UNIVERSITY OF AMSTERDAM
X

UvA-DARE (Digital Academic Repository)

LINC00507 Is Specifically Expressed in the Primate Cortex and Has Age-
Dependent Expression Patterns

Mills, J.D.; Ward, M.; Chen, B.J.; lyer, A.M.; Aronica, E.; Janitz, M.

DOI
10.1007/s12031-016-0745-4

Publication date
2016

Document Version
Final published version

Published in
Journal of molecular neuroscience

Link to publication

Citation for published version (APA):

Mills, J. D., Ward, M., Chen, B. J., lyer, A. M., Aronica, E., & Janitz, M. (2016). LINC00507 Is
Specifically Expressed in the Primate Cortex and Has Age-Dependent Expression Patterns.
Journal of molecular neuroscience, 59(4), 431-439. https://doi.org/10.1007/s12031-016-0745-
4

General rights

It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations

If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UVA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

Download date:11 Feb 2023


https://doi.org/10.1007/s12031-016-0745-4
https://dare.uva.nl/personal/pure/en/publications/linc00507-is-specifically-expressed-in-the-primate-cortex-and-has-agedependent-expression-patterns(e5724b51-9b90-497d-b943-48f5133aa49f).html
https://doi.org/10.1007/s12031-016-0745-4
https://doi.org/10.1007/s12031-016-0745-4

J Mol Neurosci (2016) 59:431-439
DOI 10.1007/s12031-016-0745-4

@ CrossMark

LINC00507 Is Specifically Expressed in the Primate Cortex
and Has Age-Dependent Expression Patterns

James D. Mills'> - Melanie Ward' - Bei Jun Chen' - Anand M. Iyer? -

Eleonora Aronica? - Michael Janitz!

Received: 19 February 2016 / Accepted: 22 March 2016 /Published online: 8 April 2016

© Springer Science+Business Media New York 2016

Abstract Over the past decade, there has been an increase
in the appreciation of the role of non-coding RNA in the
development of organism phenotype. It is possible to divide
the non-coding elements of the transcriptome into three
categories: short non-coding RNAs, circular RNAs and long
non-coding RNAs. Long non-coding RNAs are those
transcripts that are greater than 200 nts in length and lack
any significant open reading frames that produce proteins
greater then 100 amino acids. Long intervening non-coding
RNAs (lincRNAs) are a subclass of long non-coding RNAs.
In contrast to protein coding RNAs, lincRNAs are expressed
in a more tissue- and species-specific manner. In particular,
many lincRNAs are only conserved amongst higher primates.
This coupled with the propensity of many lincRNAs to be
expressed in the brain, suggests that they are in fact one of
the major drivers of organism complexity. We analysed 39
lincRNAs that are expressed in the frontal cortex and identi-
fied LINC00507 as being expressed in a cortex-specific man-
ner in non-human primates and humans. The expression pat-
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terns of LINC00507 appear to be age-dependent, suggesting it
may be involved in brain development of higher primates.
Moreover, the analysis of LINC00507 potential to bind ribo-
somes revealed that this previously identified non-coding tran-
script may harbour a micropeptide.

Keywords LINC00507 - Micropeptide - lincRNAs -
RNA-Seq - Non-coding RNA - Cerebral cortex - Brain

Introduction

Long non-coding RNAs (IncRNAs) are typically de-
scribed as RNA molecules that are longer than 200 nu-
cleotides and lack protein-coding potential (Mattick and
Rinn 2015). Other than length, there does not appear to
be any common sequence or structural features shared
between IncRNAs. It is possible to split IncRNAs into
various subclasses based on their orientation and rela-
tionship to surrounding genes. These subclasses include
antisense, intronic, intervening, bi-directional and over-
lapping (Mattick and Rinn 2015). Long intervening
non-coding RNAs (lincRNAs) are those IncRNAs that
are transcribed from loci positioned between other tran-
scriptionally active regions of the genome. LincRNAs
have a diverse range of functions. It has been revealed
that lincRNAs play a role in embryonic stem cell phys-
iology (Guttman et al. 2011), in brain function and de-
velopment (Sauvageau et al. 2013; Mills et al. 2015a),
and are associated with chromatin-modifying complexes
and thus gene expression (Khalil et al. 2009).
LincRNAs appear to be highly tissue-specific, and in
particular, the central nervous system demonstrates high
tissue-specific expression patterns (Ulitsky et al. 2011).
A study of over 8000 human lincRNAs demonstrated
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strikingly tissue-specific expression when compared to
protein-coding genes (Cabili et al. 2011). While only
19 % of protein-coding genes demonstrate tissue-
specific expression patterns, 78 % of lincRNAs appear
to be expressed in a tissue-specific manner (Cabili et al.
2011). Further, while maintaining tissue-specific expres-
sion patterns, lincRNAs also appear to have high levels
of species-specific transcription (Ward et al. 2015). A
comparative transcriptome study of human and macaque
prefrontal cortex (PFC) found that while 13,722 of the
14,745 protein-coding genes expressed in human were
also expressed in macaque, only 514 of 1061 lincRNAs
were expressed in macaque (He et al. 2014).

