
the GOBP gene set in the C5 collection, and the KEGG gene set in the C2 collection.
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2.2. Bulk RNA-seq Data Analysis

We performed gene expression analysis of GBM and non-tumor brain tissues from
patients with GBM, using RNA-seq data (GSE33328, GSE48865, GSE59612, GSE62731,
and GSE77530) [21–25], which were downloaded from the GEO using the SRA Toolkit
(ver. 2.10.4). Quality checks were performed with FastQC (ver. 0.11.8) and processed
with Trimomatic (ver. 0.33) to exclude adapter sequences and low-quality bases. Clean
reads were quantified at the transcript level against a human reference sequence (GRCh38
release 98) using Salmon (ver. 1.2.0). Conversion to gene expression and visualization
were performed using the tximport (ver. 1.24.0) and ggplot2 (ver. 3.4.0) packages on the
R software, respectively. Additionally, we analyzed data from the tissues of patients with
glioma (e.g., grade, IDH mutation status, and subtype) in TCGA and CGGA. Statistical
significance was determined using Wilcoxon’s rank-sum test followed by Bonferroni’s
correction. For correlation analysis, we calculated Pearson’s correlation coefficient.

2.3. Survival Analysis

The TCGA and CGGA datasets were obtained from Gliovis [26]. We defined the top
50% of patients with glioma in the ssGSEA score of the “BEIER_GLIOMA_STEM_CELL_UP”
gene set as the CSC-signaturehigh group and the rest as the CSC-signaturelow group. Sur-
vival analysis was performed using the log-rank test with the survival package, and
Kaplan–Meier curves were plotted using survminer (ver. 0.4.9) on the R software.

2.4. Cell Culture

Mouse glioma cell line GL261 was obtained from the National Institutes of Health.
These cells were cultured at 37 ◦C in a 5% CO2 incubator for 4 days and maintained in
adherent culture medium containing Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum. For non-adherent culture, these cells were cultured
in neurosphere medium containing DMEM/F12 (FUJIFILM Wako Pure Chemical, Osaka,
Japan) supplemented with recombinant human epidermal growth factor at 20 ng/mL
(FUJIFILM Wako Pure Chemical), recombinant human basic fibroblast growth factor at
20 ng/mL (FUJIFILM Wako Pure Chemical), B27 supplement without vitamin A (Gibco,
Waltham, MA, USA), and GlutaMAX (Gibco).

2.5. RNA Extraction and Real-Time qPCR

Total RNA was extracted from GL261 cells using the FastGene RNA Basic Kit (Nippon
Genetics, Japan). Then, the RNA concentration was determined using a NanoDrop One
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and reverse transcrip-
tion was performed to synthesize cDNA with reverse transcriptase and oligo-dT primer.
The real-time PCR was performed on an MX3000P instrument (Agilent Technologies,
Waltham, MA, USA), by using specific primers for each gene (Supplementary Table S1) [27].
Expression levels of the genes examined were normalized by using the Actb expression
levels as an internal control for each sample [28].

2.6. Statistical Analysis

Wilcoxon’s rank-sum test between the two groups was used to detect DEG, and a
permutation test was used for GSEA. Statistical analysis between the three groups was
performed using Wilcoxon’s rank-sum test with Bonferroni’s correction. Statistical signifi-
cance was set at p < 0.05. Significance levels are indicated by asterisks (* p < 0.05, ** p < 0.01,
*** p < 0.001).

3. Results
3.1. N- and C-Linked Glycosylation Pathways are Associated with the Stem Cell Properties of GSCs

We first analyzed an scRNA-seq dataset of clinical GBM specimens deposited in
the GEO database (GSE84465) to profile the properties of GSCs (Figure 1A). Seven clus-
ters were successfully identified through UMAP analysis based on the genetic profile
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of the cell (Figure 1B), and canonical markers were used to annotate cell types: neoplas-
tic cells (EGFR+) and normal cells (myeloid [PTPRC+], oligodendrocyte precursor cells
[GPR17+], oligodendrocytes [MOG+], astrocytes [AGXT2L1+], vascular cells [DCN+], and
neurons [SYMN2+]) (Figure 1C). Subsequently, we distinguished malignant cells from
non-malignant cells via CNV inference (Figure 1D).
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Figure 1. N- and C-linked glycosylation pathways are enhanced in GSCs. (A) Schematic diagram of
scRNA-seq and ssGSEA of GBM cells in GSE84465. (B) Uniform manifold approximation and projec-
tion (UMAP) plot of the seven identified clusters in GBM tissue. (C) Violin plot of canonical marker
genes in each cell type. (D) Copy number variation (CNV) profile of cells from four patients. Red
indicates amplifications, and blue indicates deletions. (E) UMAP plot showing the CSC-signaturehigh

