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Abstract: Central nervous system tumors are the most common solid neoplasia during childhood and
represent one of the leading causes of cancer-related mortality. Tumors arising from astrocytic cells
(astrocytomas) are the most frequently diagnosed, and according to their histological and pathological
characteristics, they are classified into four categories. However, an additional layer of molecular
classification considering the DNA sequence of the tumorigenesis-associated genes IDH1/2 and H3F3A
has recently been incorporated into the classification guidelines. Although mutations in H3F3A are
found exclusively in a subtype of grade IV pediatric astrocytoma, mutations in IDH1/2 genes are
very rare in children under 14 years of age. The transcriptomic profiles of astrocytoma in adults and
children have been extensively studied. However, there is scarce information on these profiles in
pediatric populations considering the status of tumorigenesis-associated genes. Therefore, here we
report the transcriptomic landscape of the four grades of pediatric astrocytoma by RNA sequencing.
We found several well-documented biological functions associated with the misregulated genes in
the four grades of astrocytoma, as well as additional biological pathways. Among the four grades of
astrocytoma, we found shared misregulated genes that could have implications in tumorigenesis.
Finally, we identified a transcriptional signature for almost all grades of astrocytoma that could be
used as a transcription-based identification method.

Keywords: pediatric astrocytoma; transcriptome; RNA-seq

1. Introduction

Central nervous system (CNS) tumors constitute approximately 25% of childhood neo-
plastic diseases and represent one of the leading causes of cancer-related deaths in children
and young adults [1–3]. Gliomas arise from glial precursor cells that are present in the brain
and spinal cord. These gliomas are named according to their assumed clinicopathological
and histological subtype. Astrocytoma is the most common type of glioma diagnosed in
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children and can occur anywhere in the CNS. According to the World Health Organization
in 2007, astrocytomas are classified as low-grade (grades I and II) or high-grade (grades III
and IV) astrocytoma (LGA and HGA, respectively) [4–6]. Pediatric low-grade astrocytoma
(pLGA) is a highly heterogeneous collection of entities representing 25% to 30% of all CNS
tumors. The most common subtypes are pilocytic astrocytoma (grade I) followed by diffuse
and pilomyxoid astrocytoma (grade II) [6]. Pediatric high-grade astrocytoma (pHGA)
includes anaplastic astrocytoma (grade III) and glioblastoma (grade IV), both malignant,
diffuse, infiltrating astrocytic tumors, and with a poor prognosis [3,4,7].

On the basis of deep molecular characterization of these tumors, an additional layer of
classification has been suggested. In 2016, the WHO classification criteria maintained the
grading of astrocytomas and incorporated genetic factors associated with tumorigenesis.
Consequently, a reorganization of the previous classification has been developed. For ex-
ample, diffuse astrocytoma (grade II), anaplastic astrocytoma (grade III), and glioblastoma
(grade IV) are now clustered in the diffuse astrocytoma category with the addition of the
genetic status (mutant or wild-type) of genomic regions believed to be key for the tumori-
genesis (within the IDH1/IDH2 and H3F3A genes). The historically ambiguously classified
diffuse intrinsic pontine glioma (DIPG), an infiltrative midline pediatric high-grade glioma
(pHGG) with predominantly astrocytic differentiation, has now been included in the diffuse
astrocytoma category and named diffuse midline glioma, H3K27M mutant. Meanwhile,
pilocytic and pilomyxoid astrocytoma are now part of the other astrocytoma category [4].

Although pediatric and adult HGA are indistinguishable under a microscope, they are
different molecular entities. In pHGA, classic driver mutations in IDH1/2 are rare, affecting
mainly adolescents [8], indicating that other genetic and epigenetic events are involved
in pediatric tumorigenesis. Localization, age of occurrence, presence/absence of typical
driver mutations, and neuroanatomical specificity of tumor subtypes suggest that unique
biological factors, such as developmental constraints, cell origin, and tumor microenviron-
ment, may contribute to specific forms of tumorigenesis in pediatric tumors [8]. Therefore,
to study the biology, clinical features, and other aspects of tumorigenesis, pediatric as-
trocytoma should be considered as different from its counterpart in adults. Furthermore,
even though classical driver mutations are rare in pediatric astrocytoma, these should
be screened and considered when studying these tumors. In this study, we analyzed the
transcriptome of pLGA and pHGA. We found several well-documented and additional
biological functions associated with the misregulated genes in the four grades of astrocy-
toma. In addition, we found shared misregulated genes that could have implications in
the tumorigenesis. Finally, we identified a transcriptional signature of unique markers for
nearly all grades of astrocytoma that could be used as a transcription-based identification
method for the most common pediatric astrocytoma.

2. Results
2.1. Clustering of Astrocytoma Transcriptomic Profiles according to Their Grade of Malignancy

To determine the transcriptomic profiles of pediatric astrocytomas, we sequenced
total RNA (RNA-seq) from 15 biopsies of pediatric astrocytomas from the cerebrum and
cerebellum, and 5 healthy matching tissues. We followed standard bioinformatic tools for
the analysis of the RNA-seq data [9] as described in Figure 1. We performed quality control
of the reads observing acceptable total read counts and quality scores for all the sequences
(Supplementary Figure S1). We aligned and mapped the reads to the human reference
genome, obtaining between 82–90% of uniquely mapped reads, 1–7% of reads mapped to
ribosomal RNA, and 0.5–2% of reads mapped to nonchromosomal RNA (e.g., mitochondrial,
sequence contigs not yet mapped on chromosomes) (Supplementary Figure S2a). The
obtained percentages are expected for libraries of good quality [10]. Finally, to eliminate
composition biases, we performed filtering of genes with low expression and library
normalization (Supplementary Figure S2b).
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Figure 1. Experimental design of the study. Fifteen pediatric astrocytoma samples and five control
tissues were processed for total RNA sequencing (RNA-seq). The bioinformatic pipeline for RNA-seq
data analysis is shown.

To evaluate how astrocytomas clustered based on their transcriptional profiles, we
performed an unsupervised principal component analysis of the RNA-seq data (mapped
reads). We observed that astrocytomas clustered according to their low or high grade of ma-
lignancy (WHO classification 2007) (Figure 2a) rather than according to their classification
based on the absence of causal mutations (i.e., diffuse and other astrocytic tumors, WHO
classification 2016) (Figure 2b). It is relevant to mention that all diffuse astrocytic tumors
analyzed in this study did not harbor any of the reported mutations in the IDH1/2 and
H3F3A genes (Supplementary Table S1). Among pLGA, only grade I astrocytoma (pilocytic
astrocytoma or PA or A.I) from the cerebellum clustered, while a clear separation between
PA in the cerebrum and grade II astrocytoma (diffuse and pilomyxoid astrocytoma, A.II)
was not observed (Figure 2a). Within the pHGA, we noticed a separation between grade III
astrocytoma (anaplastic astrocytoma, A.III) and grade IV (glioblastoma or GBM, A.IV) (Fig-
ure 2a). Finally, we performed unsupervised hierarchical clustering based on the 500 most
variable genes among samples and observed again that astrocytomas clustered as low- and
high-grade with a clear separation of PA in the cerebellum, anaplastic astrocytoma, and
glioblastoma (Figure 2c). Therefore, the transcriptomic profiles of pediatric astrocytoma are
related to their grade of malignancy.
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Figure 2. Clustering of astrocytoma transcriptomes. Multidimensional scaling plots displaying
the unsupervised principal component analysis of the pediatric astrocytoma RNA-seq data (tran-
scriptomes) classified according to the 2007 WHO criteria (a) and 2016 WHO criteria (b). (c) Heat
map displaying the unsupervised hierarchical clustering of the pediatric astrocytoma based on the
500 most variable genes across samples.