LincRNAs show very little conservation in their se-
quences and they evolve rapidly, especially when com-
pared to protein-coding genes (Ulitsky et al. 2011;
Kutter et al. 2012; Necsulea et al. 2014). While approxi-
mately 98 % of protein-coding genes are conserved across
primates, only 30 % of IncRNAs are conserved amongst
primates (Derrien et al. 2012). This is further supported
by a study, which demonstrated that 70 % of lincRNAs
were not conserved in species with greater than 50 million
years of evolutionary divergence (Hezroni et al. 2015).
Even amongst closely related species, traditional sequence
conservation patterns do not hold. Amongst the set of
lincRNAs across mouse and rat, nearly half have been
gained or lost since divergence from the last common
ancestor (Kutter et al. 2012).

Further, lincRNAs appear to have different evolution-
ary constraints to protein-coding genes. While protein-
coding genes need to maintain an extensive open read-
ing frame (ORF) to preserve function, this is not the
case for lincRNAs. It has been suggested that the evo-
lution of lincRNAs is driven by the conservation of
secondary structures. Many lincRNAs with differing se-
quences are able to bind to the same protein, indicating
that secondary structure is more important to function
than primary sequence (Khalil et al. 2009; Guttman
et al. 2011). Conversely, sequence conservation is not
always equivalent to transcriptional conservation. Two
lincRNAs, surrounding the sex-determining region Y-
box21 (SOX21), linc-SOX21-B and linc-SOX21-C, are
only expressed in humans. However, both lincRNAs
have high sequence conservation. Linc-SOX21-B over-
laps a sequence that is highly conserved across verte-
brates, and /inc-SOX21-C has a conserved sequence
across mammals (Hezroni et al. 2015). This suggests
that the traditional methods of detecting functionality
based on identifying regions of sequence conservation
may not apply to lincRNAs.

It has recently been discovered that some lincRNAs
encode small proteins, known as micropeptides.
Micropeptides are shorter than 100 amino acids; they
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are not cleaved from a larger precursor protein and lack
an N-terminal signalling sequence (Galindo et al. 2007;
Hashimoto et al. 2008). Recently, it was shown that
LINC00948 harbours a short 128 nucleotide ORF that
is translated into a 46-amino acid micropeptide known
as myoregulin (MLN) (Anderson et al. 2015). The
micropeptide appears to be involved in the regulation
of muscle performance. While it is not yet known how
many lincRNAs conceal micropeptides, it is possible that
some lincRNAs may carry out function both as an RNA
molecule and as a translated micropeptide.

It is thought that one of the major evolutionary
drivers of the complexity of the human brain is the
non-coding transcriptome (Haygood et al. 2010).
Indeed, the human brain and, in particular, the frontal
cortex, appears to be a rich source of lincRNAs (Mills
et al. 2013). It is possible that lincRNAs with their high
levels of tissue-specific and species-specific expression
may be involved in developing the higher cognitive
function seen in the frontal cortex of the humans and
other primates. In the current study, we analysed 39
lincRNAs that are expressed in the frontal cortex and
identified LINCO00507, first described within the
Mammalian Gene Collection Program (Strausberg et al.
2002), as being expressed in a cortex-specific manner in
non-human primates and humans. To this end, we tran-
scriptionally characterised LINC00507, followed by a
comprehensive analysis of micropeptide-coding
potential.