GBM (n = 105) and CSC-signaturelow GBM (n = 954) cells. (F) Gene set enrichment analysis (GSEA)
plot of stemness (RAMALHO_STEMNESS_UP) and stem cell-related (BOQUEST_STEM_CELL_UP)
gene sets in CSC-signaturehigh GBM cells. (G) Kaplan–Meier survival curve for the CSC-signaturehigh

patient group (n = 333) and CSC-signaturelow patient group (n = 334) in the TCGA database (left)
and the CSC-signaturehigh patient group (n = 491) and CSC-signaturelow patient group (n = 492) in
the CGGA database (right). (H) GSEA of glycosylation-related gene sets in Gene Ontology Biological
Process (GOBP) (* p < 0.05, ** p < 0.01, *** p < 0.001).
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We further divided neoplastic cells (GBM cell population) into two groups, CSC-
signaturehigh GBM and CSC-signaturelow GBM cells, on the basis of the gene set associated
with “glioma stem cell” by ssGSEA (Figure 1E). We confirmed the enrichment of both gene
sets involved in “stemness” and “stem cell” in CSC-signaturehigh GBM cells by ssGSEA
and the shorter overall survival times in the CSC-signaturehigh patient group by Kaplan–
Meier survival analysis of the TCGA and CGGA datasets, allowing us to define these
cells as the GSC population (Figure 1F,G). Under these experimental conditions, among
the gene sets associated with glycosylation, ssGSEA revealed a significant enrichment
for gene sets related to the “glycosylation”, “N-linked glycosylation”, “deglycosylation”,
and “C-linked glycosylation” in CSC-signaturehigh GBM cells (Figure 1H). In contrast, no
significant enrichment was detected in gene sets involved in O-linked glycosylation in
CSC-signaturehigh GBM cells (Figure 1H). The difference between N-linked glycosylation
and C-linked glycosylation is that in the N-linked glycosylation, glycan is attached to the
amino group of asparagine, whereas in the C-linked glycosylation, mannose is attached to
the indole of tryptophan [12].

Collectively, these results indicate that the N- and C-linked glycosylation pathways
are linked to the stem cell characteristics of GSCs.

3.2. N-Linked Glycosylation Pathway in GSCs is Linked to the Aggressiveness and Poor Prognosis
of GBM

Next, we analyzed five bulk-RNA-seq datasets of 107 patients with GBM (GSE33328,
GSE48865, GSE59612, GSE62731, and GSE77530) and observed that gene sets involved in
N- and C-linked glycosylation were more significantly upregulated in GBM tissues than in
non-tumor brain tissues (Figure 2A). Consistent results were confirmed using the TCGA
database (Figure 2B). Moreover, gene sets related to N- and C-linked glycosylation were
positively associated with increased glioma grade (grades II, III, and IV) and were more
significantly downregulated in patients with GBM harboring IDH mutation compared
with that in patients exhibiting wildtype status, on the basis of the data from the TCGA
and CGGA databases (Figure 2C–F). Meanwhile, the N-linked glycosylation-related gene
set was significantly higher in patients with GBM with the mesenchymal subtype, the
most aggressive among the molecular GBM subtypes [5], compared with that in patients
with classical and proneural subtypes, according to the data from the TCGA and CGGA
databases (Figure 2G,H). However, the expression of the C-linked glycosylation-related
gene set was significantly increased in the classical subtype compared with that in the
mesenchymal and proneural subtypes (Figure 2G,H).