2.2. Transcriptomic Profile and Altered Biological Functions in Pilocytic Astrocytoma

We then evaluated differentially expressed genes (DEGs) between each grade of astro-
cytoma and matched healthy tissues (Supplementary Figure S3). We did not observe DEGs
in PA from the cerebrum even after the fold change threshold was removed. However,
when we compared PA in the cerebellum versus healthy cerebellum (FC > 1.5, FDR < 0.05),
we found 763 and 788 genes up- and downregulated, respectively (Figure 3a and Supple-
mentary Table S1). To identify differences in PA from the cerebrum and cerebellum, we
compared their transcriptomes and found no DEGs between these two regions of the brain.
However, using our RNA-seq data to deduce gene fusions, we found that only PAs from
the cerebellum express the most typical BRAF-KIAA1549 gene fusion [11] (Figure 3b).
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Figure 3. Differential expression of genes in pediatric low-grade astrocytoma. (a) Mean difference
graphs highlighting the upregulated (red) and downregulated (blue) genes (FC > 1.5, FDR < 0.05)
in pilocytic astrocytoma in the cerebellum compared to healthy matching tissue. In the right side
of the panels, pie charts displaying the heterogeneity (gene type) of the up- and downregulated
genes. (b) Structure of the fusion transcript BRAF-KIAA1549 detected in cerebellar PA, derived
from the tandem duplication at location 7q34 (c). (d) Protein domains retained in the fusion protein
BRAF-KIAA1549. (e) Prescence (Yes) or absence (No) of BRAF-KIAA1549 transcript in PA from
different location in the brain.

To gain a better understanding of the heterogeneity of misregulated genes, we ana-
lyzed their nature. We found that most of the up- and downregulated genes (84 and 71%,
respectively) correspond to protein-coding genes. The rest represented ncRNAs (noncoding
RNAs), pseudogenes, snoRNAs (small nucleolar RNAs), snRNAs (small nuclear RNAs),
and others (i.e., novel genes/transcripts, putative genes, intronic sense/antisense tran-
scripts, antisense transcripts, etc.) (Figure 3a and Supplementary Table S1). Throughout
functional annotation clustering using DAVID analysis (Database for Annotation, Visualiza-
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tion, and Integrated Discovery) [12], we searched biological functions of the protein-coding
misregulated genes and selected the top 10 annotation clusters (Supplementary Table S2).
Among the misregulated protein-coding genes, we found several common biological path-
ways that have previously been reported to be over- and underexpressed in these tumors
(asterisks in Supplementary Table S2), including positive regulation of MAP kinase activity
(Supplementary Table S3), the most frequent dysregulated pathway in pediatric cerebellar
PA [3,13–15]. Finally, when we compared the up- and downregulated genes in our experi-
mental setup with misregulated genes reported by microarray profiling of PA (from both
the pediatric and adult population) [16,17], we found a wide overlap between the datasets
(Supplementary Figure S4). Collectively, the similarities of altered biological pathways
and genes between this and other studies support our data and suggest that the cerebellar
pediatric PA transcriptome is quite particular.

2.3. Grade II Astrocytoma

Although rare, grade II astrocytomas are present throughout major brain and central
nervous system structures with a higher frequency in the cerebrum (frontal and tempo-
ral lobes) [5,18]. In adults, diffuse astrocytomas are nearly all characterized by muta-
tions in IDH genes. However, these mutations are not present in the pediatric popula-
tion [7,19]. Accordingly, we did not detect the typical mutations in IDH1/2 and H3F3A
genes in grade II astrocytoma [20]. We then evaluated the transcriptional changes in
grade II astrocytoma with various locations compared to matching tissues and locations
(Supplementary Figure S3) and found 84 and 6 up-and downregulated genes, respectively
(Figure 4a and Supplementary Table S1). Among the biological pathways associated with
the upregulated genes, we found very similar annotations to those found for PA (Supple-
mentary Table S2). For the downregulated genes, we did not find biological functions
clustered by their annotations. However, analysis of the annotations of the individual
genes revealed that their roles are very similar to those found in the altered biological
pathways in PA (Supplementary Table S4). In line with these similitudes, we observed that
most of the upregulated genes in grade II astrocytoma (81 out of 84) were also upregulated
in PA (Figure 4b). Furthermore, all six downregulated genes in grade II astrocytoma are
also downregulated in PA (Figure 4b). These data suggest that A.II and PA show similar
altered biological pathways. We then looked at the annotations for the three genes that
are upregulated only for A.II and found that the p53 signaling pathway (for TP53I3) and
intracellular trafficking (for SNX22) are specific for this type of astrocytoma (Figure 4b).

2.4. Pediatric High Grade Astrocytoma—Anaplastic Astrocytoma

The pHGA group includes anaplastic astrocytoma (grade III) and glioblastoma (grade IV),
both malignant, diffuse, and infiltrating astrocytic tumors [4]. These two subtypes are
grouped into diffuse astrocytomas based on their driver mutations. However, as expected
in our experimental setup, we have pHGA of the cerebellum and cerebrum without muta-
tions in IDH1/2 and H3F3A. We noticed that their transcriptomes are more similar according
to their grade of malignancy (i.e., grade III and grade IV) (Figure 2a). We therefore analyzed
their transcriptomes separately. Although anaplastic astrocytoma is more commonly found
in cerebrum, in our experimental setup we had two samples of these tumor located in
cerebellum, so, we analyzed their transcriptome differences versus healthy cerebellum
(Supplementary Figure S3). We found 21 and 32 up- and downregulated genes, respectively
(Figure 4c and Supplementary Table S1). Since we found few misregulated genes, instead
of searching for annotation clusters, we rather searched for individual annotations (in the
KEGG_PATHWAY annotations from DAVID). For the upregulated genes, we found biologi-
cal functions such as the AMPK/MAPK signaling pathway and endocytosis/cell adhesion
molecules, whereas for the downregulated genes, we found the MAPK signaling pathway,
microRNAs in cancer, and the Notch signaling pathway, among others (Supplementary
Table S4).
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Figure 4. Differential expression of genes in pediatric anaplastic astrocytoma. (a) Mean-difference plot
highlighting the upregulated (red) and downregulated (blue) genes (FC > 1.5, FDR < 0.05) in grade II
astrocytoma compared to healthy matching tissue. In the right side of the panel, pie charts displaying
the heterogeneity (gene type) of the up- and downregulated genes. (b) Venn diagram showing
overlap in the number of upregulated genes (left) and downregulated genes (right) for PA and grade
II pediatric astrocytoma. (c) Mean-difference plot highlighting the up- and downregulated genes
(FC > 1.5, FDR < 0.05) in anaplastic astrocytoma in the cerebellum compared to healthy matching
tissue. In the right side of the panel, pie charts displaying the heterogeneity (gene type) of the up-
and downregulated genes.