Materials and Methods
Tissue-Specific Expression Patterns of lincRNAs

The tissue-specific expression patterns of lincRNAs
were assessed using the Genotype-Tissue Expression
(GTEx) project (http://www.gtexportal.org/home/). The
GTEx database contains RNA-Seq data from multiple
tissues derived from multiple donors (Mele et al.
2015). This allows the expression and splicing patterns
of all annotated human genes to be tracked across dif-
ferent tissue types.

Conservation of LINC00507

Sequence conservation of LINC00507 was assessed using
the UCSC Genome Browser website (http://genome.ucsc.
edu/index.html). The UCSC genome browser contains the
reference sequences and working draft assemblies of a
large collection of genomes from a variety of organisms.
Using the UCSC Genome Browser, a BLAST-like align-
ment tool (BLAT) search was performed to identify the
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level of sequence conservation of LINC00507 across
chimpanzee, baboon, rhesus macaque, mouse lemur,
mouse and dog.

RNA-Sequencing Resources

A variety of publicly available resources were utilised in
order to analyse the lincRNAs. RNA-Seq data of primate
tissues was downloaded from the Nonhuman Primate
Reference Transcriptome Resource (NHPRTR, http://
nhprtr.org/index.html). All sequencing data was strand-
specific, ribosomal RNA (rRNA)-depleted with paired-
end reads of 100 nucleotides length. Cell-type specific
expression levels were evaluated using published RNA-
Seq data (Darmanis et al. 2015). These reads were
paired-end and 75 nucleotides in length.

All RNA-Seq data was analysed using the Tuxedo
suite (Trapnell et al. 2012). The first reads were mapped
to the appropriate reference genome using Tophat2, with
the default settings for paired-end data. The following
reference genomes were used for read alignment; hg38
for RNA-Seq data derived from human tissue, panTro4
for analysis of chimpanzee RNA-Seq data, papAnu? for
baboon RNA-Seq data and rheMac3 for rhesus macaque
RNA-Seq data. Cufflinks was used to assemble the
reads generated by Tophat2 into transcripts and quan-
tifies the abundance of each transcript. For this study,
transcript abundance is represented as fragments per ki-
lobase of exon per million fragments mapped (fpkm). A
transcript was considered expressed if it had an fpkm
greater than 1.

Determination of RNA Secondary Structure and Protein
Coding Potential

The Open Reading Frame Finder tool from NCBI (http://
www.ncbi.nlm.nih.gov/projects/gorf/) was used to detect
putative open reading frames in isoforms of LINC00507.
RNAfold from the ViennaRNA web suite (http://rna.tbi.
univie.ac.at/cgi-bin/RNAfold.cgi) was then used to predict
the secondary structure of LINC00507 using the default
settings. RN Afold predicts secondary structures based on
minimum free energy (Zuker and Stiegler 1981). RNA sec-
ondary structures were then manually inspected for location of
ORFs.

Ribo-Seq profiles of human brain tissue were ac-
quired from the GWIPS-viz browser (http://gwips.ucc.
ie/). Ribo-Seq is a next-generation sequencing tool de-
signed to demonstrate the binding to a ribosome on a
particular RNA sequence. Firstly, RNAs which are not
protected by ribosomes are digested. The remaining
RNA fragments are then sequenced and can be analysed
in the same manner as standard RNA-Seq data (Ingolia

et al. 2009). The ribosome binding profile of
LINC00507 was analysed to determine the binding of
a ribosome at any of the open reading frames that were
flanked by RNA open structures. The Ribo-seq and
messenger RNA (mRNA) RNA-Seq data used in this
study were from control brain samples (Gonzalez et al.
2014).

RT-qPCR

For analysis of expression of LINC00507 across different
age groups, total RNA was extracted from cortical tissue of
18 samples ranging in age from 22 gestational weeks to
52 years (Table S1). Tissue was provided from the archives
of the Department of (Neuro) Pathology of the Academic
Medical Center, University of Amsterdam. Tissue was ob-
tained and used in accordance with the Declaration of
Helsinki and the AMC Research Code provided by the
Medical Ethics Committee. Total RNA was isolated using
the miRNeasy Mini Kit or RNeasy Lipid Tissue Mini Kit
(Qiagen Benelux, Venlo, The Netherlands) according to
manufacturer’s instructions. The concentration and purity
of RNA samples were determined at 260/280 nm using a
Nanodrop spectrophotometer (Ocean Optics, Dunedin, FL,
USA).

