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A B S T R A C T   

The segmentally duplicated Pregnancy-specific glycoprotein (PSG) locus on chromosome 19q13 may be one of 
the most rapidly evolving in the human genome. It comprises ten coding genes (PSG1-9, 11) and one predom
inantly non-coding gene (PSG10) that are expressed in the placenta and gut, in addition to several poorly 
characterized long non-coding RNAs. We report that long non-coding RNA PSG8-AS1 has an oligodendrocyte- 
specific expression pattern and is co-expressed with genes encoding key myelin constituents. PSG8-AS1 ex
hibits two peaks of expression during human brain development coinciding with the most active periods of 
oligodendrogenesis and myelination. PSG8-AS1 orthologs were found in the genomes of several primates but 
significant expression was found only in the human, suggesting a recent evolutionary origin of its proposed role 
in myelination. Additionally, because co-deletion of chromosomes 1p/19q is a genomic marker of oligoden
droglioma, expression of PSG8-AS1 was examined in these tumors. PSG8-AS1 may be a promising diagnostic 
biomarker for glioma, with prognostic value in oligodendroglioma.   

1. Introduction 

Segmental duplications, comprising approximately 7 % of the human 
genome, drive rapid gene evolution and functional innovation in pri
mates, and there is evidence that novel genes within these regions have 
contributed to the expansion of the neocortex, a feature uniquely 
developed in the human brain [1–5]. While several protein coding genes 
in segmental duplications have been implicated, modern evolutionary 
genetic studies indicate that biological innovation is also underpinned 
by the extensive non-coding regions found in genomes [6–8]. In this 
context, long non-coding RNAs (lncRNAs) have been described with 
essential roles in regulating gene expression through diverse mecha
nisms [9]. Many lncRNAs are cell and developmental-stage specific and 
exhibit rapid turnover across species [8]. Around 40 % of human 
lncRNAs are expressed in the brain and play crucial roles in neural cell 
lineage differentiation and function [10–16]. Dysregulated lncRNAs in 
the human central nervous system (CNS) have been associated with 
various neurological and neuropsychiatric disorders, underlining the 
importance of lncRNAs in normal brain development and function 

[17–25]. 
Despite extensive research in the mouse, which has revealed an 

essential role for non-coding genes in glial cell development and mye
lination [26–32], it is unclear whether lncRNAs act similarly in the 
human. The scarcity of appropriate models in which to study 
human-specific lncRNAs means that elucidating their functions in brain 
development and evolution is challenging [33,34]. In this study, we 
report the preliminary characterization of lncRNA PSG8-AS1, which is 
named for its complementarity to a minor splice variant of the PSG8 
gene transcript, and not because of any known functional interaction 
with PSG genes. Leveraging publicly available brain gene expression 
data, including bulk, single-cell, and spatial RNA-seq resources, we 
identified PSG8-AS1 as a human oligodendrocyte specific lncRNA 
potentially implicated in myelination. Additionally, we report the as
sociation of PSG8-AS1 expression with the diagnosis and prognosis of 
oligodendroglioma, which is genomically characterized by a 1p/19q 
codeletion together with other genetic markers [35,36]. 
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2. Methods 

2.1. Gene expression datasets 

Gene expression and exon usage data for PSGs and PSG8-AS1 in adult 
tissues were accessed through the GTEx Portal (www.gtexportal.org). 
Expression data used were gene-level transcripts per million (TPM) 
quantifications generated by the GTEx consortium [37]. BrainSpan was 
accessed through the Allen Brain Atlas portal (https://portal.brain-map. 
org/). Normalized expression data in RPKM (reads per kilobase of exon 
model per million mapped reads) generated by the BrainSpan resource 
was used for analyses [38]. The Cancer Genome Atlas (TCGA, PanCancer 
Atlas) Low Grade Gliomas (LGG) collection, comprising 514 LGG brain 
tumor samples subjected to RNA-seq was accessed through TCGAbio
links R package [36]. Gene counts were normalized by the trimmed 
mean of M-values (TMM) method [39]. Publicly available datasets that 
did not belong to a public consortium or atlas were accessed through the 
Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih. 
gov/geo/) with accession numbers GSE109082, GSE148241, 
GSE67835, GSE118257, GSE100796, GSE30352, GSE165595, 
GSE59612. For a full description of the datasets, see Supplementary 
Table 1. 

2.2. Human oligodendrocyte differentiation from induced pluripotent 
stem cells 

Human oligodendrocytes and oligodendrocyte progenitor cells 
(OPCs) were derived from induced pluripotent stem cell (hiPSC) lines. 
For experimental details, please see Supplementary Material. 

2.3. Gene conservation and expression in primates 

The online tool blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was 
used to retrieve potential PSG8-AS1 orthologs. Sequences (encompass
ing genomic DNA, cloned cDNAs and predicted RNAs from all available 
species, i. e, the nr collection) aligning to human PSG8-AS1 RNA 
sequence (NR_036584.1) were filtered by at least 80 % alignment span 
and similarity. Synthetic constructs were excluded. Status of the genome 
sequence of PSG8-AS1 across primate species was explored in the UCSC 
browser Mammals Multiz Alignment & Conservation (27 primates) 
track. Multi-Alignment of the RNA sequences of PSG8-AS1 orthologs was 
performed with the msa package in R, using the ClustalW algorithm 
[40]. Expression of PSG8-AS1 orthologs was assessed by the realignment 
of raw sequencing reads from GSE100796 and GSE30352 (SRP111096 
and SRP007412 Sequence Read Archives, respectively) to the genomes 
of the human (hg38), gorilla (gorGor6), orangutan (ponAbe3), gibbon 
(nomLeu3), and rhesus macaque (rheMac10) with STAR v2.7 software. 
In the case of the rhesus macaque, the gene annotation file was modified 
to incorporate a putative PSG8-AS1 ortholog. Gene read counts were 
converted to reads per million (RPM) in R. 