2.5. Pediatric High Grade Astrocytoma—Glioblastoma

We then compared the glioblastoma transcriptome in the cerebrum versus healthy
cerebrum (Supplementary Figure S3) and found that 540 genes were upregulated and
949 genes were downregulated (Figure 5a and Supplementary Table S1). We next decided
to investigate the altered biological pathways in these types of tumors (Supplementary
Table S2). Consistent with other reports describing increased mitotic activity in pediatric
glioblastoma [4,5,7,21], we found that the most significant annotation group has terms such
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as sister chromatid cohesion, centromere, and kinetochore. Furthermore, subclustering of
this top cluster shows annotations relevant for the biology of pediatric glioblastoma such as
mitotic nuclear division, spindle microtubule and protein phosphorylation, mitotic spindle
assembly checkpoint, regulation of chromosome segregation, and cell cycle (Supplementary
Table S2). To support our RNA-seq and DEG data, we performed RT-qPCR of two randomly
downregulated genes from our analysis (Figure 5b). We evaluated their expression using
five paraffin-embedded pediatric glioblastomas (with WT genotype for IDH1/2 and H3F3A
genes) and two paraffin-embedded healthy cerebrums. Our results indicated that the
average relative expression of these two genes in the glioblastoma biopsies was negatively
regulated, although one of the genes did not pass the significance threshold (Figure 5c).
Nevertheless, this overall downregulation and RNA-seq data suggest data correlation.Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 22 
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Figure 5. Differential expression of genes in pediatric glioblastoma. (a) Mean-difference plot high-
lighting the upregulated (red) and downregulated (blue) genes (FC > 1.5, FDR < 0.05) in glioblastoma
in the cerebrum compared to healthy matching tissue. In the right side, pie charts displaying the
heterogeneity (gene type) of the up- and downregulated genes. (b) Heat map showing the expression
of two randomly picked genes in pediatric glioblastoma and healthy cerebrum from our RNA-seq
data. Color bar displays the log count values. (c) Relative expression of the genes from panel b in
five different samples of pediatric glioblastoma, evaluated by RT-qPCR. (d) Venn diagram showing
overlap in the number of upregulated genes (left) and downregulated genes (right) for anaplastic
astrocytoma and glioblastoma.
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Although histologically different, pediatric astrocytic tumor grades III and IV are
considered a single category for therapeutic purposes [7,21]. To correlate these histological
differences with their transcriptional profiles, we compared misregulated genes shared
between grade III and IV astrocytoma (Figure 5d). We found that shared upregulated genes
have annotations associated with mitotic chromosome condensation and cell division,
among others (Supplementary Table S4), while shared downregulated biological functions
have annotations related to synapse/cell junction and cytoplasmic vesicles, among others
(Supplementary Table S2). Regarding the unique genes, we observed that genes upregu-
lated in anaplastic astrocytoma are associated with the MAPK/ AMPK signaling pathways,
among others (Supplementary Table S4). Meanwhile, downregulated genes unique for
anaplastic astrocytoma have annotations such as cell division, MAPK signaling pathway,
cellular response to DNA damage stimulus, among others (Supplementary Table S4). These
data strongly correlate with the histological similarities/differences observed between these
two subtypes of high-grade pediatric astrocytoma and could be helpful in understanding
their biology.

2.6. Similarities among All Grades of Astrocytoma Reveal a Putative General Tumorigenesis Factor

We then looked for genes that were upregulated and shared in all grades of astro-
cytoma and found two. One of them is the annotated and curated coding protein gene
with functional annotations related with protein glycosylation on the Golgi membrane
(Figure 6a). For downregulated genes, only one gene was found to be shared among
astrocytomas. This feature is the long noncoding gene linc-OIP5 (as known as Cyrano)
(Figure 6b). To corroborate that Cyrano expression was decreased in our samples, we
analyzed the log2 and normalized counts from the RNA-seq data and observed lower
read counts in all astrocytoma samples compared to healthy cerebrum and cerebellum
(Figure 6c). Therefore, our analysis of RNA-seq may have underscored genes with potential
implications in the tumorigenesis of pediatric astrocytoma.

2.7. Unique Upregulated Genes in each Grade of Astrocytoma May Function as a Transcriptional
Signature to Classify These Tumors

The search for gene expression signatures (uniquely expressed genes) is a useful
clinical and laboratory tool used to produce customized panels for the identification, strat-
ification and/or classification of specific subtypes of cancer tumors [22–32]. Thus, we
searched for the top genes that were significantly upregulated in every astrocytoma grade.
We found 20, 26, and 24 uniquely expressed genes in cerebellar pilocytic, cerebellar anaplas-
tic and glioblastoma astrocytoma, respectively (Figure 7a–c, genes not shown). For diffuse
astrocytoma, we did not find significant genes that were uniquely expressed. Furthermore,
to distinguish between healthy and cancerous tissues, we searched for uniquely expressed
markers in the cerebrum and cerebellum, finding the expression of 22 genes (Figure 7d).
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Figure 7. Uniquely expressed genes in pediatric astrocytoma. (a–d) Mean-difference plots highlight-
ing the upregulated (red) and downregulated (blue) genes in pilocytic astrocytoma in the cerebel-
lum (a) (FC > 1.1, FDR < 0.05), anaplastic astrocytoma in the cerebellum (b) (FC > 3, FDR < 0.05),
glioblastoma in the cerebrum (c) (FC > 3.5, FDR < 0.05), and in healthy cerebrum and cerebellum
(d) (FC > 5, FDR < 0.05). Comparisons were made with all the remaining grades of astrocytoma and
healthy control tissue.

We then made a list of only protein-coding genes from these uniquely expressed genes
and produced a signature panel with 68 genes (14, 17, 20, and 17 for cerebellar PA, cerebellar
anaplastic and glioblastoma, respectively) and used it to perform unsupervised clustering
of all the samples. With this analysis, we observed a clear separation of every grade of
pediatric astrocytoma (Figure 8a). We then used this transcriptional signature to produce
ssGSEA scores (single-sample gene set enrichment analysis) on our data and projected
them onto the publicly available transcriptomic dataset of pediatric astrocytoma. ssGSEA
permits to define an enrichment score that represents the degree of absolute enrichment of
a gene set in each sample within a given dataset [33,34]. First, we generated a ssGSEA score
for our gene signature. Since we selected the unique top-upregulated coding genes for our
gene signature, we obtained an absolute enrichment score for our genes on the pediatric
astrocytoma transcriptomes, with a clear separation/identification of the four types of
tumors and healthy brain. Cerebellar PA, anaplastic astrocytoma, glioblastoma, and healthy
brain are clearly clustered according to the transcriptomic profile, while cerebrum PA and
grade II astrocytoma are mixed in the same cluster (Supplementary Figure S5a).
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Then, we calculated the ssGSEA score of our signature in publicly available transcrip-
tomic profiles of pediatric astrocytoma. We identified a GEO dataset (GSE73066) with
47 transcriptomic profiles of pediatric PAs in different locations of the brain [35]. Since
this microarray dataset only has pediatric PA, we expected a high ssGSEA score and a
clear identification of cerebellar PA. Furthermore, to refine our cerebellar PA gene signa-
ture, we performed a pairwise comparison between cerebellar PA versus each of the other
types of astrocytoma and found that only the comparison between cerebellar PA versus
glioblastoma revealed 10 differentially expressed genes (FC > 2.0, FDR < 0.05). Then, we
added only the coding genes to our PA signature (7 genes). We observed that most of
the cerebellar PA with high enrichment scores (of cerebellar PA signature) were clustered
together, with few other PA from other locations of the brain (cluster 1 in Figure 8b). We
also observed two clusters without enrichment of the cerebellar PA signature. However,
these two clusters contain few cerebellar PA and remaining PA from other brain locations
(clusters 2–3 in Figure 8b). Although most of the pediatric cerebellar PA are identified with
our gene signature, there are some cerebellar PA without the signature; however, we cannot
rule out that these cerebellar PAs are different due to the absence of the BRAF-KIAA1549
fusion, which is present in the cerebellar PA used to obtain our signature panel (Figure 3b).
Similarly, although we could not obtain information of their location in the brain, in an-
other microarray dataset of 41 pediatric PAs (GSE5675) [36], we observed the identification
of a large cluster of cerebellar PAs with our gene signature (Supplementary Figure S5b).
Therefore, these analyses suggest a putative panel of markers (protein coding genes) that
could be used as transcriptional signature to classify these types of pediatric astrocytoma.