First total RNA were reverse-transcribed into cDNA
using oligo(dT) primers. Five nanomoles of oligo(dT)
primer were annealed to 2 pg total RNA in a total volume
of 25 pL, by incubation at 72 °C for 10 min, and cooled
to 4 °C. Reverse transcription was performed by the ad-
dition of 25 puL RT-mix, containing First Strand Buffer
(Invitrogen-Life Technologies, The Netherlands), 2 mM
dNTPs (Pharmacia, Germany), 30 U RNase inhibitor
(Roche Applied Science, Indianapolis, IN, USA) and
400 U M-MLYV reverse transcriptase (Invitrogen-Life
Technologies, The Netherlands). The total reaction mix
(50 pL) was incubated at 37 °C for 60 min, heated to
95 °C for 10 min and stored at —20 °C until use.

For quantitative PCR (qPCR), a master mix was prepared
on ice, containing, per sample, 1 uL cDNA, 2.5 uL of
FastStart Reaction Mix SYBR Green I (Roche Applied
Science, Indianapolis, IN, USA) and 0.4 uM of both reverse
and forward primers. The final volume of the reaction was
6 uL. qPCR was carried out on a LightCycler 480 (Roche
Applied Science, Germany). For qPCR experiments, the se-
quence of the forward primer used to amplify LINC00507 was
AGTTTCACCTGCCTGCACAT, and the sequence of the re-
verse primer was GTTTGTTCACCTCTGCGCTC. The for-
ward and reverse primers used to amplify proteasome
(prosome, macropain) subunit, beta type 4 (PSMB4), were
TCAGTCCTCGGCGT TAAGTTC and
CTGATCATGTGGGCAATATCC, respectively. PSMB4 was
utilised as a reference gene to normalise expression data. The
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cycling conditions were as follows: initial denaturation at
95 °C for 5 min, followed by 45 cycles of denaturation
at 95 °C for 5 s, annealing at 60 °C for 10 s and exten-
sion at 72 °C for 15 s. The fluorescent product was
measured by a single acquisition mode at 72 °C after
each cycle. For distinguishing specific from non-
specific products and primer dimers, a melting curve
was obtained after amplification. The qPCR output was
analysed using the software LinRegPCR (Ramakers et al.
2003); the data was passed to R (http://www.r-project.
org/) for statistical testing, where Mann-Whitney-Wilcox
tests were performed.

Results

LINCO00507 Is Expressed Exclusively in the Brain
Amongst Human Tissues

Using RNA-Seq, 39 lincRNAs were found to have an
expression level higher than 5 fpkm in the superior
frontal gyrus of the healthy human brain (Mills et al.,
unpublished data). Each of these 39 lincRNAs was
assessed for the expression patterns across 53 different
tissue types using the GTEx database. Amongst these
39 lincRNAs, only LINC00320 and LINC00507 were
identified as brain-specific. While LINC00320 appeared
to be expressed throughout the brain, significant expres-
sion of LINC00507 was only detected in the cortex.
Only basal levels of expression for LINC00507 were
detected in the cerebellum, hippocampus and the amyg-
dala (Supp. Figure 1). This suggests that the expression
of LINC00507 is limited to the brain and more specif-
ically to the cortex.

LINC00507 is alternatively spliced to produce three splice
variants: LINC00507-001, LINC00507-002 and LINC00507-
003 (Ensembl IDs) (Supp. Figure 2). Amongst the regions of
the brain in which LINC00507 was expressed, the isoform pre-
dominantly expressed in the brain was LINC00507-002 (Fig. 1).
This isoform is 1930 bps long and consists of three exons.

Conservation of LINC00507 Sequence and Expression
Across Primates

Sequence conservation of LINC00507-002 was assessed
across chimpanzee, baboon, rhesus macaque, mouse lemur,
mouse and dog (Fig. 2). All three exons of LINC00507-002
were highly conserved in chimpanzee, baboon and rhesus
macaque. The presence of exon 1 was detected in mouse le-
mur. No reliable sequence homologue of any exon was detect-
ed in mouse or dog.

As sequence conservation is not always indicative of se-
quence expression, the expression of LINC00507 was
assessed in the cerebellum and frontal cortex of chimpanzee,
baboon and rhesus macaque (Fig. 3). LINC00507 maintained
its cortex-specific expression pattern across non-human pri-
mates; expression was detected in the frontal cortex, but not in
the cerebellum.

