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ABSTRACT

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 (PSGI-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 (IncRNAs) have been described with
essential roles in regulating gene expression through diverse mecha-
nisms [9]. Many IncRNAs are cell and developmental-stage specific and
exhibit rapid turnover across species [8]. Around 40 % of human
IncRNAs are expressed in the brain and play crucial roles in neural cell
lineage differentiation and function [10-16]. Dysregulated IncRNAs in
the human central nervous system (CNS) have been associated with
various neurological and neuropsychiatric disorders, underlining the
importance of IncRNAs in normal brain development and function
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[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 IncRNAs act similarly in the
human. The scarcity of appropriate models in which to study
human-specific IncRNAs means that elucidating their functions in brain
development and evolution is challenging [33,34]. In this study, we
report the preliminary characterization of IncRNA 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 IncRNA
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)
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(https://david.nciferf.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-ASI
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. PSGB8-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
IncRNAs 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 IncRNAs 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 IncRNAs 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 REI1-
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 ([46,471, 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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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 AACt (individual values, mean + SD), normalized against

GAPDH and one of the OPC biological replicates.

suppressor protein p53 binding the PSG8-AS1 promoter (Supplementary
Fig. 3; Supplementary Table 3).

3.2. PSGB8-AS1 sequences evolved in the Catarrhini lineage but expression
may be confined to the human

Predicted orthologs of PSG8-ASI 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
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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 IncRNAs, with the macaques, drill and baboon losing
exon 1 almost entirely, and gibbons losing most of exon 4. To determine
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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).

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-ASI 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
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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,
FOX04 and KIFIC (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 IDHI-2 with 1p/19q codeletions [35,36].
No germline or somatic mutations were found in PSG8-AS1 in grade II
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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
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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
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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 IncRNA 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-ASI 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
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the tumor suppressor p53 binds a proximal enhancer. In addition,
codeletion of 19q, where PSG8-AS]1 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 IncRNA 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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