3. Discussion

By analyzing the whole transcriptome of different degrees of pediatric astrocytoma,
we found that their transcriptional profiles are related to their classification into low- and
high-grade, which is directly associated with their malignancy [3,7]. Within the low-grade
glioma (pilocytic and grade II), we observed a clear separation of the pilocytic astrocytoma
in the cerebellum only. This suggests that while low-grade glioma in the cerebrum are quite
heterogenous, pilocytic astrocytoma in the cerebellum have a very distinctive transcrip-
tional profile even from their counterpart in cerebrum. This observation is not unexpected,
since other studies have shown that pilocytic astrocytoma in the cerebrum and cerebellum
have differential gene expression and DNA methylation patterns [36–38]. Furthermore,
only cerebellar PA shows the chimeric transcript BRAF-KIAA1549, suggesting that this
is the underlining reason for their unique transcriptional profile despite histological sim-
ilarity with PA from the cerebrum cortex. The clustering of anaplastic astrocytoma and
glioblastoma within high-grade tumors was also evident, suggesting that although they
are sometimes considered a single identity, they are clearly different.

3.1. Altered Pathways in Pediatric Astrocytoma

To obtain an overview of the altered biological pathways in different grades of pediatric
astrocytoma, we analyzed the associations of the annotation of the coding protein genes
and found several well-documented altered pathways for every grade. Although we
did not further analyze the possible biological pathways associated to the misregulated
noncoding RNAs, we reason that this type of analysis could provide a full overview of the
alteration/regulation of the noncoding transcriptome in the different grades of astrocytoma.

3.2. Low-Grade Astrocytoma

We found several biological pathways to be altered in PA in the cerebellum, which
have been previously described. For instance, studies comparing PA from cerebellum
versus healthy cerebellum found immune system-related genes to be upregulated [39,40].
We found immunity and innate immune responses as the most significantly upregulated
biological pathways in PA of the cerebellum. Other studies have found that genes in-
volved in neurogenesis, synaptic transmission, central nervous system development, and
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potassium ion transport were significantly negatively regulated in pediatric PA compared
to the normal cerebellum [41]. Similarly, within the downregulated genes in our study,
we found synapse and cell junction, neurotransmitter-gated ion channel, and neurogenic
differentiation factor among the top annotation clusters. Furthermore, the most frequent
dysregulated pathway in PA in the cerebellum is the positive regulation of MAP kinase
activity [3,13–15]. Indeed, we also found six upregulated genes associated with the positive
regulation of MAP kinase activity. Additionally, we underscored other genes and biological
pathways that could be exclusive of the pediatric population and could potentially help to
understand the biology of pediatric PA.

We also noticed that most of the misregulated genes in grade II astrocytoma are the
same as in pilocytic astrocytoma, reinforcing the fact that both subtypes are of low-grade
malignancy. However, from the few specific upregulated genes in grade II astrocytoma, we
identified TP53I3, which is involved in the p53 signaling pathway. Although molecularly
different, in diffuse astrocytoma from adults, the p53 signaling pathway has also been
reported to be important for early events in tumor formation [7,18,19]. Thus, this could
explain some of the histological similitudes found between adult and pediatric grade II
astrocytoma [18].

3.3. High-Grade Astrocytoma

Pediatric and adult high-grade astrocytomas are indistinguishable under a microscope,
but they are distinct molecular entities. In pediatric tumors, driver mutations in IDH1/2 are
rare; instead they harbor specific recurrent mutations in the genes encoding H3.3 (H3F3A)
and H3.1 (HIST1H3B, HIST1H3C) histone variants, resulting in amino acid substitutions
in two key residues in the histone tail: lysine-to-methionine at position 27 (K27M) and
glycine-to-arginine or -valine at position 34 (G34R/V) [42,43]. Currently, the genetics
and epigenetics of pHGA harboring mutations in IDH1/2 and H3F3A are under intensive
study [3,21,42,44]. In our experimental setup, we had pediatric high-grade cerebellum and
cerebrum astrocytoma without mutations in IDH1/2 and H3F3A. This was not unexpected,
since mutations in H3K27 are mostly found in high-grade astrocytoma in the brainstem
and only a small percentage of pHGGs in the cerebrum cortex display mutations in H3G34.
Therefore, our transcriptomic profiling of pHGA in cerebellum (grade III, IDH1/2 and
H3F3A wild-type) and cerebrum (grade IV, IDH1/2 and H3F3A wild-type) may greatly
contribute to the understanding of these tumor subtypes.

3.4. Cyrano, a lncRNA That May Be Involved in the Tumorigenesis of Pediatric Astrocytoma

We identified a long noncoding gene known as Cyrano. This gene is downregulated
in every pediatric astrocytoma regardless their grade of malignancy. Cyrano has a high
expression in the nervous system and is important for controlling neurogenesis during
development [45]. The up- and/or downregulated expression of this gene has been broadly
reported in several human cancer tumors [8]. Additionally, Cyrano has been reported
to be upregulated in glioma tissue and cell lines of adult patients [46]. Considering that
astrocytomas in adults and children are molecularly different and that Cyrano displays
both oncogenic and tumor-suppressive roles, it is possible that Cyrano might be playing
opposite roles in the tumorigenesis of pediatric versus adult astrocytoma.

3.5. A Transcriptional Signature to Classify Pediatric Astrocytoma

Finally, we identified a grade-specific transcriptional signature that may be useful for
classifying these subtypes of pediatric tumors. Consistent with this, mRNA expression-
based subtyping of breast cancer [30–32] has envisioned the creation of the 21-gene On-
cotypeDx assay (Genome Health Inc, Redwood City, CA, USA). This technique can be
used to stratify the risk of early-stage estrogen receptor (ER)-positive breast cancer [28,29].
Furthermore, gene expression of 50 genes (PAM50) [27] is also used as a risk predictor of
breast cancer based on intrinsic subtypes [22–27]. Many studies have reported transcrip-
tional signatures for pediatric pilocytic astrocytoma related to their location in the brain.
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However, comparisons have been made directly between PAs at different locations and
sometimes mixing pediatric and adult samples [16,35,36,47]. In this study, by including
healthy pediatric brain tissues and the four histopathological grades of astrocytoma (with
their molecular classification), we have produced a panel of genes that can be used to
identify pediatric astrocytoma. However, more robust validations using similar grades of
pediatric astrocytoma in larger cohorts may provide a more compelling reliability of this
transcriptional signature. Therefore, in addition to considering the unified molecular and
histopathological classification criteria (WHO classifications 2006 and 2017), we suggest
that the panel of unique coding protein genes reported in this work could be useful for
the characterization of classic subsets of pediatric astrocytoma throughout mRNA and/or
protein expression.

Although we have strengthened our dataset by replicating the observations about
altered biological pathways, overlapping of misregulated genes with other genome-wide
genomic studies and rt-qpcr, we acknowledge the caveat of the low sample numbers and
recommend to further validate our observations before jumping into more generalized and
mechanistic studies.

4. Materials and Methods
4.1. Human Samples

Patients newly diagnosed with astrocytoma in the cerebrum and cerebellum were
recruited from the Hospital Infantil de México Federico Gómez and Hospital de Pediatría,
Centro Médico Nacional Siglo XXI. Tumor biopsies were collected according to International
and Institutional Guidelines from children and adolescents younger than 18 years of age
and diagnosed with astrocytoma before any treatment. Healthy control tissues were
collected, either from autopsies of patients deceased from non-astrocytoma causes or from
surgical procedures that involved the removal of healthy tissue to reach other brain tumors
(not related to astrocytoma), according to International and Institutional Guidelines. A
summary of clinicopathological features of patients is depicted in Supplementary Table S1.