Open Reading Frame Prediction

A prediction of ORFs for the most highly expressed isoform in
the human frontal cortex, LINC00507-002, was performed to
assess the presence of potential protein-coding sequences.
OREF frames less than 100 nucleotides in length were exclud-
ed. In total eight ORFs were detected in LINC00507-002
(Table 1). Each of the detected ORFs was between 100 and
200 nucleotides in length.

RPKM

LINC00507-002
LINC00507-001 |
LINC00507-003

Fig.1 Isoform-specific expression of LINC00507. The breakdown of the
isoform specific expression across tissues. The absolute expression value
of each splice variant is given. In all of the tissues where LINC00507 was
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expressed, LINC00507-002 was the dominant isoform. Expression (y-
axis) is in reads per kilobase of transcript per million mapped reads
(RPKM). The figure was adapted from the GTEx database
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Homologies
Exon# 1 2 3

Human
Chimpanzee

Baboon

+ + + +
+ + + +

Rhesus Macaque

+ + 4+ + +

Mouse Lemur

Mouse

Dog

Fig. 2 Sequence conservation of LINC00507-002 across vertebrate
species. The sequence of all three exons was conserved across
chimpanzee, baboon and rhesus macaque. The first exon was detected
in mouse lemur. No exons were detected for mouse or dog. Plus sign
represents sequence detected; minus sign represents no sequence detected

RNA Secondary Structure Prediction

Both protein-coding and non-coding RNA can be folded to
form secondary structures. The secondary structure of RNA
can determine how it interacts with other molecules present in
the cell. A common feature of many RNA protein-coding
regions is that the transcription start site and stop codon are
flanked by single-stranded RNA (ssRNA) secondary struc-
tures (Wan et al. 2014). Therefore, in order for an open reading
frame to be a considered a candidate for translation, it should
be flanked by ssRNA structures on both the 5’ and 3’ ends.
Secondary structure analysis revealed that the ORF located in
frame 1 (809-981), frame 2 (431-556) and frame 3 (99-218)
(Table 1) was flanked by regions of single-stranded RNA

(Fig. 4).
Protein-Coding Potential Based on Ribo-Seq Data

The Ribo-Seq profiles, derived from publicly available
data sets (see Materials and Methods for details), of apo-
lipoprotein E (APOE) and LINC00507 were analysed.
APOE is an abundantly expressed protein-coding gene.
Therefore, it was used as a positive control to show
Ribo-Seq data output for transcripts being actively trans-
lated (Fig. 5a). Strong peaks along the protein-coding re-
gions of APOFE indicate that these regions were bound to
the ribosomes. Further, the peaks of the Ribo-Seq data
were of a similar height of the mRNA RNA-Seq data,
demonstrating that the majority of the APOE transcripts
were also translated.

20

FPKM
S
|

o
|

Fig. 3 Expression of LINC00507 in primates. The expression of
LINC00507 in the frontal cortex and cerebellum of selected primates is
shown. Similarly to humans, there is expression in the frontal cortex,
while no expression is detected in the cerebellum

Chimp Frontal Cortex
Chimp Cerebellum
Baboon Frontal Cortex
Baboon Cerebellum
Rhesus Frontal Cortex
Rhesus Cerebellum
Human Frontal Cortex
Human Cerebellum

For LINC00507-002, there was a marked peak in the
Ribo-Seq data corresponding to short sequence reads
aligning to the ORF 99-218 bp in exon 1 (Fig. 5b). The
peak had approximately the same height as the mRNA

Table 1  Location of potential ORFs in LINC00507

Frame Open reading frame location Length (nts)
+1 808-981 174
+1 1696-1836 141
+2 431-556 126
+2 722-829 108
+2 1340-1510 171
+3 99-218 120
+3 561-725 165
+3 1569-1688 120
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Fig.4 Predicted RNA secondary structure of LINC00507-002. Predicted
ORFs are highlighted in yellow. Blue highlighted areas represent open
single-stranded RNA structures. The numbers represent the start and end
of the respective ORFs, based on nucleotide count from the 5’ end of the
transcript. a The positioning of ORFs located between nucleotides 99—

RNA-Seq data, indicating a large proportion of the LINC-
00507-002 was bound by the ribosomes. As this region
also corresponds to an ORF that is flanked by single