2.4. Weighted co-expression network analysis and functional annotation 

A weighted co-expression network was constructed using the 
WGCNA package in R [41]. Genes with extremely low expression were 
removed (genes were kept when the expression was higher than 0.01 
RPKM across two thirds of the samples), resulting in 24,267 remaining 
genes. Soft-thresholding power of 7 was selected. The adjacency matrix 
was calculated using the Pearson correlation coefficient, and the topo
logical overlap matrix (TOM) was computed to identify highly con
nected modules. The modules were identified using the dynamic 
tree-cutting algorithm with a minimum module size of 30 and a merge 
cut height value of 0.25. A total of 48 modules were identified. The 
PSG8-AS1 containing module included a total of 365 genes (Supple
mentary Table). The functional annotation online tool from the Data
base for Annotation, Visualization and Integrated Discovery (DAVID) 

(https://david.ncifcrf.gov/) [42] was used to perform gene-set enrich
ment analyses. 

2.5. Glioma expression and survival analyses 

Overall expression and mutation data of PSG8-AS1 in tumors was 
examined with the cBioPortal online tool (https://www.cbioportal.org/ 
). To evaluate if PSG8-AS1 was downregulated in glioma, its expression 
in tumor and non-tumor tissue from glioma patients and controls was 
compared in datasets GSE165595 and GSE59612. Several glioma sub
types were included to assess the diagnostic value across different mo
lecular subtypes. The Kruskal-Wallis Test (a non-parametric alternative 
to one-way ANOVA) followed by Pairwise Wilcoxon Rank Sum Tests 
were performed to evaluate significant differences between the groups. 
To examine prognosis, clinical data from the TGCA was retrieved with 
the TCGAbiolinks R package. Samples were kept only if there was in
formation about their gene expression and clinical status. Samples were 
classified based on their molecular subtype (IDH-wt, IDH-mt alone, and 
IDH-mt with 1p/19 codeletion) and their expression of PSG8-AS1. For 
each molecular subtype, the samples at the top 25 % of PSG8-AS1 
expression were termed “High”, and the bottom 25 % were termed 
“Low”. Kaplan Meier curves and Log-rank tests were then created and 
visualized with survival and survminer R packages. 

3. Results 

3.1. PSG8-AS1 expression analysis suggests oligodendrocyte specificity 

A possible functional relationship between PSG8-AS1 and the coding 
genes that constitute the segmental duplication of the PSG locus was 
initially examined by comparing their respective tissue expression pat
terns. According to GTEx, PSG8-AS1 is considerably enriched in all 
compartments of the brain, in contrast to coding PSGs, which are highly 
expressed in the placenta (datasets GSE109082 and GSE148241) and in 
other tissues at lower levels (GTEx) (Fig. 1A and B) [37]. Antisense 
lncRNAs are known to regulate the transcription of parental mRNA [43]. 
However, due to the non-overlapping tissue expression patterns and the 
extremely low transcription of the PSG8 intron which PSG8-AS1 over
laps, downregulation of PSG8 expression by PSG8-AS1 seems unlikely 
(Fig. 1A and B) (Supplementary Fig. 1). 

There is evidence that lncRNAs are cell type-specific [33]. Cell 
specificity was analyzed using two publicly available brain single cell 
RNA sequencing (scRNA-seq) datasets containing cell identity infor
mation (GSE67835 and GSE118257). PSG8-AS1 was preferentially 
expressed in oligodendrocytes across all cell subtypes, despite being less 
abundant than marker genes in both datasets (Fig. 1C and D). This 
observation can be explained by the fact that lncRNAs are more chal
lenging to detect in scRNA-seq experiments due to their low expression 
levels compared to coding RNAs [33]. When PSG8-AS1 expression is 
present in other cell types, such as endothelial cells, oligodendrocyte 
markers are also expressed (Fig. 1C and D). The Brain Cell Type Specific 
Gene Expression R/Shiny tool (http://celltypes.org/brain/) [44] also 
confirms oligodendrocyte specificity (Supplementary Fig. 2). Moreover, 
similar to myelination marker MBP [45], we found enriched expression 
of PSG8-AS1 in differentiated oligodendrocytes compared to oligoden
drocyte progenitor cells (OPCs) and human induced pluripotent stem 
cells (hiPSCs), confirming our bioinformatic analyses (Fig. 1E) [45]. 

Transcription factor binding to ENCODE cCREs in proximity to the 
genomic sequence of PSG8-AS1 was scrutinised to further examine its 
specificity for oligodendrocytes (Supplementary Table 2). The RE1- 
Silencing Transcription factor (REST) complex, which represses tran
scription of genes underpinning neural cell fate decisions in non-neural 
tissues, and ZNF24 and TCF7L2, two transcription factors essential for 
terminal oligodendrocyte differentiation and myelination ([46,47], p. 
24; [48]), bind regulatory regions that are adjacent to brain eQTLs for 
PSG8-AS1 (Supplementary Fig. 3). There is also evidence for the tumor 
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suppressor protein p53 binding the PSG8-AS1 promoter (Supplementary 
Fig. 3; Supplementary Table 3). 

3.2. PSG8-AS1 sequences evolved in the Catarrhini lineage but expression 
may be confined to the human 

Predicted orthologs of PSG8-AS1 are found in the most recent 
genome assemblies of the gorilla (Homininae), orangutan (Hominidae), 
gibbon (Hominoidea), Tibetan macaque, rhesus macaque, drill and ba
boon (Catarrhini) (Fig. 2A). In the chimp and bonobo, our closest 

primate relatives, PSG8-AS1 exons 2 and 3 are either not conserved or 
are poorly assembled (Suplementary Fig. 4). While assembly gaps are 
common in segmental duplications [4,49], it is also possible that the 
common ancestor between the human, chimp and bonobo had a func
tional copy of PSG8-AS1, which was only retained in the human lineage 
(Suplementary Fig. 4). Conservation at the RNA level was also inspected 
by multiple alignment of RNA sequences of PSG8-AS1 orthologs 
(Fig. 2A). This showed that exon sequence composition is not the same 
across orthologous lncRNAs, with the macaques, drill and baboon losing 
exon 1 almost entirely, and gibbons losing most of exon 4. To determine 