Next, we assessed whether N- and C-linked glycosylation pathways in patients with
glioma with higher stem cell properties were associated with poor prognosis. Kaplan–Meier
survival analysis demonstrated that the CSC-signaturehigh patient group with elevated
activity of the N-linked glycosylation pathway exhibited significantly shorter overall sur-
vival times than that with low glycosylation, according to the TCGA and CGGA databases
(Figure 2I,J). We observed the same survival outcomes in patients with elevated activity of
the C-linked glycosylation pathway (Figure 2I,J).

Collectively, these results suggest that the N-linked glycosylation pathway in GSCs is
associated with malignancy, aggressiveness, and survival outcomes in patients with GBM.
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Figure 2. N-linked glycosylation pathways are associated with poor prognosis of patients with glioma.
(A–H) Comparison of ssGSEA scores of N- and C-linked glycosylation pathways. (A) Normal
tissues (n = 22) and GBM tissues (n = 107) in GSE33328, GSE48865, GSE59612, GSE62731, and
GSE77530 (*** p < 0.001). (B) Normal tissues (n = 4) and GBM tissues (n = 156) in TCGA (*** p < 0.001).
(C) Tissues exhibiting each grade of glioma in TCGA (Grade II, n = 226; Grade III, n = 244; Grade
IV, n = 150) (*** p < 0.001). (D) Tissues exhibiting each grade of glioma in CGGA (Grade II, n = 291;
Grade III, n = 334; Grade IV, n = 388) (* p < 0.05, *** p < 0.001, n.s.: not significant). (E) Wildtype
(n = 142) and IDH mutant (n = 8) GBM tissues in TCGA (* p < 0.05, ** p < 0.01). (F) Wildtype (n = 288)
and IDH mutant (n = 90) GBM tissues in CGGA (*** p < 0.001). (G) Tissues exhibiting each subtype
of glioma in TCGA (Proneural, n = 163; Classical, n = 199; Mesenchymal, n = 166) (*** p < 0.001,
n.s.: not significant). (H) Tissues exhibiting each subtype of glioma in CGGA (Proneural, n = 93;
Classical, n = 106; Mesenchymal, n = 89) (*** p < 0.001, n.s.: not significant). (I) Kaplan–Meier survival
curve for the glycosylation pathwayshigh patient group (n = 166) and glycosylation pathwayslow

patient group (n = 167), in the CSC-signaturehigh patient group (n = 333) in the TCGA database.
(J) Kaplan–Meier survival curve for the glycosylation pathwayshigh patient group (n = 245) and
glycosylation pathwayslow patient group (n = 246), in the CSC-signaturehigh patient group (n = 491)
in the CGGA database.
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3.3. The Expression Analysis of DEGs Linked to N-Linked Glycosylation Pathway in GSCs

Considering that a novel and valid association was found between N-linked gly-
cosylation and molecular subtypes of GBM, in addition to the glioma grade, molecular
biomarkers, and poor prognosis of GBM, we subsequently focused on the N-linked glyco-
sylation pathway.

First, we identified DEGs related to the N-linked glycosylation pathway between
CSC-signaturehigh GBM and CSC-signaturelow GBM cells using the scRNA-seq dataset
(GSE84465). Thirty-nine DEGs linked to the N-linked glycosylation pathway were screened,
including five significantly upregulated genes and one significantly downregulated gene.
Among the upregulated genes, asparagine-linked glycosylation 1 (ALG1) and ALG2, essential
enzymes for the biosynthesis of N-glycans at early stages [29], were the top two upregulated
genes in CSC-signaturehigh GBM cells (Figure 3A). Moreover, the expression levels of
ALG6, ALG7, and ALG12 were significantly upregulated in CSC-signaturehigh GBM cells
(Figure 3A). In contrast, the expression levels of other genes of the ALG family were
not significantly changed in CSC-signaturehigh GBM cells (Supplementary Figure S1A).
UDP-glucose glycoprotein glucosyltransferase (UGGT2), which recognizes glycoproteins with
minor folding defects [30], was the significantly downregulated gene in CSC-signaturehigh

GBM cells (Figure 3A). Because all significantly upregulated genes related to the N-linked
glycosylation pathway (ALG1, ALG2, ALG6, ALG7, and ALG12) belonged to the ALG
enzyme family, we subsequently focused on the ALG enzyme family.