4.2. RNA Extractions and NGS

Tumor biopsies and control tissues were collected and immediately submerged in
RNAlater Stabilization Solution (R0901-500ML-PW Sigma or AM7024 Invitrogen). All biop-
sies were stored at −80 ◦C until further use. Simultaneous purification of RNA and DNA
from tumor and healthy (control) biopsies with the AllPrep DNA/RNA/miRNA Universal
kit (QIAGEN) was performed according to the manufacturer instructions. Purified DNA
was used to perform Sanger sequencing of driver mutations within IDH1/2 and H3F3A
as recommended by the WHO [4]. In a previous study, we reported the genotypic and
histopathologic/molecular classification of the samples used in this work [20] (Supplemen-
tary Table S1). Purified RNA with an acceptable RIN value of 5.5 to 7.6 was used to perform
sequencing libraries with the TruSeq Stranded total RNA with Illumina Ribo-Zero Plus
rRNA depletion kit (Illumina, Inc. San Diego, CA 92122, USA). Lastly, 2 × 125 paired-end
sequencing was performed in a HiSeq2500 (Illumina, Inc. San Diego, CA 92122, USA).

4.3. Data Analysis

The quality control of the raw data files was performed (fastq) with FastQC v0.11.9
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed on 16 Novem-
ber 2021) and MultiQC (https://multiqc.info, accessed on 16 November 2021) [48]. The
reads were aligned to the human reference genome, ribosomal RNA, and nonchromosomal
RNA (e.g., mitochondrial genome, sequence contigs not yet mapped on chromosomes)
with STAR 2.7.9a [49]. Sorting of SAM files and BAM files was performed using Samtools
1.13 [50]. These BAM files were used to generate the read summarization and count table, in
which the number of reads assigned to each feature in each library was recorded, using fea-
tureCounts [51] from the subread 2.0.3 package [52]. The resulting count table was used to
perform trimmed mean of M values (TMM) normalization and gene differential expression

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://multiqc.info
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in the Empirical Analysis of Digital Gene Expression Data in R (EdgeR) from Bioconduc-
tor [53–55]. Finally, a functional analysis of the mis regulated genes was performed with
the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 [56,57].
For the detection of the chimeric transcript BRAF-KIAA1549 from RNA-Seq data, we used
the command-line tool Arriba [58]. Finally, to calculate the enrichment scores of the gene
set, we used single-sample GSEA (ssGSEA), an extension of Gene Set Enrichment Analysis
(GSEA) [59]. Series matrix files for the GSE73066 and GSE5675 datasets (from the Gene
Expression Omnibus portal) were downloaded and log-normalized before calculation of
the ssGSEA score with the genes from the signature panel. Calculation and visualization of
the ssGSEA score were performed using the R-based packages matrixStats [60], circlize [61],
Complex heatmaps [62], and data.table (https://github.com/Rdatatable/data.table, ac-
cessed on 29 September 2022).

4.4. Genotyping

In a previous study, we genotyped the status of IDH1/2 and H3FA3 in the samples
used for our RNA sequencing assay [20]. For genotyping of paraffin-embedded grade IV
astrocytoma, DNA from five different grade IV astrocytoma and two healthy cerebrums
was extracted. Paraffin-embedded samples were sectioned and from two to three sections
were submerged in 500 µL of xylene and heated at 65 ◦C in a water bath for 10 min.
After incubation, the samples were pelleted by centrifugation at 6780 g for 7 min, and the
supernatant was discarded. A second step of centrifugation was repeated. The pelleted
tissue was washed with 1 mL of absolute ethanol, followed by another washing step with
1 mL of 70% ethanol. On every wash, the supernatant was eliminated using the previous
centrifugation step. The pellet was allowed to air dry for 5 min and then 1 mL of lysis
buffer (10 mM Tris HCl pH 8, 0.5% SDS and 5 mM EDTA) with 0.5 mg/mL proteinase
K was added. The suspensions were mixed by vortex for 5 sec and incubated at 55 ◦C
overnight in a water bath with continuous shaking. The next day, 500 µL of 5M NaCl
were added to the sample, and it was vigorously mixed and pelleted by centrifugation
at 6708 g for 15 min. Finally, for DNA precipitation, 900 µL of sample was transferred to
a new 1.5 mL tube and 600 µL of pre-chilled isopropanol (at 4 ◦C) was added, then this
was centrifugated at 6708 g for 15 min at 4 ◦C. After the supernatant was removed, the
granulated DNA was washed twice with 70% ethanol. The pellet was allowed to dry with
the lid open in an incubator at 50 ◦C for 15 min, and DNA was resuspended with 30 µL of
TE buffer. DNA concentration and purity were read with a spectrophotometer (Genova
Nano micro-volume spectrophotometer). DNA from each of the grade IV astrocytoma
biopsies and healthy control cerebrum was used for IDH1/IDH2 and H3K27M genotyping
as previously reported [20].

4.5. RT-qPCR

RNA was extracted from the same paraffin-embedded biopsies described above. The
paraffin-embedded samples were sectioned, and from two to three sections were submerged
in 500 µL of Xylene and heated at 50 ◦C in a water bath for 10 min. After incubation, the
samples were pelleted by centrifugation at 6780 g for 7 min, the supernatant was removed,
and a second centrifugation step was performed. The pelleted tissue was washed with
700 µL of absolute ethanol followed by a washing step with 700 µL of 70% ethanol. The
pellet was allowed to dry at 37 ◦C for 5 min in a thermoblock (MS major science) and
1 mL of lysis buffer (10 mM Tris HCl pH 8, 0.5% SDS and 5 mM EDTA) with 0.5 mg/mL
proteinase K was added. The suspensions were mixed by vortex for 15 s and incubated at
45 ◦C overnight in a water bath with continuous shaking. RNA extraction was completed
with TRIzol Reagent (Invitrogen, Thermo Fisher Scientific, Waltham, MA 02451, USA)
according to the manufacturer’s instructions. Finally, the pelleted RNA was resuspended
with 15 µL of DNAse-free water. RNA concentration and purity were measured with a
spectrophotometer (Genova Nano micro-volume spectrophotometer). With 200 ng of the
purified RNA, the cDNA synthesis was performed using the First Strand cDNA Synthesis

https://github.com/Rdatatable/data.table
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Kit (Thermo Scientific). The primers for HIVEP2 and GRIN2B were designed and evaluated
by RT-qPCR (Supplementary Table S1) and performed qPCR with the Maxima SYBR Green
qPCR Master mix kit (Thermo Scientific) according to previous reports [63]. The R-based
pcr package was used for qPCR data analysis [64].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms232012696/s1.
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Zhang, X.; et al. A Survey of Best Practices for RNA-Seq Data Analysis. Genome Biol. 2016, 17, 13. [CrossRef]

10. Zhao, W.; He, X.; Hoadley, K.A.; Parker, J.S.; Hayes, D.N.; Perou, C.M. Comparison of RNA-Seq by Poly (A) Capture, Ribosomal
RNA Depletion, and DNA Microarray for Expression Profiling. BMC Genomics 2014, 15, 419. [CrossRef]