Fig. 1. Tissue and cell type-specific expression of PSGs and PSG8-AS1. A) Heatmap of median expression in Transcripts per Million (TPM) for each gene and tissue 
from GTEx. B) Heatmap of median expression in TPM for each gene in two placenta datasets (GSE109082 and GSE148241). C-D) Dotplots of scRNA-seq normalized 
expression of different brain cell markers and PSG8-AS1 across brain cell types. Expression is shown as colour intensity; percentage of cells where gene expression is 
identified is represented by size of circle in dotplot. Data from GSE67835 (C) and GSE118257 (D). E) Expression of myelin marker MBP and PSG8-AS1 in human 
induced pluripotent stem cells (hiPSC), oligodendrocyte progenitor cells (OPC) and oligodendrocytes at late states of differentiation in vitro (OL-like), measured by 
qPCR. Each differentiation stage was represented by at least 3 biological replicates. Data represented as ΔΔCt (individual values, mean + SD), normalized against 
GAPDH and one of the OPC biological replicates. 
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if PSG8-AS1 orthologs are expressed in primates other than the human, 
RNA-seq reads from brain and other tissues (heart, liver, kidney, testis) 
from several primate species were aligned to their respective genomes 
(SRP111096 and SRP007412 Sequence Read Archives, from GSE100796 
and GSE30352, respectively). The analysis showed predominant 
expression of PSG8-AS1 in the human brain, with residual levels in the 
brain of non-human primates (Fig. 2B). Levels in all tissues in 
non-human primates were low, similar to non-brain tissues in the human 
(Fig. 2C) This suggests that expression of PSG8-AS1 orthologs in 
non-human primates might be negligible compared to the human. 

3.3. PSG8-AS1 is co-expressed with myelin constituents in the developing 
and adult brain 

Since many novel genes important for human brain evolution are 
expressed during development, PSG8-AS1 expression was examined in 
the Allen Brain Atlas human brain development transcriptomic resource 
[50]. This dataset includes 31 time points pre- and post-birth from 26 
brain regions. Levels of PSG8-AS1 transcription were compared with 
specific brain cell markers [44] (Fig. 3A). Coincident with the start of 
oligodendrogenesis and the period of most rapid myelination in humans 
(25–27 weeks post-conception [pcw] and 2 years after birth, respec
tively), PSG8-AS1 expression peaks at the same time as oligodendrocyte 
markers MBP and MOG [51,52]. In contrast, astrocyte markers GJA2 and 
AQP4 start increasing before the initiation of gliogenesis at 

approximately 24 pcw, similar to neural markers GAD2 and SLC17A7 
(Fig. 3A) [44]. 

To further clarify which genes are co-expressed with PSG8-AS1 
across brain developmental stages, Weighted Gene Correlation Network 
Analysis (WGCNA) [41] on the Allen Brain Atlas dataset was performed. 
The genes most correlated with PSG8-AS1 within the module were MBP, 
FOXO4 and KIF1C (Supplementary Table 4). A pathway enrichment 
analysis was conducted on the PSG8-AS1 module using the Database for 
Annotation, Visualization and Integrated Discovery (DAVID) tool [42]. 
The most significant pathways were related to myelination (Structural 
Constituent of Myelin Sheath, Myelin Sheath, Compact Myelin) and 
cellular membrane composition (Integral Component of Membrane, 
Integral Component of Plasma Membrane, Plasma Membrane, Sphin
golipid de novo Biosynthesis, Sphingolipid Metabolism) (Fig. 3B; Sup
plementary Table 5). Of note, sphingolipids are crucial for the synthesis 
and maintenance of the myelin sheath ([53]. Although only marginally 
significant, Oligodendrocyte Differentiation was also enriched. 

3.4. PSG8-AS1 expression is a potential biomarker in glioma 

The location of PSG8-AS1 on chromosome 19q13 and its association 
with oligodendrocyte function prompted an examination of its expres
sion in gliomas, and particularly oligodendroglioma, which have been 
characterized by mutations in IDH1-2 with 1p/19q codeletions [35,36]. 
No germline or somatic mutations were found in PSG8-AS1 in grade II 

Fig. 2. Conservation of exon sequences and RNA expression of PSG8-AS1 in primates. A) Multi-Alignment of RNA sequences of blastn-predicted PSG8-AS1 orthologs. 
% cover and % identity of alignment with human PSG8-AS1 shown on the right. Gaps (white), nucleotide substitutions or insertions compared to the human (black); 
matches in exons (as annotated in the human) colour coded: Exon 1 (pink), Exon 2 (light pink), Exon 3 (purple), Exon 4 (cyan). B–C) Boxplots with individual values 
showing PSG8-AS1 and ortholog expression levels in different primate species and tissues. Expression units is reads per million (RPM). B: Expression data from 
different brain regions in human, gorilla, and gibbon (GSE30352). C: Expression data from different tissues, including the central nervous system (CNS), in human, 
gorilla, orangutan and macaque (GSE100796). 
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and III oligodendroglioma and astrocytoma (low-grade gliomas or LGG) 
by assessing The Cancer Genome Atlas (TCGA) data through cBioPortal 
[36,54,55]. The RNA levels of PSG8-AS1 in non-tumor and tumor tissue 
were assessed in two datasets (GSE165595, GSE59612). PSG8-AS1 
expression was lower in any subtype of glioma when compared with 

paired non-tumor brain tissue (Pairwise Wilcoxon Rank Sum Tests; 
“non-tumoral” vs. glioblastoma p = 0.0037; “non-tumoral” vs. IDHmt p 
= 0.0002; “non-tumoral” vs. IDH-mt 1p/19q codeletion p = 7.6e-05) 
(Fig. 4A). Contrast enhancement on magnetic resonance (MR) images, 
which is associated with the destruction of the blood-brain barrier and 

Fig. 3. PSG8-AS1 expression coincides with oligodendrocyte markers and myelin constituents during human brain development. A) Expression of PSG8-AS1 and 
several brain cell markers across developmental stages. Expression units are reads per million (RPM). PSG8-AS1 boxplots are shown in grey, oligodendrocyte markers 
(MBP and MOG) in blue, astrocyte markers (GJA1 and AQP4) in red, and neuron markers (GAD2 and SLC17A7) in brown. B) Barplot showing False Discovery Rate 
(FDR) of enriched pathways in the gene set enrichment analysis of the PSG8-AS1 high-correlated gene expression module. Pathway name format was simplified for 
visualization (see Supplementary Table 5 for full names). Gene set enrichment analysis was performed with DAVID online tool. Vertical black line represents FDR 
= 0.1. 

