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Recent advances in genomics technology have led to the explosive discovery of pervasive

transcription activity in most of the eukaryotic genomic regions that were once considered

“junk DNA” or “dark matter” (Birney et al., 2007; Carninci et al., 2005; Djebali et al., 2012;

Kapranov et al., 2007; Orgel and Crick, 1980). The latest ENCODE data collection from 15

cell lines shows that more than 70% of the human genome generates primary transcripts

with protein-coding genes only accounting for 2.94% (Djebali et al., 2012). While a portion

of the novel transcripts are ascribed to novel isoforms of previously known protein-coding

genes, the most prominent finding in the latest human genome annotation is the catalog of a

large number of novel long non-coding RNAs (lncRNAs) comprising 9,277 manually

annotated genes producing 14,880 transcripts (Derrien et al., 2012). Accordingly, lncRNAs

have recently drawn intense research efforts and one bright perspective is that the lncRNAs

may represent a new regulatory layer in the complexity of mammalian gene regulatory

networks underlying a wide range of pathophysiology of human diseases. However, the vast

majority of lncRNAs exhibit much lower abundance compared with typical protein-coding

mRNAs, which raises a precaution that some of them might be the product of transcriptional

noise without any biological function (Natoli and Andrau, 2012; Struhl, 2007). Moreover the

functional assignments of individual lncRNAs have often been solely based on their

expression correlations with neighboring protein-coding genes without any mechanistic

understanding and/or functional characterization (Dinger et al., 2008; Mercer et al., 2008;

Rinn and Chang, 2012). Therefore, additional work would certainly be necessary before we

can accurately appreciate the nature of the lncRNA regulatory networks and their roles in

various biological processes as well as human diseases. Despite the limited knowledge of

this newly emerging class of RNA molecules, a growing number of studies, especially in the

last several years, have begun to elucidate the functional mechanisms of lncRNAs. In most

cases where the functions of lncRNAs have been relatively well characterized, their prime

roles lie at the regulation of gene expression and epigenetic processes in the nucleus.

Consistently, analyses of subcellular RNA fractions have shown that the lncRNAs are highly

enriched in the nucleus, many of which are tightly associated with the chromatin fraction

(Djebali et al., 2012; Khalil et al., 2009; Ng et al., 2012). Gene expression in neurons is
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dynamically controlled by both an intrinsic genetic program and sensory stimulation, which

is critical for brain function and development (Lyons and West, 2011). The brain is one of

the richest sources for lncRNAs, which are expressed in regional, cellular, and temporal

patterns in developing and adult brains (Mercer et al., 2008; Qureshi et al., 2010). However

very little is known for the role of lncRNAs in brain development and function through the

regulation of nuclear gene expression programs. This review will focus on recently

emerging mechanistic principles that underlie the nuclear functions of lncRNAs in order to

provide neuroscientists with molecular insights that will help future research on lncRNAs in

the brain.

Genomic organization and expression feature of lncRNAs

The lncRNAs are conventionally defined as a transcript longer than 200 nucleotides in

length with lack of protein-coding capability (Rinn and Chang, 2012). The idea that RNA

itself might be a functional regulatory entity was originally developed from early studies

investigating the epigenetic mechanisms of genomic imprinting and X-chromosome

inactivation (XCI) (Lee, 2011; Lyon, 1961). In therian mammals, XCI is the mechanism of

dosage compensation in which one of two X chromosomes in females is epigenetically

silenced to account for the difference in X-linked gene dosage between XX females and XY

males. One of the first prototype lncRNAs, Xist is highly expressed from one of the X

chromosomes during the onset of XCI (Brown et al., 1992; Clemson et al., 1996). This 17-

kb long transcript does not encode any protein but instead coats the inactive X chromosome