To confirm the results of our bioinformatic analysis, we next compared the expression
levels of the ALG enzyme family between GSCs and differentiated glioma cells. GL261,
which is a murine malignant glioma cell line, was cultured in a neurosphere culture condi-
tion (for GSCs) or adherent culture condition (for differentiated glioma cells) (Figure 3B).
The expression levels of ALG1, ALG2, ALG7, and ALG12, which were found to be upreg-
ulated in bioinformatics data, were significantly increased in GL261 cells cultured under
the GSC culture condition (Figure 3B), concomitant with higher levels of the stem cell
marker, c-KIT (Figure 3C), despite the significant upregulation of ALG9 and ALG13 in the
cell culture study, whose expression was not significantly upregulated in bioinformatics
data (Supplementary Figure S1A,B). These results indicate the preferential high expression
of the ALG enzyme family in GSCs through both bioinformatics analysis and biological
validation in vitro.

The expression levels of the ALG enzyme family (ALG1, ALG2, ALG6, ALG7, and
ALG12) were significantly more upregulated in GBM tissues compared to that in non-tumor
brain tissues, according to analyses of five bulk-RNA-seq datasets and the TCGA database
(Figure 3D,E). Moreover, the expression levels of the ALG enzyme family were associated
with an increased glioma grade, and were significantly downregulated in patients with
GBM harboring the IDH mutant, according to the data from the TCGA and CGGA databases
(Figure 3F–I). ALG2 expression level was the highest in the mesenchymal subtype, according
to the TCGA and CGGA databases (Figure 3J,K).

3.4. The Expression of the ALG Enzyme Family is Associated with the Stem Cell Properties of
GSCs and Poor Prognosis of GBM

Next, we determined whether the expression levels of the ALG enzyme family were
associated with the stem cell properties of GSCs using five bulk-RNA-seq datasets and
the scRNA-seq dataset (GSE84465). A correlation analysis between the ALG family and
stem cell markers revealed that the expression levels of ALG1, ALG2, ALG6, ALG7, and
ALG12 were positively correlated with those of well-known stem cell markers in GSCs, such
as CD36, CD44, FUT4, MUC1, MYC and NES, in GBM specimens according to five bulk-
RNA-seq datasets of patients with GBM (Figures 4A,B and S2A–C) [31–36]. In addition,
gene sets involved in “stemness” and “stem cell” were significantly enriched in ALG1-,
ALG2-, ALG6-, ALG7-, and ALG12-positive CSC-signaturehigh GBM cells, according to the
scRNA-seq dataset (Figures 4C,D and S2D–F).
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(DEGs) related to the N-linked glycosylation pathway between CSC-signaturehigh GBM cells (n = 105)
and CSC-signaturelow GBM cells (n = 954) (* p < 0.05, ** p < 0.01). (B) mRNA levels of ALG1, ALG2,
ALG6, ALG7, and ALG12 in GL261 cells (n = 4) (* p < 0.05, ** p < 0.01, n.s.: not significant). (C) mRNA
level of c-KIT in GL261 cells (n = 4) (*** p < 0.001) (D–K) Comparison of ALG1, ALG2, ALG6, ALG7, or
ALG12 expression. (D) Normal tissues (n = 22) and GBM tissues (n = 107) in GSE33328, GSE48865,
GSE59612, GSE62731, and GSE77530 (*** p < 0.001). (E) Normal tissues (n = 4) and GBM tissues
(n = 156) in TCGA (*** p < 0.001). (F) Tissues exhibiting each grade of glioma in TCGA (Grade II,
n = 226; Grade III, n = 244; Grade IV, n = 150) (*** p < 0.001). (G) Tissues exhibiting each grade of
glioma in CGGA (Grade II, n = 291; Grade III, n = 334; Grade IV, n = 388) (* p < 0.05, *** p < 0.001,
n.s.: not significant). (H) Wildtype (n = 142) and IDH mutant (n = 8) GBM tissues in TCGA (* p < 0.05,
*** p < 0.001, n.s.: not significant). (I) Wildtype (n = 288) and IDH mutant (n = 90) GBM tissues in
CGGA (* p < 0.05, ** p < 0.01, *** p < 0.001, n.s.: not significant). (J) Tissues exhibiting each subtype of
glioma tissues in TCGA (Proneural, n = 163; Classical, n = 199; Mesenchymal, n = 166) (*** p < 0.001,
n.s.: not significant). (K) Tissues exhibiting each subtype of glioma in CGGA (Proneural, n = 93;
Classical, n = 106; Mesenchymal, n = 89) (* p < 0.05, ** p < 0.01, *** p < 0.001, n.s.: not significant).
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Next, we assessed whether the expression levels of ALG1, ALG2, ALG6, ALG7, and
ALG12 in patients with glioma with higher stem cell properties were associated with poor
prognosis. Kaplan–Meier survival analysis revealed that the high expression levels of
ALG1, ALG2, ALG6, ALG7, and ALG12 were significantly associated with poor prognosis
in the CSC-signaturehigh patient group, according to the TCGA and CGGA databases
(Figures 4E,F and S2G,H).