Fig. 4. PSG8-AS1 expression in low-grade gliomas. A-B) PSG8-AS1 expression in tumors compared to paired non-tumoral tissue. Violin plots showing transcript per 
million (TPM) values from GSE165595 (A) and GSE59612 (B). Individual values are shown in dots. Significant differences between the groups were assessed with a 
Kruskal-Wallis test (nonparametric one-way ANOVA). C-E) Kaplan-Meier survival curves in patients from the TCGA-LGG (low grade glioma) study stratified by PSG8- 
AS1 expression in IDH-mutant, 1p/19q codeleted glioma (C), IDH-mutant glioma without 1/p19q codeletion (D) and IDH-wildtype glioma (E). Time is expressed 
in years. 
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higher malignancy, is specific to high-grade gliomas [56,57]. When 
comparing non-neoplastic brain tissue with contrast-enhancing glioma 
and non-enhancing glioma, the expression of PSG8-AS1 was only 
significantly lower in contrast-enhancing samples, suggesting that 
PSG8-AS1 could be an indicator of glioma malignancy (Pairwise Wil
coxon Rank Sum Tests; non-neoplastic vs. contrast-enhancing glioma p 
= 6.5e-08; non-neoplastic vs. non-enhancing glioma p = 0.13; 
non-enhancing glioma vs contrast-enhancing glioma p = 4.5e-09) 
(Fig. 4B). 

To further investigate the potential clinical significance of PSG8-AS1 
downregulation, the association between PSG8-AS1 expression and 
survival was examined. TCGA patients were stratified by molecular 
subtype and PSG8-AS1 expression (high = top 25 % and low = bottom 
25 % in each molecular subtype). Kaplan-Meier analysis and Log-rank 
tests were carried out to evaluate the effect on overall survival. In 
IDH-mt 1p/19q codeleted glioma (oligodendroglioma), high expression 
levels of PSG8-AS1 significantly correlated with longer patient survival 
time (Log-rank p = 0.019) (Fig. 4C), whereas there was no effect on 
survival for the subtypes without the codeletion genotype (Fig. 4D and 
E). The results of these analyses suggest that PSG8-AS1 levels might have 
diagnostic value in gliomas and could serve as a prognostic biomarker in 
oligodendrogliomas. 

4. Discussion 

We characterized PSG8-AS1, a lncRNA located in the rapidly 
evolving PSG segmental duplication. PSG8-AS1 exhibits a non- 
overlapping expression pattern with the coding genes in the PSG locus 
and is predominantly expressed in the brain. PSG8-AS1 showed pre
dominant expression in differentiated oligodendrocytes as determined 
by analysis of brain scRNA-seq data and qPCR on hiPSCs-derived oli
godendrocytes. Public databases report binding of components of REST 
and CoREST and transcription factors ZNF24 and TCF7L2, which are 
important regulators of oligodendrocyte differentiation and myelination 
in the human, to putative enhancers of PSG8-AS1 [46–48]. These ob
servations support the contention that PSG8-AS1 is an 
oligodendrocyte-specific gene. 

PSG8-AS1 was hypothesised to be human-specific due to its locali
zation to a segmental duplication, many of which are known to give rise 
to novel genes important in human brain evolution [2,49]. Conservation 
analyses indicated that PSG8-AS1 may have emerged in the Catarrhini 
lineage, although its expression is primarily observed in the human. The 
emergence of genes important for brain evolution in primate genomes 
with preferential expression in the human brain has been described 
previously, and it has been speculated that specific changes in regulatory 
elements occurred in these genes during human evolution [2]. Addi
tionally, the virtually exclusive focus on neurons when considering 
recent human brain evolution is now thought to be insufficient to 
explain human cognitive capabilities [58–61]. According to a recent 
study, oligodendrocytes exhibit more rapid evolution than neurons [58], 
and the human brain exhibits enhanced connectivity compared to 
non-human primates, which requires a longer period of myelination [59, 
60,62]. This, together with the growing evidence linking oligodendro
cyte function and myelination to cognition and neuropsychiatric disor
ders [63–66], suggests that the characterization of human 
oligodendrocyte-specific genes such as PSG8-AS1 will contribute to 
our understanding of brain evolution, development and disease. In the 
developing human brain, genes highly correlated with PSG8-AS1 were 
implicated in myelination and the composition of the plasma membrane. 
The molecular mechanisms by which PSG8-AS1 might regulate this 
process remains unclear. In future research, the use of oligodendrocyte 
progenitors derived from hiPSCs or human cerebral organoids, together 
with the perturbation of PSG8-AS1 expression should be considered, as 
these approaches have been used successfully in previous studies [45, 
67–70]. 

We hypothesised that PSG8-AS1 might be involved in glioma because 

the tumor suppressor p53 binds a proximal enhancer. In addition, 
codeletion of 19q, where PSG8-AS1 is located, together with 1p, is used 
as a genetic marker for oligodendroglioma [36]. Accordingly, we found 
that PSG8-AS1 expression exhibited diagnostic value for all subtypes of 
glioma, and prognostic value specifically for oligodendroglioma. The 
effect of PSG8-AS1 expression on overall survival of oligodendroglioma, 
but not other gliomas, is consistent with a role for PSG8-AS1 in oligo
dendrocyte function and implies that PSG8-AS1 levels are reduced in 
oligodendroglial tumor cells with increased malignancy. It has been 
suggested that oligodendroglioma-specific tumor suppressor genes map 
to chromosomes 1p/19q [71]. For example, recurrent mutation of the 
FUBP1 and CIC genes, located on chromosomes 1p and 19q respectively, 
have been found in oligodendrogliomas and linked to more aggressive 
forms of the tumor [72,73]. Of note, because of karyotypic differences 
between the human and other species, this genomic signature of oligo
dendrogliomas is most likely unique to the human [74]. 