(Xi) in cis and recruits Polycomb repressive complex 2 (PRC2) to the Xi through a

conserved repeat motif to induce heterochromatin formation, thereby silencing associated

genes (Zhao et al., 2008). Later it turned out that Xist action is controlled by two additional

lncRNAs, Tsix and Jpx. The negative regulator Tsix is transcribed in an antisense orientation

from its own promoter, located downstream of the Xist gene, and represses Xist transcription

on one allele (therefore determining the active X chromosome) by means of several

mechanisms including the recruitment of DNA methyltransferase 3a (Dnmt3a) to the Xist

promoter region (Bacher et al., 2006; Lee et al., 1999; Xu et al., 2006). The positive

regulator Jpx appears to be the Xist activator as its deletion or knock-down blocks XCI

(Chureau et al., 2002; Tian et al., 2010).

The advent of high throughput genomic technologies such as DNA microarray and next

generation sequencing (NGS) then enabled systematic interrogation of the lncRNAs in

various cell types across developmental stages. One way to classify lncRNAs is based on

their relative locations to nearby protein-coding genes. LncRNAs can be intergenic or

intragenic, and depending on their origin and orientation, they can also be categorized as

divergent or antisense (Kung et al., 2013). However, compared to protein-coding RNAs,

lncRNAs are expressed at much lower levels, and their sequences have been subject to weak

evolutionary constraints (Cabili et al., 2011; Clark et al., 2012; Derrien et al., 2012; Djebali

et al., 2012; Pang et al., 2006; Ponting et al., 2009; Tani et al., 2012; Wang et al., 2004).

These properties of lncRNAs not only imposed a difficulty in reliable detection and accurate

assembly of transcript structure, but also raised a concern that a large portion of the novel

noncoding transcripts might be the consequence of transcriptional noise (Natoli and Andrau,

2012; Struhl, 2007). In an effort to identify the most likely functional lncRNAs across the
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genome, chromatin-state maps were used to characterize the genomic origins of lncRNAs.

Functional regulatory regions, such as active promoters, enhancers and coding regions, are

uniquely decorated by a combination of post-translational modifications occurring at the N-

terminal tails of individual histone subunits (Heintzman et al., 2007; Hon et al., 2009; Visel

et al., 2009; Wang et al., 2009). Actively transcribing genes are marked by trimethylation of

the lysine 4 residue of histone H3 (H3K4me3) at their promoter and trimethylation of lysine

36 of histone H3 (H3K36me3) along the transcribed region. Enrichment levels of these

marks are well correlated with the levels of RNA expression. An integrative analysis of the

transcriptomes and the K4-K36 domain profiles in four mouse cell types revealed ~1,600

intergenic regions that produce multi-exonic lncRNAs with relatively strong purifying

selection in their genomic loci [originally termed as “lincRNAs” (large intervening non-

coding RNAs), but later on more preferably referred to as “lncRNAs”] (Guttman et al.,

2009). Attributed to the selection criteria, the genomic origin and structural properties of the

lncRNAs identified by this approach are virtually indistinguishable from those of protein-

coding mRNAs (Figure 1). Both classes of RNAs are transcribed by RNA polymerase II

(RNAPII) from highly conserved promoters and undergo maturation processes such as 5′
capping, splicing and 3′ polyadenylation. This is also true for well-characterized lncRNAs

such as HOTAIR, NRON, and Xist (Brown et al., 1992; Clemson et al., 1996; Rinn et al.,

2007; Willingham et al., 2005). Subsequently, the GENCODE consortium within the

framework of the ENCODE project performed the most comprehensive analysis of human

lncRNAs and identified a total of 9,277 lncRNAs (Derrien et al., 2012). The analyses

confirmed that lncRNAs show a high degree of similarity with protein-coding genes with

regard to the chromatin architecture surrounding their origins, splicing signals, and exon/

intron lengths. However, lncRNAs do have some distinguishable features. Although their

promoter regions are conserved, human lncRNAs are under weaker selective constraints

than protein-coding genes, and one-third seem to have arisen within the primate lineage

(Ponting et al., 2009; Qureshi and Mehler, 2012). They display more tissue-specific

expression patterns and tend to be shorter in length, containing fewer exons (Derrien et al.,

2012). Co-expression clustering analysis between lncRNAs and protein-coding mRNAs

offers an effective bioinformatic method to infer the function of lncRNAs on a global scale

based on the known functions of co-expressed protein-coding genes. Such an analysis

discovered that lncRNAs might be associated with a wide range of biological processes

including cell proliferation, neuronal processes, and embryonic stem cell (ESC) pluripotency

(Dinger et al., 2008; Guttman et al., 2009; Mercer et al., 2010; Ng et al., 2012).