Collectively, these results suggest that the ALG enzyme family in GSCs is prominently
associated with the stem cell properties of GSCs and poor survival outcomes in patients
with GBM.

3.5. Oxidative Phosphorylation Pathway Forms a Link Between GSC Properties and the ALG
Enzyme Family

We next examined the molecular mechanisms by which the ALG enzyme family is
involved in the control of GSC characteristics and GBM phenotypes. GSEA showed that the
expression of the gene set involved in the oxidative phosphorylation (OXPHOS) pathway
was ranked the highest in ALG1-, ALG2-, ALG6-, and ALG7-expressionpositive CSCs and the
third highest in ALG12-expressionpositive CSCs (Figures 5A,B and S3A–C). OXPHOS, the
major source of adenosine triphosphate (ATP) in several cancer types, regardless of the
increased aerobic glycolysis, plays a crucial role in tumorigenesis and tumor progression
and addresses the energy demands of CSCs, including GSCs [37–39]. Consistently, the
enrichment of the OXPHOS pathway in ALG-expressionpositive CSCs was verified by GESA
using the GOBP and KEGG gene sets (Figures 5C,D and S3D–F).
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and 2. (A,B) GSEA of the Hallmark gene sets in ALG1- or ALG2-positive CSC-signaturehigh GBM
cells (*** p < 0.001). (C,D) GSEA plot of GOBP- and Kyoto Encyclopedia of Genes and Genomes
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The mechanistic target of rapamycin (mTORC1), a serine/threonine kinase signaling
complex, contributes to the properties of CSCs including GSCs, and it is dysregulated
in GBM [40–44]. c-MYC, a well-known stem cell transcription factor, is required for self-
renewal and the tumorigenic potential of GSCs [35,45]. The gene sets associated with
the mTORC1 and MYC pathways were consistently enriched in all ALG-expressionpositive

GSCs (Figures 5A,B and S3A–C).
Collectively, these findings raise the possibility that the OXPHOS pathway is impli-

cated in the regulation of GSC characteristics by the ALG enzyme family.

4. Discussion

Posttranslational modifications are frequently altered in GBM and are crucial for mod-
ulating the stemness and tumorigenicity of GSCs [46]. Recently, we demonstrated that
phosphorylation of the c-Myc axis by CDK8 and the extracellular signal regulated kinase
5/signal transducer and activator of transcription 3 axis by mitogen-activated protein
kinase 5 controls the stemness and tumorigenicity of GSCs, contributing to GBM tumori-
genesis [47]. Ubiquitination of the transforming growth factor-β receptor/R-Smad axis
by Smad ubiquitin regulatory factor 2, an E3 ubiquitin ligase, controls the properties of
GSCs and GBM malignancy [48]. Moreover, methylation of the regulator of chromosome
condensation 1 by protein arginine methyltransferase 6 regulates the tumorigenicity and
radiation response of GSCs [49], while SUMOylation of promyelocytic leukemia protein
by small ubiquitin-like modifier 1 regulates GSC maintenance and high malignancy [50].
Among the multiple dysregulated posttranslational modifications driving tumorigenic-
ity, aberrant protein glycosylation is a well-known hallmark of GBM development and
progression [14–16].