In summary, this study provides the first in-silico characterization of 
PSG8-AS1, a human oligodendrocyte-specific lncRNA mapping to the 
PSG segmental duplication on chromosome 19q and suggests a role in 
myelination. Our findings also suggest potential biomarker utility for 
PSG8-AS1 in oligodendrogliomas. Further study will be required to 
elucidate the precise mechanisms by which PSG8-AS1 regulates myeli
nation and to explore its potential as a diagnostic and therapeutic target 
in myelination disorders and cancer. 
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R. Guigó, The GENCODE v7 catalog of human long noncoding RNAs: analysis of 
their gene structure, evolution, and expression, Genome Res. 22 (2012) 
1775–1789, https://doi.org/10.1101/gr.132159.111. 

[13] A. Necsulea, H. Kaessmann, Evolutionary dynamics of coding and non-coding 
transcriptomes, Nat. Rev. Genet. 15 (2014) 734–748, https://doi.org/10.1038/ 
nrg3802. 

[14] E. Ninou, A. Michail, P.K. Politis, Long non-coding RNA lacuna regulates neuronal 
differentiation of neural stem cells during brain development, Front. Cell Dev. Biol. 
9 (2021) 726857, https://doi.org/10.3389/fcell.2021.726857. 

[15] B. Prajapati, M. Fatima, M. Fatma, P. Maddhesiya, H. Arora, T. Naskar, 
S. Devasenapathy, P. Seth, S. Sinha, Temporal transcriptome analysis of neuronal 
commitment reveals the preeminent role of the divergent lncRNA biotype and a 
critical candidate gene during differentiation, Cell Death Dis. 6 (2020) 1–17, 
https://doi.org/10.1038/s41420-020-0263-6. 

[16] J.Q. Wu, L. Habegger, P. Noisa, A. Szekely, C. Qiu, S. Hutchison, D. Raha, 
M. Egholm, H. Lin, S. Weissman, W. Cui, M. Gerstein, M. Snyder, Dynamic 
transcriptomes during neural differentiation of human embryonic stem cells 
revealed by short, long, and paired-end sequencing, Proc. Natl. Acad. Sci. U.S.A. 
107 (2010) 5254–5259, https://doi.org/10.1073/pnas.0914114107. 

[17] H. Cai, Y. Yu, X. Ni, C. Li, Y. Hu, J. Wang, F. Chen, S. Xi, Z. Chen, LncRNA 
LINC00998 inhibits the malignant glioma phenotype via the CBX3-mediated c- 
Met/Akt/mTOR axis, Cell Death Dis. 11 (2020) 1–17, https://doi.org/10.1038/ 
s41419-020-03247-6. 

[18] M.A. Faghihi, F. Modarresi, A.M. Khalil, D.E. Wood, B.G. Sahagan, T.E. Morgan, C. 
E. Finch, G. St Laurent III, P.J. Kenny, C. Wahlestedt, Expression of a noncoding 
RNA is elevated in Alzheimer’s disease and drives rapid feed-forward regulation of 
β-secretase, Nat. Med. 14 (2008) 723–730, https://doi.org/10.1038/nm1784. 

[19] A.K. Jain, Y. Xi, R. McCarthy, K. Allton, K.C. Akdemir, L.R. Patel, B. Aronow, 
C. Lin, W. Li, L. Yang, M.C. Barton, LncPRESS1 is a p53-regulated lncRNA that 
safeguards pluripotency by disrupting SIRT6 mediated de-acetylation of histone 
H3K56, Mol. Cell 64 (2016) 967–981, https://doi.org/10.1016/j. 
molcel.2016.10.039. 

[20] P. Katsel, P. Roussos, P. Fam, S. Khan, W. Tan, T. Hirose, S. Nakagawa, M. 
V. Pletnikov, V. Haroutunian, The expression of long noncoding RNA NEAT1 is 
reduced in schizophrenia and modulates oligodendrocytes transcription, Npj 
Schizophr 5 (2019) 1–9, https://doi.org/10.1038/s41537-019-0071-2. 

[21] K. Katsushima, A. Natsume, F. Ohka, K. Shinjo, A. Hatanaka, N. Ichimura, S. Sato, 
S. Takahashi, H. Kimura, Y. Totoki, T. Shibata, M. Naito, H.J. Kim, K. Miyata, 
K. Kataoka, Y. Kondo, Targeting the Notch-regulated non-coding RNA TUG1 for 
glioma treatment, Nat. Commun. 7 (2016) 13616, https://doi.org/10.1038/ 
ncomms13616. 

[22] L. Lipovich, F. Dachet, J. Cai, S. Bagla, K. Balan, H. Jia, J.A. Loeb, Activity- 
Dependent human brain coding/noncoding gene regulatory networks, Genetics 
192 (2012) 1133–1148, https://doi.org/10.1534/genetics.112.145128. 

[23] M.E. Talkowski, G. Maussion, L. Crapper, J.A. Rosenfeld, I. Blumenthal, 
C. Hanscom, C. Chiang, A. Lindgren, S. Pereira, D. Ruderfer, A.B. Diallo, J.P. Lopez, 
G. Turecki, E.S. Chen, C. Gigek, D.J. Harris, V. Lip, Y. An, M. Biagioli, M. 
E. MacDonald, M. Lin, S.J. Haggarty, P. Sklar, S. Purcell, M. Kellis, S. Schwartz, L. 
G. Shaffer, M.R. Natowicz, Y. Shen, C.C. Morton, J.F. Gusella, C. Ernst, Disruption 
of a large intergenic noncoding RNA in subjects with neurodevelopmental 
disabilities, Am. J. Hum. Genet. 91 (2012) 1128–1134, https://doi.org/10.1016/j. 
ajhg.2012.10.016. 

[24] D.J. Voce, G.M. Bernal, L. Wu, C.D. Crawley, W. Zhang, N.M. Mansour, K.E. Cahill, 
S.J. Szymura, A. Uppal, D.R. Raleigh, R. Spretz, L. Nunez, G. Larsen, N. 
N. Khodarev, R.R. Weichselbaum, B. Yamini, Temozolomide treatment induces 
lncRNA MALAT1 in an NF-кB and p53 co-dependent manner in glioblastoma, 
Cancer Res. 79 (2019) 2536–2548, https://doi.org/10.1158/0008-5472.CAN-18- 
2170. 