Another class of long non-coding transcripts was recently identified from genome-wide

characterization studies of enhancers in several mammalian cell types. Enhancer regions

show high levels of mono-methylation at histone H3 lysine 4 (H3K4me1) without noticeable

promoter-specific mark H3K4me3, and are typically bound by general transcription

coactivators, such as CBP or p300 (Heintzman et al., 2009; Heintzman et al., 2007; Kim et

al., 2010; Visel et al., 2009). A growing number of studies are showing that active enhancers

directly recruit RNAPII to produce RNA transcripts, which are now collectively known as

enhancer RNAs (eRNAs) (Creyghton et al., 2010; De Santa et al., 2010; Djebali et al., 2012;

Hah et al., 2011; Kim et al., 2010; Koch and Andrau, 2011; Lam et al., 2013; Li et al., 2013;

Melo et al., 2012; Mousavi et al., 2013; Rada-Iglesias et al., 2011; Wang et al., 2011a).
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Beside the unique chromatin architecture surrounding their genomic origin, eRNAs differ

from previously characterized lncRNAs in that eRNAs are even shorter (< 2kb) than typical

lncRNAs and show little evidence of maturation (Figure 1). Moreover, the majority of

eRNAs are transcribed bi-directionally from the center of the enhancer domain and mainly

reside inside the nucleus. The latest characterization of eRNAs in 15 human cell types

performed by the ENCODE consortium, largely concurred with earlier findings but further

revealed that eRNA-producing enhancers display stronger signals for H3K4me1, H3K27ac

and H3K79me2 along with higher levels of RNA polymerase II compared to non-

transcribed enhancers, and that eRNAs exhibit a great diversity in the levels of

polyadenylation, subcellular localization, and transcriptional direction (Djebali et al., 2012).

Notably, there is a strong concordance in the levels of expression between eRNAs and

nearby mRNAs, suggesting a possible functional relationship between eRNAs and nearby

mRNAs. Taken together, these studies imply that enhancers might play a more complex role

in gene expression than previously appreciated (Creyghton et al., 2010; Djebali et al., 2012;

Hah et al., 2011; Kim et al., 2010; Rada-Iglesias et al., 2011; Wang et al., 2011a).

LncRNAs in the brain

Brain development and function are tightly regulated by epigenetic mechanisms that

modulate gene expression in response to intrinsic and extrinsic signals (Qureshi et al., 2010;

Qureshi and Mehler, 2012). A growing body of evidence suggests that the lncRNAs may

represent an important epigenetic network that plays integral roles in virtually every aspect

of the gene expression process. LncRNAs are highly enriched in the brain, many of which

show developmental stage- or region-specific expression patterns, derived from imprinted

gene loci or key neural protein-coding genes, in cis-antisense, intronic, or bi-directional

configurations. The collection of in situ hybridization data generated from the Alan Brain

Atlas showed that over 800 lncRNAs expressed in the adult mouse brain are associated with

specific neuroanatomical regions, cell types, or subcellular compartments (Mercer et al.,

2008). The analysis of 659 evolutionary conserved intergenic lncRNAs revealed that those

expressed in the brain are more frequently conserved and preferentially located adjacent to

protein-coding genes (Ponjavic et al., 2009). The lncRNAs are also dynamically expressed

during pluripotency and differentiation into neural or glial cells (Lin et al., 2011; Ng et al.,