218, 431-566, 722-829, 1340-1510 and 1569-1688 is shown. b The
positioning of ORFs located between nucleotides 561-725, 808-981
and 1696-1836 is shown. Of interest are those ORFs located at 99-218,
431-556 and 809-981 as these ORFs are flanked by single-stranded
RNA structures

stranded RNA secondary structures, there is strong evi-
dence that it encodes for a micropeptide. The predicted
micropeptide would be 40 amino acids in length.

ooooooo

346 - Ribo-56q Unique mappers From normal

Tuman brain tissue (Gonzalez et al. 2814)

i

€= Open reading frame

A | kl

NABSESEPERAFEAYYY PV VY RN

LINC00507-002
'LINC00507-005

LINC00507-001

Fig.5 Ribo-Seq profiles of APOE and LINC00507 genes. The red graph
represents the Ribo-Seq data, the green graph represents the mRNA
RNA-Seq data. The red lines denote the intron exon arrangements of
the transcript, where filled boxes correspond to exons. a For APOE a
large proportion of the transcribed APOE appears be bound to the
ribosomes. b There appears to be higher levels of transcription of the
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first and last exon of LINC00507. There is a large peak on the Ribo-
Seq reads mapping to exon 1 of LINC00507. This region cotresponds
to the ORF located between nucleotides 99-218. This ORF was predicted
to be flanked by single-stranded RNA after RNA secondary structure
formation
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Expression Across Individual Cell Types

Many brain cells often demonstrate distinct gene expression
patterns. Hence, single-cell RNA-Seq data sets derived from
individual cell types, isolated from human brain tissue, were
analysed. The cell types included astrocytes, endothelial cells,
microglia, neurons, oligondendrocytes and oligodendrocyte
precursor cells (OPC) (Darmanis et al. 2015). No expression
of LINC00507 was detected in any of these isolated cells.

Expression of LINC00507 Across Age Ranges

In order to further elucidate the expression patterns of
LINC00507, RT-qPCR was carried out on 18 samples of vary-
ing ages extracted from the cortex of the human brain
(Table S1). The samples were split into three categories based
on age; gestational—1 year (gestational/infants), 10-18 years
(pre-adolescent/adolescent) and 25+ years (adult) (Fig. 6).
Amongst the gestational/infants group, the expression of
LINC00507 was almost not detectable. In contrast, when com-
pared to the gestational/infants group, LINC00507 was up-
regulated 48-fold (p-value < 0.005) and 32-fold (p-val-
ue < 0.005) in the pre-adolescent/adolescent and adult groups,
respectively. The highest level of expression was seen in the
pre-adolescent/adolescent group. Between the pre-adolescent/
adolescent and adult groups, there was a non-significant 1.5-
fold downregulation. Interestingly the highest level of varia-
tion in expression was seen in the pre-adolescent/adolescent

group.

Discussion

There is a large body of evidence to suggest lincRNAs are
transcribed in a highly tissue-specific manner (Cabili et al.

2011; Ulitsky et al. 2011; Mills et al. 2015a, b). As presented
here, transcriptional analysis of LINC00507 across a number
of different tissue types adds to this body evidence. The ex-
pression of LINC00507 was limited to the cortex of the brain,
with no expression seen in other peripheral tissues and other
brain regions. Interestingly, it was not possible to detect the
expression of LINC00507 in the major cell types that are con-
stituents of human brain tissue. This may suggest a role for
LINC00507 in cell-to-cell communication. In purified cell
populations, it is possible that the transcription profile of a cell
may be altered, resulting in no expression of LINC00507. A
similar phenomenon has also been noted to occur for
LINC00320 (Mills et al. 2015b). LINC00320 is highly
expressed in the superior frontal gyrus; however, no expression
could be detected in the following immortalised cell lines:
neurons, oligodendrocytes, foetal and mature astrocytes. This
suggests that the expression of lincRNAs may be a function of
their cellular context. The implication for the brain would be
that the complete network of different cell types is required for
the detection of the complete repertoire of lincRNAs expressed
by a cell. This might be also a reason we were able to detect
LINC00507 in entire cortical tissue but not in individual cells.

The evaluation of the sequence of LINC00507-002 demon-
strated conservation in higher primates, where its cortex-
specific expression appears to be preserved. Consequently,
LINC00507-002 may be a primate- and cortex-specific
lincRNA. This may also suggest that LINC00507 could pos-
sibly be involved in the higher cognitive function seen in the
cortex of primates.