[25] P. Yue, L. Jing, X. Zhao, H. Zhu, J. Teng, Down-regulation of taurine-up-regulated 
gene 1 attenuates inflammation by sponging miR-9-5p via targeting NF-κB1/p50 in 
multiple sclerosis, Life Sci. 233 (2019) 116731, https://doi.org/10.1016/j. 
lfs.2019.116731. 

[26] X. Dong, K. Chen, R. Cuevas-Diaz Duran, Y. You, S.A. Sloan, Y. Zhang, S. Zong, 
Q. Cao, B.A. Barres, J.Q. Wu, Comprehensive identification of long non-coding 
RNAs in purified cell types from the brain reveals functional LncRNA in OPC fate 
determination, PLoS Genet. 11 (2015) e1005669, https://doi.org/10.1371/ 
journal.pgen.1005669. 

[27] D. He, J. Wang, Y. Lu, Y. Deng, C. Zhao, L. Xu, Y. Chen, Y.-C. Hu, W. Zhou, Q.R. Lu, 
lncRNA functional networks in oligodendrocytes reveal stage-specific myelination 
control by an lncOL1/suz12 complex in the CNS, Neuron 93 (2017) 362–378, 
https://doi.org/10.1016/j.neuron.2016.11.044. 

[28] Y. Kasuga, A.D. Fudge, Y. Zhang, H. Li, Characterization of a long noncoding RNA 
Pcdh17it as a novel marker for immature premyelinating oligodendrocytes, Glia 67 
(2019) 2166–2177, https://doi.org/10.1002/glia.23684. 

[29] T.R. Mercer, I.A. Qureshi, S. Gokhan, M.E. Dinger, G. Li, J.S. Mattick, M.F. Mehler, 
Long noncoding RNAs in neuronal-glial fate specification and oligodendrocyte 
lineage maturation, BMC Neurosci. 11 (2010) 14, https://doi.org/10.1186/1471- 
2202-11-14. 

[30] C.C. Stolt, S. Schmitt, P. Lommes, E. Sock, M. Wegner, Impact of transcription 
factor Sox8 on oligodendrocyte specification in the mouse embryonic spinal cord, 
Dev. Biol. 281 (2005) 309–317, https://doi.org/10.1016/j.ydbio.2005.03.010. 

[31] S. Tochitani, Y. Hayashizaki, Nkx2.2 antisense RNA overexpression enhanced 
oligodendrocytic differentiation, Biochem. Biophys. Res. Commun. 372 (2008) 
691–696, https://doi.org/10.1016/j.bbrc.2008.05.127. 

[32] H. Wei, X. Dong, Y. You, B. Hai, R.C.-D. Duran, X. Wu, N. Kharas, J.Q. Wu, OLIG2 
regulates lncRNAs and its own expression during oligodendrocyte lineage 
formation, BMC Biol. 19 (2021) 132, https://doi.org/10.1186/s12915-021-01057- 
6. 

[33] M.N. Cabili, C. Trapnell, L. Goff, M. Koziol, B. Tazon-Vega, A. Regev, J.L. Rinn, 
Integrative annotation of human large intergenic noncoding RNAs reveals global 
properties and specific subclasses, Genes Dev. 25 (2011) 1915–1927, https://doi. 
org/10.1101/gad.17446611. 

[34] V.R. Paralkar, T. Mishra, J. Luan, Y. Yao, A.V. Kossenkov, S.M. Anderson, 
M. Dunagin, M. Pimkin, M. Gore, D. Sun, N. Konuthula, A. Raj, X. An, 
N. Mohandas, D.M. Bodine, R.C. Hardison, M.J. Weiss, Lineage and species-specific 
long noncoding RNAs during erythro-megakaryocytic development, Blood 123 
(2014) 1927–1937, https://doi.org/10.1182/blood-2013-12-544494. 

[35] J.E. Eckel-Passow, D.H. Lachance, A.M. Molinaro, K.M. Walsh, P.A. Decker, 
H. Sicotte, M. Pekmezci, T. Rice, M.L. Kosel, I.V. Smirnov, G. Sarkar, A.A. Caron, T. 
M. Kollmeyer, C.E. Praska, A.R. Chada, C. Halder, H.M. Hansen, L.S. McCoy, P. 
M. Bracci, R. Marshall, S. Zheng, G.F. Reis, A.R. Pico, B.P. O’Neill, J.C. Buckner, 
C. Giannini, J.T. Huse, A. Perry, T. Tihan, M.S. Berger, S.M. Chang, M.D. Prados, 
J. Wiemels, J.K. Wiencke, M.R. Wrensch, R.B. Jenkins, Glioma groups based on 1p/ 
19q, IDH, and TERT promoter mutations in tumors, N. Engl. J. Med. 372 (2015) 
2499–2508, https://doi.org/10.1056/NEJMoa1407279. 

[36] The Cancer Genome Atlas Research Network, Comprehensive, integrative genomic 
analysis of diffuse lower-grade gliomas, N. Engl. J. Med. 372 (2015) 2481–2498, 
https://doi.org/10.1056/NEJMoa1402121. 