2012). Knock-down of four lncRNAs that are associated with neuronal differentiation alters

cellular differentiation fate from a neurogenic to a gliogenic program, suggesting the

functional role of the lncRNAs in neural cell fate specification (Ng et al., 2012). Evf2 is

another lncRNA involved in neural development. It is transcribed from the ultraconserved

enhancer regions critical for expression of the homeodomain transcription factors DLX5 and

DLX6 in the developing mouse forebrain (Feng et al., 2006). The Evf2 transcript was shown

to form a stable complex with another homeodomain transcription factor DLX2 to activate

the Dlx5/6 enhancer in a target and homeodomain-specific manner (Bond et al., 2009). Evf2

mouse mutants generated by the insertion of transcription termination sites into exon 1

exhibit reduced numbers of GABAergic interneurons in early postnatal hippocampus and

dentate gyrus, providing the in vivo evidence for its functional significance. However

disruption of Evf2 specifically increased Dlx5/6 expression, which is opposite of the

expected result based on its proposed function. In a rescue experiment, a low level of ectopic
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Evf2 expression decreased (rescued) Dlx5 expression but not Dlx6, whereas a higher level of

Evf2 increased both, suggesting a dose-dependent effect of Evf2. Further analysis showed

that the perplexing result might result from the involvement of the negative transcription

factor MeCP2, which also binds to the Dlx5/6 enhancer region in an Evf2-dependent manner

(Bond et al., 2009). The result of ectopic Evf2 expression suggests that the Evf2 transcript

might be involved only in Dlx5 transcriptional control. As the Evf2 transcribing region

encompasses the Dlx6 gene in an anti-sense direction, it was also proposed that Evf2

mediated transcriptional control of the Dlx6 gene would involve anti-sense inhibition in cis.

A few examples also illustrate the regulatory roles of lncRNAs in synaptic development,

maintenance, and plasticity (Bernard et al., 2010:Mercer, 2010 #1348:Ip, 2012 #1349; Eom

et al., 2011; Ling et al., 2011; Wang et al., 2002; Zhong et al., 2009). For example, a

lncRNA, Malat1 (metastasis-associated lung adenocarcinoma transcript 1; also known as

NEAT2) is abundantly expressed in neurons and regulates synapse formation by modulating

the expression of genes involved in synapse formation and/or maintenance. Malat1 is

enriched in nuclear speckles together with the pre-mRNA- splicing factor SF2/ASF and

modulates the recruitment of SR proteins to the transcription sites of genes involved in

nuclear and synapse function (Bernard et al., 2010). Other lncRNAs that are potentially

implicated in modulating synapse development and plasticity are eRNAs. The eRNAs were

first identified as a class of novel lncRNAs that is specifically expressed from activity-

induced enhancers in mouse cortical neurons. Neuronal activity triggers rapid induction of

eRNAs from more than 2,000 neuronal enhancers genome-wide in a highly correlative

manner with nearby protein-coding genes, suggesting a possible “activating” function of the

eRNAs (Kim et al., 2010). Although the exact function and mechanism of eRNAs in

neuronal gene expression are yet to be determined, recent functional studies of eRNAs

expressed in other cell types provided evidence supporting their role in gene expression

(Lam et al., 2013; Li et al., 2013; Melo et al., 2012; Mousavi et al., 2013).

Several genetic loci associated with a wide range of neurological and psychiatric disorders

also express lncRNAs either bi-directionally or in anti-sense orientation (Knauss and Sun,

2013; Pastori and Wahlestedt, 2012; Ponjavic et al., 2007). FMR4 is a primate-specific

lncRNA derived from upstream of the fragile X mental retardation gene (FMR1) in an anti-

sense orientation and was shown to have a possible role in cell survival (Khalil et al., 2008).