11. Salles, D.; Santino, S.F.; Ribeiro, D.A.; Malinverni, A.C.M.; Stávale, J.N. The Involvement of the MAPK Pathway in Pilocytic
Astrocytomas. Pathol. Res. Pract. 2022, 232, 153821. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms232012696/s1
https://www.mdpi.com/article/10.3390/ijms232012696/s1
http://doi.org/10.1053/j.ro.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29405958
http://doi.org/10.3171/2018.10.PEDS18377
http://www.ncbi.nlm.nih.gov/pubmed/30835699
http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://doi.org/10.1016/j.biopha.2021.111366
http://doi.org/10.1186/s13059-016-0881-8
http://doi.org/10.1186/1471-2164-15-419
http://doi.org/10.1016/j.prp.2022.153821


Int. J. Mol. Sci. 2022, 23, 12696 18 of 20

12. Huang, D.W.; Sherman, B.T.; Tan, Q.; Collins, J.R.; Alvord, W.G.; Roayaei, J.; Stephens, R.; Baseler, M.W.; Lane, H.C.; Lempicki,
R.A. The DAVID Gene Functional Classification Tool: A Novel Biological Module-Centric Algorithm to Functionally Analyze
Large Gene Lists. Genome Biol. 2007, 8, R183. [CrossRef]

13. Ryall, S.; Zapotocky, M.; Fukuoka, K.; Nobre, L.; Guerreiro Stucklin, A.; Bennett, J.; Siddaway, R.; Li, C.; Pajovic, S.; Arnoldo, A.;
et al. Integrated Molecular and Clinical Analysis of 1000 Pediatric Low-Grade Gliomas. Cancer Cell 2020, 37, 569–583. [CrossRef]
[PubMed]

14. Ryall, S.; Tabori, U.; Hawkins, C. Pediatric Low-Grade Glioma in the Era of Molecular Diagnostics. Acta Neuropathol. Commun.
2020, 8, 30. [CrossRef] [PubMed]

15. Jones, D.T.W.; Gronych, J.; Lichter, P.; Witt, O.; Pfister, S.M. MAPK Pathway Activation in Pilocytic Astrocytoma. Cell. Mol. Life
Sci. 2012, 69, 1799–1811. [CrossRef] [PubMed]

16. Rorive, S.; Maris, C.; Debeir, O.; Sandras, F.; Vidaud, M.; Bièche, I.; Salmon, I.; Decaestecker, C. Exploring the Distinctive Biological
Characteristics of Pilocytic and Low-Grade Diffuse Astrocytomas Using Microarray Gene Expression Profiles. J. Neuropathol. Exp.
Neurol. 2006, 65, 794–807. [CrossRef]

17. Seifert, M.; Garbe, M.; Friedrich, B.; Mittelbronn, M.; Klink, B. Comparative Transcriptomics Reveals Similarities and Differences
between Astrocytoma Grades. BMC Cancer 2015, 15, 952. [CrossRef]

18. Ryall, S.; Tabori, U.; Hawkins, C. A Comprehensive Review of Paediatric Low-Grade Diffuse Glioma: Pathology, Molecular
Genetics and Treatment. Brain Tumor Pathol. 2017, 34, 51–61. [CrossRef]

19. Nishikawa, R. Pediatric and Adult Gliomas: How Different Are They? Neuro. Oncol. 2010, 12, 1203–1204.
20. Torres-Caballero, A.; Serrato, A.; López-Santaella, T.; Ortiz, R.; de León, F.C.-P.; González-Carranza, V.; Torres-García, S.; Arenas-

Huertero, F.; Hernández-Hernández, A. Evaluation of the Melting Temperature of TaqMan Probes as a Genotyping Method for
IDH1, IDH2, and H3F3A in Pediatric Astrocytomas. Bol. Med. Hosp. Infant. Mex. 2020, 77, 303–311. [CrossRef]

21. Sturm, D.; Pfister, S.M.; Jones, D.T.W. Pediatric Gliomas: Current Concepts on Diagnosis, Biology, and Clinical Management. J.
Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2017, 35, 2370–2377. [CrossRef]

22. Raj-Kumar, P.-K.; Liu, J.; Hooke, J.A.; Kovatich, A.J.; Kvecher, L.; Shriver, C.D.; Hu, H. PCA-PAM50 Improves Consistency
between Breast Cancer Intrinsic and Clinical Subtyping Reclassifying a Subset of Luminal A Tumors as Luminal B. Sci. Rep. 2019,
9, 7956. [CrossRef]

23. Schettini, F.; Chic, N.; Brasó-Maristany, F.; Paré, L.; Pascual, T.; Conte, B.; Martínez-Sáez, O.; Adamo, B.; Vidal, M.; Barnadas,
E.; et al. Clinical, Pathological, and PAM50 Gene Expression Features of HER2-Low Breast Cancer. NPJ Breast Cancer 2021, 7, 1.
[CrossRef] [PubMed]

24. Prat, A.; Guarneri, V.; Paré, L.; Griguolo, G.; Pascual, T.; Dieci, M.V.; Chic, N.; González-Farré, B.; Frassoldati, A.; Sanfeliu, E.; et al.
A Multivariable Prognostic Score to Guide Systemic Therapy in Early-Stage HER2-Positive Breast Cancer: A Retrospective Study
with an External Evaluation. Lancet. Oncol. 2020, 21, 1455–1464. [CrossRef]

25. Pernas, S.; Petit, A.; Climent, F.; Paré, L.; Perez-Martin, J.; Ventura, L.; Bergamino, M.; Galván, P.; Falo, C.; Morilla, I.; et al. PAM50
Subtypes in Baseline and Residual Tumors Following Neoadjuvant Trastuzumab-Based Chemotherapy in HER2-Positive Breast
Cancer: A Consecutive-Series from a Single Institution. Front. Oncol. 2019, 9, 707. [CrossRef] [PubMed]

26. Schettini, F.; Prat, A. Dissecting the Biological Heterogeneity of HER2-Positive Breast Cancer. Breast 2021, 59, 339–350. [CrossRef]
[PubMed]

27. Parker, J.S.; Mullins, M.; Cheang, M.C.U.; Leung, S.; Voduc, D.; Vickery, T.; Davies, S.; Fauron, C.; He, X.; Hu, Z.; et al. Supervised
Risk Predictor of Breast Cancer Based on Intrinsic Subtypes. J. Clin. Oncol. 2009, 27, 1160–1167. [CrossRef]

28. Davey, M.G.; Ryan, É.J.; Abd Elwahab, S.; Elliott, J.A.; McAnena, P.F.; Sweeney, K.J.; Malone, C.M.; McLaughlin, R.; Barry, M.K.;
Keane, M.M.; et al. Clinicopathological Correlates, Oncological Impact, and Validation of Oncotype DXTM in a European Tertiary
Referral Centre. Breast J. 2021, 27, 521–528. [CrossRef]

29. Davey, M.G.; Ryan, É.J.; Boland, M.R.; Barry, M.K.; Lowery, A.J.; Kerin, M.J. Clinical Utility of the 21-Gene Assay in Predicting
Response to Neoadjuvant Endocrine Therapy in Breast Cancer: A Systematic Review and Meta-Analysis. Breast 2021, 58, 113–120.
[CrossRef]

30. Perou, C.M.; Sørlie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; Rees, C.A.; Pollack, J.R.; Ross, D.T.; Johnsen, H.; Akslen, L.A.;
et al. Molecular Portraits of Human Breast Tumours. Nature 2000, 406, 747–752. [CrossRef]

31. Sorlie, T.; Tibshirani, R.; Parker, J.; Hastie, T.; Marron, J.S.; Nobel, A.; Deng, S.; Johnsen, H.; Pesich, R.; Geisler, S.; et al. Repeated
Observation of Breast Tumor Subtypes in Independent Gene Expression Data Sets. Proc. Natl. Acad. Sci. USA 2003, 100, 8418–8423.
[CrossRef]