[37] J. Lonsdale, J. Thomas, M. Salvatore, R. Phillips, E. Lo, S. Shad, R. Hasz, G. Walters, 
F. Garcia, N. Young, B. Foster, M. Moser, E. Karasik, B. Gillard, K. Ramsey, 
S. Sullivan, J. Bridge, H. Magazine, J. Syron, J. Fleming, L. Siminoff, H. Traino, 
M. Mosavel, L. Barker, S. Jewell, D. Rohrer, D. Maxim, D. Filkins, P. Harbach, 
E. Cortadillo, B. Berghuis, L. Turner, E. Hudson, K. Feenstra, L. Sobin, J. Robb, 
P. Branton, G. Korzeniewski, C. Shive, D. Tabor, L. Qi, K. Groch, S. Nampally, 
S. Buia, A. Zimmerman, A. Smith, R. Burges, K. Robinson, K. Valentino, 
D. Bradbury, M. Cosentino, N. Diaz-Mayoral, M. Kennedy, T. Engel, P. Williams, 
K. Erickson, K. Ardlie, W. Winckler, G. Getz, D. DeLuca, D. MacArthur, M. Kellis, 
A. Thomson, T. Young, E. Gelfand, M. Donovan, Y. Meng, G. Grant, D. Mash, 
Y. Marcus, M. Basile, J. Liu, J. Zhu, Z. Tu, N.J. Cox, D.L. Nicolae, E.R. Gamazon, H. 
K. Im, A. Konkashbaev, J. Pritchard, M. Stevens, T. Flutre, X. Wen, E. 
T. Dermitzakis, T. Lappalainen, R. Guigo, J. Monlong, M. Sammeth, D. Koller, 
A. Battle, S. Mostafavi, M. McCarthy, M. Rivas, J. Maller, I. Rusyn, A. Nobel, 
F. Wright, A. Shabalin, M. Feolo, N. Sharopova, A. Sturcke, J. Paschal, J. 
M. Anderson, E.L. Wilder, L.K. Derr, E.D. Green, J.P. Struewing, G. Temple, 
S. Volpi, J.T. Boyer, E.J. Thomson, M.S. Guyer, C. Ng, A. Abdallah, D. Colantuoni, 
T.R. Insel, S.E. Koester, A.R. Little, P.K. Bender, T. Lehner, Y. Yao, C.C. Compton, J. 
B. Vaught, S. Sawyer, N.C. Lockhart, J. Demchok, H.F. Moore, The genotype-tissue 
expression (GTEx) project, Nat. Genet. 45 (2013) 580–585, https://doi.org/ 
10.1038/ng.2653. 

[38] J.A. Miller, S.-L. Ding, S.M. Sunkin, K.A. Smith, L. Ng, A. Szafer, A. Ebbert, Z. 
L. Riley, K. Aiona, J.M. Arnold, C. Bennet, D. Bertagnolli, K. Brouner, S. Butler, 
S. Caldejon, A. Carey, C. Cuhaciyan, R.A. Dalley, N. Dee, T.A. Dolbeare, B.A. 
C. Facer, D. Feng, T.P. Fliss, G. Gee, J. Goldy, L. Gourley, B.W. Gregor, G. Gu, R. 
E. Howard, J.M. Jochim, C.L. Kuan, C. Lau, C.-K. Lee, F. Lee, T.A. Lemon, P. Lesnar, 
B. McMurray, N. Mastan, N.F. Mosqueda, T. Naluai-Cecchini, N.-K. Ngo, J. Nyhus, 
A. Oldre, E. Olson, J. Parente, P.D. Parker, S.E. Parry, A.S. Player, M. Pletikos, 
M. Reding, J.J. Royall, K. Roll, D. Sandman, M. Sarreal, S. Shapouri, N. 
V. Shapovalova, E.H. Shen, N. Sjoquist, C.R. Slaughterbeck, M. Smith, A.J. Sodt, 

M. de los Angeles Becerra Rodriguez et al.                                                                                                                                                                                                

https://doi.org/10.1038/nrg705
https://doi.org/10.1038/nrg705
https://doi.org/10.1101/gr.2746604
https://doi.org/10.1101/gr.2746604
https://doi.org/10.5808/GI.2015.13.4.112
https://doi.org/10.1093/embo-reports/kve230
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1038/s41556-019-0311-8
https://doi.org/10.1038/emboj.2013.245
https://doi.org/10.1016/j.neuron.2011.06.039
https://doi.org/10.1101/gr.132159.111
https://doi.org/10.1038/nrg3802
https://doi.org/10.1038/nrg3802
https://doi.org/10.3389/fcell.2021.726857
https://doi.org/10.1038/s41420-020-0263-6
https://doi.org/10.1073/pnas.0914114107
https://doi.org/10.1038/s41419-020-03247-6
https://doi.org/10.1038/s41419-020-03247-6
https://doi.org/10.1038/nm1784
https://doi.org/10.1016/j.molcel.2016.10.039
https://doi.org/10.1016/j.molcel.2016.10.039
https://doi.org/10.1038/s41537-019-0071-2
https://doi.org/10.1038/ncomms13616
https://doi.org/10.1038/ncomms13616
https://doi.org/10.1534/genetics.112.145128
https://doi.org/10.1016/j.ajhg.2012.10.016
https://doi.org/10.1016/j.ajhg.2012.10.016
https://doi.org/10.1158/0008-5472.CAN-18-2170
https://doi.org/10.1158/0008-5472.CAN-18-2170
https://doi.org/10.1016/j.lfs.2019.116731
https://doi.org/10.1016/j.lfs.2019.116731
https://doi.org/10.1371/journal.pgen.1005669
https://doi.org/10.1371/journal.pgen.1005669
https://doi.org/10.1016/j.neuron.2016.11.044
https://doi.org/10.1002/glia.23684
https://doi.org/10.1186/1471-2202-11-14
https://doi.org/10.1186/1471-2202-11-14
https://doi.org/10.1016/j.ydbio.2005.03.010
https://doi.org/10.1016/j.bbrc.2008.05.127
https://doi.org/10.1186/s12915-021-01057-6
https://doi.org/10.1186/s12915-021-01057-6
https://doi.org/10.1101/gad.17446611
https://doi.org/10.1101/gad.17446611
https://doi.org/10.1182/blood-2013-12-544494
https://doi.org/10.1056/NEJMoa1407279
https://doi.org/10.1056/NEJMoa1402121
https://doi.org/10.1038/ng.2653
https://doi.org/10.1038/ng.2653


Non-coding RNA Research 9 (2024) 1061–1068

1068

D. Williams, L. Zöllei, B. Fischl, M.B. Gerstein, D.H. Geschwind, I.A. Glass, M. 
J. Hawrylycz, R.F. Hevner, H. Huang, A.R. Jones, J.A. Knowles, P. Levitt, J. 
W. Phillips, N. Sestan, P. Wohnoutka, C. Dang, A. Bernard, J.G. Hohmann, E. 
S. Lein, Transcriptional landscape of the prenatal human brain, Nature 508 (2014) 
199–206, https://doi.org/10.1038/nature13185. 