Interestingly, while only basal levels of LINC00507 could
be detected in cortical brain tissue taken from gestational and
infant patients, a significant up-regulation was seen in cortical
tissue extracted from pre-adolescent/adolescent and adults.
Further, the highest level of expression and variation in ex-
pression of LINC00507 was seen amongst those in the pre-

0.20
|

* %

* %

0.15

0.10
1

Normalised LINC00507 Expression
0.05
!

—

0.00
1

T
Gestational/Infants

Fig. 6 Boxplot of LINC00507 expression in different age groups. The
expression values of LINC00507 appear to be dependent on age. Only
basal levels of LINC00507 expression were detected the gestational/
infant group. LINC00507 was up-regulated 48-fold (p value < 0.005 in-
dicated by double asterisk) in pre-adolescent/adolescent group when

Pre-adolescent/Adolescent

T
Adults

Stage

compared to the gestational/infant group and 32-fold (p value < 0.005
indicated by double asterisk) when adults where compared to the
gestational/infant group. The highest levels of expression were seen in
the pre-adolescent/adolescent group. Expression levels were normalised
to the reference gene PSMB4
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adolescent/adolescent group. It appears that at some point in
human brain development, LINC00507 gene expression is
switched on, thus indicating a possible role of LINC00507 in
the development of the cerebral cortex. Evidence has shown
that neuron development continues from adolescence into ear-
ly adulthood (Huttenlocher and Dabholkar 1997; Petanjek
et al. 2011). Synaptic connections in the cerebral cortex of
primates are initially overproduced and then are pruned during
puberty (Huttenlocher and Dabholkar 1997). Age appears to
have a significant effect on a number of metabolites in the
brain. For example, out of a hundred metabolites detected in
the superior frontal gyrus of the prefrontal cortex and lateral
part of the cerebellar cortex, 88 % show significant con-
centration changes with age (Fu et al. 2011). Currently,
very little specific information is available on age-
dependent lincRNAs. It has been shown that 409
lincRNAs demonstrated significant expression level
changes with age (He et al. 2014). Two hundred seven
of these lincRNAs also showed age-related expression
levels in macaque (Derrien et al. 2012). This indicates that
these lincRNAs have evolved recently and perhaps func-
tion in development of the primate brain. In future stud-
ies, a greater range and number of age samples could be
used to confirm the age-specific dependent expression of
LINCO00507. Further, attempts could be made to correlate
LINC00507 with developmental milestones or intelligence
levels.

The report presented here provides strong evidence that
LINC00507-002 harbours micropeptide-coding potential.
This is based on three lines of evidence: (i) the presence
of an OREF, (ii) the ORF is flanked by an open RNA
secondary structure and (iii) the ORF region is bound to
the ribosomes. Nevertheless, the presence of an ORF
alone is not enough evidence for micropeptide translation,
as majority of lincRNAs contain multiple ORF simply by
chance. There is a tendency for the start sites and stop
sites of ORFs in protein-coding RNAs to be more
single-stranded then other regions of the RNA transcript
(Wan et al. 2014). This principle can be applied to iden-
tify micropeptides in IncRNAs, and indeed the
micropeptide MLN is flanked by regions of single-
stranded RNA (Anderson et al. 2015). Finally, to be trans-
lated, the RNA must be bound to the ribosome. Here, an
ORF in LINC00507-002, which was flanked by single-
stranded RNA regions, was found to be bound to ribo-
somes. This strongly suggests that this ORF is translated.

Further investigation is required to confirm whether
LINC00507-002 does indeed harbour a micropeptide.
Mass spectrometry could be used to detect the
micropeptide. If the presence of a micropeptide is con-
firmed, a knockdown or over-expression study of
LINC00507-002 may elucidate the role that it plays in
the brain. A knockout of the micropeptide MLN in mice
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revealed its role in Ca?" handling and skeletal muscle
performance. If the presence of a micropeptide is not
found, it is foreseeable that LINC00507-002, by engaging
the ribosomes, is performing a regulatory function by
blocking the translation of other RNA molecules.

It has been shown here that LINC00507 is a primate-
and cortex-specific lincRNA that has age-dependent ex-
pression patterns. Thus, LINC0O0507 may play an impor-
tant role in the development of the brain and, in particular,
primate-specific intelligence. Overall, LINC00507 poses
an interesting target for further investigation into the role
of lincRNAs in primate brain biology.
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