32. Sørlie, T.; Perou, C.M.; Tibshirani, R.; Aas, T.; Geisler, S.; Johnsen, H.; Hastie, T.; Eisen, M.B.; van de Rijn, M.; Jeffrey, S.S.; et al.
Gene Expression Patterns of Breast Carcinomas Distinguish Tumor Subclasses with Clinical Implications. Proc. Natl. Acad. Sci.
USA 2001, 98, 10869–10874. [CrossRef]

33. Yi, M.; Nissley, D.V.; McCormick, F.; Stephens, R.M. SsGSEA Score-Based Ras Dependency Indexes Derived from Gene Expression
Data Reveal Potential Ras Addiction Mechanisms with Possible Clinical Implications. Sci. Rep. 2020, 10, 10258. [CrossRef]
[PubMed]

34. Barbie, D.A.; Tamayo, P.; Boehm, J.S.; Kim, S.Y.; Moody, S.E.; Dunn, I.F.; Schinzel, A.C.; Sandy, P.; Meylan, E.; Scholl, C.; et al.
Systematic RNA Interference Reveals That Oncogenic KRAS-Driven Cancers Require TBK1. Nature 2009, 462, 108–112. [CrossRef]
[PubMed]

http://doi.org/10.1186/gb-2007-8-9-r183
http://doi.org/10.1016/j.ccell.2020.03.011
http://www.ncbi.nlm.nih.gov/pubmed/32289278
http://doi.org/10.1186/s40478-020-00902-z
http://www.ncbi.nlm.nih.gov/pubmed/32164789
http://doi.org/10.1007/s00018-011-0898-9
http://www.ncbi.nlm.nih.gov/pubmed/22159586
http://doi.org/10.1097/01.jnen.0000228203.12292.a1
http://doi.org/10.1186/s12885-015-1939-9
http://doi.org/10.1007/s10014-017-0282-z
http://doi.org/10.24875/BMHIM.20000092
http://doi.org/10.1200/JCO.2017.73.0242
http://doi.org/10.1038/s41598-019-44339-4
http://doi.org/10.1038/s41523-020-00208-2
http://www.ncbi.nlm.nih.gov/pubmed/33397968
http://doi.org/10.1016/S1470-2045(20)30450-2
http://doi.org/10.3389/fonc.2019.00707
http://www.ncbi.nlm.nih.gov/pubmed/31448227
http://doi.org/10.1016/j.breast.2021.07.019
http://www.ncbi.nlm.nih.gov/pubmed/34392185
http://doi.org/10.1200/JCO.2008.18.1370
http://doi.org/10.1111/tbj.14217
http://doi.org/10.1016/j.breast.2021.04.010
http://doi.org/10.1038/35021093
http://doi.org/10.1073/pnas.0932692100
http://doi.org/10.1073/pnas.191367098
http://doi.org/10.1038/s41598-020-66986-8
http://www.ncbi.nlm.nih.gov/pubmed/32581224
http://doi.org/10.1038/nature08460
http://www.ncbi.nlm.nih.gov/pubmed/19847166


Int. J. Mol. Sci. 2022, 23, 12696 19 of 20

35. Zakrzewski, K.; Jarzab, M.; Pfeifer, A.; Oczko-Wojciechowska, M.; Jarzab, B.; Liberski, P.P.; Zakrzewska, M. Transcriptional
Profiles of Pilocytic Astrocytoma Are Related to Their Three Different Locations, but Not to Radiological Tumor Features. BMC
Cancer 2015, 15, 778. [CrossRef] [PubMed]

36. Sharma, M.K.; Mansur, D.B.; Reifenberger, G.; Perry, A.; Leonard, J.R.; Aldape, K.D.; Albin, M.G.; Emnett, R.J.; Loeser, S.; Watson,
M.A.; et al. Distinct Genetic Signatures among Pilocytic Astrocytomas Relate to Their Brain Region Origin. Cancer Res. 2007, 67,
890–900. [CrossRef] [PubMed]

37. Lambert, S.R.; Witt, H.; Hovestadt, V.; Zucknick, M.; Kool, M.; Pearson, D.M.; Korshunov, A.; Ryzhova, M.; Ichimura, K.; Jabado,
N.; et al. Differential Expression and Methylation of Brain Developmental Genes Define Location-Specific Subsets of Pilocytic
Astrocytoma. Acta Neuropathol. 2013, 126, 291–301. [CrossRef]

38. Aichmüller, C.F.; Iskar, M.; Jones, D.T.W.; Korshunov, A.; Radlwimmer, B.; Kool, M.; Ernst, A.; Pfister, S.M.; Lichter, P.; Zapatka, M.
Pilocytic Astrocytoma Demethylation and Transcriptional Landscapes Link BZIP Transcription Factors to Immune Response.
Neuro. Oncol. 2020, 22, 1327–1338. [CrossRef]

39. Zhou, R.; Man, Y. Integrated Analysis of DNA Methylation Profiles and Gene Expression Profiles to Identify Genes Associated
with Pilocytic Astrocytomas. Mol. Med. Rep. 2016, 13, 3491–3497. [CrossRef]

40. Huang, H.; Hara, A.; Homma, T.; Yonekawa, Y.; Ohgaki, H. Altered Expression of Immune Defense Genes in Pilocytic Astrocy-
tomas. J. Neuropathol. Exp. Neurol. 2005, 64, 891–901. [CrossRef]

41. Wong, K.-K.; Chang, Y.-M.; Tsang, Y.T.M.; Perlaky, L.; Su, J.; Adesina, A.; Armstrong, D.L.; Bhattacharjee, M.; Dauser, R.;
Blaney, S.M.; et al. Expression Analysis of Juvenile Pilocytic Astrocytomas by Oligonucleotide Microarray Reveals Two Potential
Subgroups. Cancer Res. 2005, 65, 76–84. [CrossRef]

42. Jones, C.; Karajannis, M.A.; Jones, D.T.W.; Kieran, M.W.; Monje, M.; Baker, S.J.; Becher, O.J.; Cho, Y.-J.; Gupta, N.; Hawkins,
C.; et al. Pediatric High-Grade Glioma: Biologically and Clinically in Need of New Thinking. Neuro. Oncol. 2017, 19, 153–161.
[CrossRef]

43. Gerges, N.; Fontebasso, A.M.; Albrecht, S.; Faury, D.; Jabado, N. Pediatric High-Grade Astrocytomas: A Distinct Neuro-
Oncological Paradigm. Genome Med. 2013, 5, 66. [CrossRef] [PubMed]

44. Hauser, P. Classification and Treatment of Pediatric Gliomas in the Molecular Era. Children 2021, 8, 739. [CrossRef] [PubMed]
45. Ulitsky, I.; Shkumatava, A.; Jan, C.H.; Sive, H.; Bartel, D.P. Conserved Function of LincRNAs in Vertebrate Embryonic Develop-

ment despite Rapid Sequence Evolution. Cell 2011, 147, 1537–1550. [CrossRef] [PubMed]
46. Hu, G.-W.; Wu, L.; Kuang, W.; Chen, Y.; Zhu, X.-G.; Guo, H.; Lang, H.-L. Knockdown of Linc-OIP5 Inhibits Proliferation and

Migration of Glioma Cells through down-Regulation of YAP-NOTCH Signaling Pathway. Gene 2017, 610, 24–31. [CrossRef]
47. Rao, S.A.M.; Srinivasan, S.; Patric, I.R.P.; Hegde, A.S.; Chandramouli, B.A.; Arimappamagan, A.; Santosh, V.; Kondaiah, P.; Rao,