The assembly of N-linked oligosaccharides in eukaryotic cells is initiated by the suc-
cessive addition of two N-acetylglucosamine, nine mannose, and three glucose molecules
to the dolichol phosphate on the endoplasmic reticulum membrane by various glycosyl-
transferases, before transferring to an asparagine residue of a target protein by oligosac-
charyltransferase [51–53]. The ALG enzyme family participates in the sequential step of
dolichol-linked oligosaccharide biosynthesis [51]. ALG1 (β-1,4-mannosyltransferase) cat-
alyzes the addition of the first β-1,4 mannose to Gn2-dolichol-phosphate [54]. ALG2 (α-1,3
mannosyltransferase) catalyzes the addition of the second and third mannose residues to
M1Gn2-dolichol phosphate [55]. ALG7, which is also known as UDP-N-acetylglucosamine-
dolichyl-phosphate N-acetylglucosaminephosphotransferase (DPAGT1), catalyzes the ini-
tial step of the dolichol-linked oligosaccharide biosynthesis in the N-linked protein glycosy-
lation pathway. ALG12 catalyzes the addition of the eighth mannose residue in an alpha-1,6
linkage onto the dolichol-PP-oligosaccharide precursor. ALG13 and ALG14 constitute the
UDP-N-acetylglucosamine transferase, which catalyzes a key step in endoplasmic reticu-
lum N-linked glycosylation. Although ALG mutations cause a rare autosomal-recessive
disorder along with serious systemic diseases [56], the role of the ALG enzyme family
in GBM development and progression remains unknown. Despite some discrepancies
between the data from bioinformatics and that from the in vitro study, the expression of
ALG1, ALG2, ALG7 and ALG12 among the ALG enzyme family was significantly and com-
monly upregulated in both CSC-signaturehigh GBM cells both in the bioinformatics data
and in the in vitro data of GL261 cells cultured under the GSC culture condition (Figure 3).
Accordingly, it can be speculated that the simultaneous upregulation of ALG7/DPAGT1,
ALG1, and ALG2, the initial step enzymes and essential enzymes for the biosynthesis of
N-glycans at very early stages, leads to higher substrate production and accelerates glycan
synthesis, Further research should be performed to determine the contents of N-glycans in
a cell-culture study.

C-linked glycosylation (C-mannosylation) involves the attachment of an α-mannopyranosyl
moiety to the indolic C-2 atom of tryptophan. Compared to that of N- and O-glycosylation,
the biological significance of C-linked glycosylation has not been fully elucidated. We
revealed a significant enrichment for gene sets related to the C-linked glycosylation in CSC-
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signaturehigh GBM cells (Figure 1), in addition to that for N-linked glycosylation, based on
the expression levels of six genes, DPY19L3, DPY19L1, DPY19L2, DPY19L4, DPY19L2P2,
and DPM3, concomitant with the association between C-linked glycosylation and the poor
prognosis of GBM (Figure 2). These results, therefore, could lead us to determine the
contents of C-mannoside in a cell-culture study to further characterize the possible linkage
of O-linked glycosylation with GSC phenotypes and GBM malignancy in the future.

In this study, we showed that the OXPHOS pathway was primarily enriched in GSCs
with a high expression of the ALG enzyme family (Figure 5). OXPHOS is a major source of
ATP in several cancer types; however, aerobic glycolysis contributes to tumorigenesis and
tumor progression [37]. Several independent lines have indicated that OXPHOS plays a
crucial role in addressing the energy demands of CSCs, including GSCs [38,39]. Notably,
GSEA showed that the gene sets involved in the mTORC1 and MYC pathways were
enriched in all ALG enzyme family-expressionpositive CSCs (Figures 5 and S2). Accordingly,
we suggest the possible role of the ALG-OXPHOS axis in the regulation of GSC properties
via the N-linked glycosylation pathway, despite the additional molecular pathways that
need to be explored.

5. Conclusions

The findings of the current study suggest that the N-linked glycosylation pathway and
ALG enzyme family can be linked to the stemness properties of CSCs and GBM malignancy.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedinformatics4010005/s1. Supplementary Figure S1: The ALG
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the stem cell properties of GSCs and poor prognosis of GBM; Supplementary Figure S3. Oxidative
phosphorylation pathway forms a link between GSC properties and ALG6, 7, and 12; Table S1: List
of primers used for real-time PCR.
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