[39] M.D. Robinson, A. Oshlack, A scaling normalization method for differential 
expression analysis of RNA-seq data, Genome Biol. 11 (2010) R25, https://doi.org/ 
10.1186/gb-2010-11-3-r25. 

[40] J.D. Thompson, D.G. Higgins, T.J. Gibson, Clustal W: improving the sensitivity of 
progressive multiple sequence alignment through sequence weighting, position- 
specific gap penalties and weight matrix choice, Nucleic Acids Res. 22 (1994) 
4673–4680, https://doi.org/10.1093/nar/22.22.4673. 

[41] P. Langfelder, S. Horvath, WGCNA: an R package for weighted correlation network 
analysis, BMC Bioinf. 9 (2008) 559, https://doi.org/10.1186/1471-2105-9-559. 

[42] G. Dennis, B.T. Sherman, D.A. Hosack, J. Yang, W. Gao, H.C. Lane, R.A. Lempicki, 
DAVID: database for annotation, visualization, and integrated Discovery, Genome 
Biol. 4 (2003) R60, https://doi.org/10.1186/gb-2003-4-9-r60. 

[43] R. Boque-Sastre, M. Soler, C. Oliveira-Mateos, A. Portela, C. Moutinho, S. Sayols, 
A. Villanueva, M. Esteller, S. Guil, Head-to-head antisense transcription and R-loop 
formation promotes transcriptional activation, Proc. Natl. Acad. Sci. U.S.A. 112 
(2015) 5785–5790, https://doi.org/10.1073/pnas.1421197112. 

[44] A.T. McKenzie, M. Wang, M.E. Hauberg, J.F. Fullard, A. Kozlenkov, A. Keenan, Y. 
L. Hurd, S. Dracheva, P. Casaccia, P. Roussos, B. Zhang, Brain cell type specific 
gene expression and Co-expression network architectures, Sci. Rep. 8 (2018) 8868, 
https://doi.org/10.1038/s41598-018-27293-5. 

[45] L. Lopez-Caraballo, J. Martorell-Marugan, P. Carmona-Sáez, E. Gonzalez-Munoz, 
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Periods of synchronized myelin changes shape brain function and plasticity, Nat. 
Neurosci. 24 (2021) 1508–1521, https://doi.org/10.1038/s41593-021-00917-2. 

[52] M. Ouyang, J. Dubois, Q. Yu, P. Mukherjee, H. Huang, Delineation of early brain 
development from fetuses to infants with diffusion MRI and beyond, Neuroimage 
185 (2019) 836–850, https://doi.org/10.1016/j.neuroimage.2018.04.017. 

[53] P. Giussani, A. Prinetti, C. Tringali, The role of sphingolipids in myelination and 
myelin stability and their involvement in childhood and adult demyelinating 
disorders, J. Neurochem. 156 (2020) 403–414, https://doi.org/10.1111/ 
jnc.15133. 

[54] E. Cerami, J. Gao, U. Dogrusoz, B.E. Gross, S.O. Sumer, B.A. Aksoy, A. Jacobsen, C. 
J. Byrne, M.L. Heuer, E. Larsson, Y. Antipin, B. Reva, A.P. Goldberg, C. Sander, 
N. Schultz, The cBio cancer genomics portal: an open platform for exploring 
multidimensional cancer genomics data, Cancer Discov. 2 (2012) 401–404, 
https://doi.org/10.1158/2159-8290.CD-12-0095. 

[55] J. Gao, B.A. Aksoy, U. Dogrusoz, G. Dresdner, B. Gross, S.O. Sumer, Y. Sun, 
A. Jacobsen, R. Sinha, E. Larsson, E. Cerami, C. Sander, N. Schultz, Integrative 
analysis of complex cancer genomics and clinical profiles using the cBioPortal, Sci. 
Signal. 6 (2013) pl1, https://doi.org/10.1126/scisignal.2004088. 

[56] B.J. Gill, D.J. Pisapia, H.R. Malone, H. Goldstein, L. Lei, A. Sonabend, J. Yun, 
J. Samanamud, J.S. Sims, M. Banu, A. Dovas, A.F. Teich, S.A. Sheth, G. 
M. McKhann, M.B. Sisti, J.N. Bruce, P.A. Sims, P. Canoll, MRI-localized biopsies 
reveal subtype-specific differences in molecular and cellular composition at the 
margins of glioblastoma, Proc. Natl. Acad. Sci. U.S.A. 111 (2014) 12550–12555, 
https://doi.org/10.1073/pnas.1405839111. 

[57] I.N. Pronin, A.I. Holodny, A.V. Petraikin, MRI of high-grade glial tumors: 
correlation between the degree of contrast enhancement and the volume of 
surrounding edema, Neuroradiology 39 (1997) 348–350, https://doi.org/10.1007/ 
s002340050421. 

[58] S. Berto, I. Mendizabal, N. Usui, K. Toriumi, P. Chatterjee, C. Douglas, C. 
A. Tamminga, T.M. Preuss, S.V. Yi, G. Konopka, Accelerated evolution of 
oligodendrocytes in the human brain, Proc. Natl. Acad. Sci. USA 116 (2019) 
24334–24342, https://doi.org/10.1073/pnas.1907982116. 

[59] C.J. Donahue, M.F. Glasser, T.M. Preuss, J.K. Rilling, D.C. Van Essen, Quantitative 
assessment of prefrontal cortex in humans relative to nonhuman primates, Proc. 
Natl. Acad. Sci. USA 115 (2018) E5183–E5192, https://doi.org/10.1073/ 
pnas.1721653115. 

[60] J.K. Rilling, M.P. van den Heuvel, Comparative primate connectomics, Brain 
Behav. Evol. 91 (2018) 170–179, https://doi.org/10.1159/000488886. 

[61] A.M.M. Sousa, K.A. Meyer, G. Santpere, F.O. Gulden, N. Sestan, Evolution of the 
human nervous system function, structure, and development, Cell 170 (2017) 
226–247, https://doi.org/10.1016/j.cell.2017.06.036. 

[62] D.J. Miller, T. Duka, C.D. Stimpson, S.J. Schapiro, W.B. Baze, M.J. McArthur, A. 
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