M.R.S.; Somasundaram, K. A 16-Gene Signature Distinguishes Anaplastic Astrocytoma from Glioblastoma. PLoS ONE 2014, 9,
e85200. [CrossRef]

48. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize Analysis Results for Multiple Tools and Samples in a
Single Report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]

49. Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R. STAR: Ultrafast
Universal RNA-Seq Aligner. Bioinformatics 2013, 29, 15–21. [CrossRef]

50. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, R.M.;
et al. Twelve Years of SAMtools and BCFtools. Gigascience 2021, 10, giab008. [CrossRef]

51. Liao, Y.; Smyth, G.K.; Shi, W. FeatureCounts: An Efficient General Purpose Program for Assigning Sequence Reads to Genomic
Features. Bioinformatics 2014, 30, 923–930. [CrossRef]

52. Liao, Y.; Smyth, G.K.; Shi, W. The R Package Rsubread Is Easier, Faster, Cheaper and Better for Alignment and Quantification of
RNA Sequencing Reads. Nucleic Acids Res. 2019, 47, e47. [CrossRef]

53. Robinson, M.D.; McCarthy, D.J.; Smyth, G.K. EdgeR: A Bioconductor Package for Differential Expression Analysis of Digital
Gene Expression Data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

54. McCarthy, D.J.; Chen, Y.; Smyth, G.K. Differential Expression Analysis of Multifactor RNA-Seq Experiments with Respect to
Biological Variation. Nucleic Acids Res. 2012, 40, 4288–4297. [CrossRef] [PubMed]

55. Chen, Y.; Lun, A.T.L.; Smyth, G.K. From Reads to Genes to Pathways: Differential Expression Analysis of RNA-Seq Experiments
Using Rsubread and the EdgeR Quasi-Likelihood Pipeline. F1000Research 2016, 5, 1438. [CrossRef] [PubMed]

56. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Systematic and Integrative Analysis of Large Gene Lists Using DAVID Bioinformatics
Resources. Nat. Protoc. 2009, 4, 44–57. [CrossRef]

57. Huang, D.W.; Sherman, B.T.; Lempicki, R.A. Bioinformatics Enrichment Tools: Paths toward the Comprehensive Functional
Analysis of Large Gene Lists. Nucleic Acids Res. 2009, 37, 1–13. [CrossRef]

58. Uhrig, S.; Ellermann, J.; Walther, T.; Burkhardt, P.; Fröhlich, M.; Hutter, B.; Toprak, U.H.; Neumann, O.; Stenzinger, A.; Scholl, C.;
et al. Accurate and Efficient Detection of Gene Fusions from RNA Sequencing Data. Genome Res. 2021, 31, 448–460. [CrossRef]

59. Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.;
Lander, E.S.; et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression
Profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [CrossRef]

http://doi.org/10.1186/s12885-015-1810-z
http://www.ncbi.nlm.nih.gov/pubmed/26497896
http://doi.org/10.1158/0008-5472.CAN-06-0973
http://www.ncbi.nlm.nih.gov/pubmed/17283119
http://doi.org/10.1007/s00401-013-1124-7
http://doi.org/10.1093/neuonc/noaa035
http://doi.org/10.3892/mmr.2016.4943
http://doi.org/10.1097/01.jnen.0000183345.19447.8e
http://doi.org/10.1158/0008-5472.76.65.1
http://doi.org/10.1093/neuonc/now101
http://doi.org/10.1186/gm470
http://www.ncbi.nlm.nih.gov/pubmed/23906214
http://doi.org/10.3390/children8090739
http://www.ncbi.nlm.nih.gov/pubmed/34572171
http://doi.org/10.1016/j.cell.2011.11.055
http://www.ncbi.nlm.nih.gov/pubmed/22196729
http://doi.org/10.1016/j.gene.2017.02.006
http://doi.org/10.1371/journal.pone.0085200
http://doi.org/10.1093/bioinformatics/btw354
http://doi.org/10.1093/bioinformatics/bts635
http://doi.org/10.1093/gigascience/giab008
http://doi.org/10.1093/bioinformatics/btt656
http://doi.org/10.1093/nar/gkz114
http://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
http://doi.org/10.1093/nar/gks042
http://www.ncbi.nlm.nih.gov/pubmed/22287627
http://doi.org/10.12688/f1000research.8987.2
http://www.ncbi.nlm.nih.gov/pubmed/27508061
http://doi.org/10.1038/nprot.2008.211
http://doi.org/10.1093/nar/gkn923
http://doi.org/10.1101/gr.257246.119
http://doi.org/10.1073/pnas.0506580102


Int. J. Mol. Sci. 2022, 23, 12696 20 of 20

60. Bengtsson, H.; Corrada Bravo, H.; Gentleman, R.; Hossjer, O.; Jaffee, H.; Jiang, D. Langfelder MatrixStats: Functions That Apply
to Rows and Columns of Matrices (and to Vectors); R Package Version 0.52.2. 2017. Available online: https://github.com/
HenrikBengtsson/matrixStats (accessed on 16 November 2021).

61. Gu, Z.; Gu, L.; Eils, R.; Schlesner, M.; Brors, B. Circlize Implements and Enhances Circular Visualization in R. Bioinformatics 2014,
30, 2811–2812. [CrossRef]

62. Gu, Z.; Eils, R.; Schlesner, M. Complex Heatmaps Reveal Patterns and Correlations in Multidimensional Genomic Data. Bioinfor-
matics 2016, 32, 2847–2849. [CrossRef]

63. Eguía-Aguilar, P.; Gutiérrez-Castillo, L.; Pérezpeña-Díazconti, M.; García-Chéquer, J.; García-Quintana, J.; Chico-Ponce de León,
F.; Gordillo-Domínguez, L.; Torres-García, S.; Arenas-Huertero, F. Expression of MicroRNAs in Tumors of the Central Nervous
System in Pediatric Patients in México. Child’s Nerv. Syst. 2017, 33, 2117–2128. [CrossRef]

64. Ahmed, M.; Kim, D.R. Pcr: An R Package for Quality Assessment, Analysis and Testing of QPCR Data. PeerJ 2018, 6, e4473.
[CrossRef] [PubMed]

https://github.com/HenrikBengtsson/matrixStats
https://github.com/HenrikBengtsson/matrixStats
http://doi.org/10.1093/bioinformatics/btu393
http://doi.org/10.1093/bioinformatics/btw313
http://doi.org/10.1007/s00381-017-3569-9
http://doi.org/10.7717/peerj.4473
http://www.ncbi.nlm.nih.gov/pubmed/29576953

	Introduction 
	Results 
	Clustering of Astrocytoma Transcriptomic Profiles according to Their Grade of Malignancy 
	Transcriptomic Profile and Altered Biological Functions in Pilocytic Astrocytoma 
	Grade II Astrocytoma 
	Pediatric High Grade Astrocytoma—Anaplastic Astrocytoma 
	Pediatric High Grade Astrocytoma—Glioblastoma 
	Similarities among All Grades of Astrocytoma Reveal a Putative General Tumorigenesis Factor 
	Unique Upregulated Genes in each Grade of Astrocytoma May Function as a Transcriptional Signature to Classify These Tumors 

	Discussion 
	Altered Pathways in Pediatric Astrocytoma 
	Low-Grade Astrocytoma 
	High-Grade Astrocytoma 
	Cyrano, a lncRNA That May Be Involved in the Tumorigenesis of Pediatric Astrocytoma 
	A Transcriptional Signature to Classify Pediatric Astrocytoma 

	Materials and Methods 
	Human Samples 
	RNA Extractions and NGS 
	Data Analysis 
	Genotyping 
	RT-qPCR 

	References