A triplet nucleotide repeat expansion within the 5′ UTR of FMR1 underlies the

pathogenesis of the fragile X syndrome (FXS) and interestingly the same triplet repeat also

silences the expression of FMR4, suggesting the possible involvement of FMR4 in aspects

of the clinical presentation of fragile X syndrome and/or related disorders. However, as

knock-down of FMR4 does not affect FMR1 expression, FMR4 might independently

contribute to FXS. Spinocerebellar ataxia type 7 (SCA7) is a neuro-degenerative disorder

caused by CAG/polyglutamine repeat expansions in the ataxin-7 gene. SCAANT1 (spino-

cerebellar ataxia 7 antisense noncoding transcript 1) is an anti-sense lncRNA expressed from

an alternative promoter located adjacent to the ataxin-7 repeat. Its knock-down causes

derepression of the ataxin-7 gene, suggesting a possible role in the repression of ataxin-7 in

cis (Sopher et al., 2011). Transcription of anti-sense lncRNAs have also been observed in

genomic loci of genes implicated in Angelman syndrome (Ube3a-ATS) (Huang et al., 2012),
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neuro-degeneration (BACE1-AS) (Faghihi et al., 2008), and psychiatric diseases such as

schizophrenia and bipolar disease (DISC2 and PSZA11q14) (Blackwood et al., 2001; Millar

et al., 2000; Sokolov et al., 2003). Although our current knowledge on the lncRNA-

mediated functional mechanisms in the brain is very limited and mostly inferred based on

expression correlations between the lncRNAs and associated protein-coding genes,

widespread expression of lncRNAs in a manner that tightly associates with key genes

implicated in neuropsychiatric diseases illustrates pivotal regulatory potentials of the

lncRNA network in modulating a wide range of aspects in neural functions and

development.

Epigenetic role for lncRNAs in gene silencing/repression

The ENCODE transcriptome analysis of nuclear and cytoplasmic fractions from six different

cell lines clearly demonstrated that lncRNAs are predominantly localized in the nucleus

(Djebali et al., 2012). Moreover many lncRNAs are significantly enriched in the chromatin

fraction. This would imply a possible role of lncRNAs in the regulation of epigenetic and/or

gene expression programs. Consistently, several studies have demonstrated that a common

function of the lncRNAs is to recruit the repressive chromatin modifying complexes to

create a repressive chromatin state (Gupta et al., 2010; Khalil et al., 2009; Ng et al., 2012;

Zhao et al., 2010). The Polycomb repressive complex 2 (PRC2) mediates the di- or tri-

methylation of Lys 27 of histone H3 (H3K27me2/3) through its enzymatic subunits EZH1

and EZH2 and is shown to be responsible for gene silencing (Margueron and Reinberg,

2011; Simon and Kingston, 2009). Expressed from the X-inactivation center (Xic), Xist

forms an “Xist cloud” and recruits PRC2 to mediate XCI (Zhao et al., 2008). HOTAIR,

expressed in the mammalian HOXC locus, is required for PRC2-mediated silencing of the

Hoxd cluster in trans (Rinn et al., 2007). Increased expression of HOTAIR is observed in

various types of cancers, and forced expression of HOTAIR can lead to altered histone H3

lysine 27 methylation, gene expression, and increased cancer invasiveness and metastasis in

a manner dependent on PRC2 (Gupta et al., 2010). The lncRNA-mediated PRC2 recruitment

can also play a role in gene imprinting. Kcnq1ot1 is a 91kb-long ncRNA that is expressed

from the paternal allele, reciprocal to the expression of several maternally expressed

imprinted gene clusters (Kanduri et al., 2006). Kcnq1ot1 interacts with PRC2 as well as the

H3K9-specific histone methyltransferase G9a in a lineage-specific manner to mediate the

silencing of the Kcnq1 gene in the paternal allele in placenta (Pandey et al., 2008). Similarly,

a lncRNA, Air (Antisense to Igf2r RNA; also known as Airn, which stands for Antisense to

Igf2r RNA Noncoding) is paternally expressed from the second intron of the Igf2r gene and

recruits G9a to mediate allele-specific silencing of the cis-linked Slc22a3, Slc22a2, and

Igf2r genes in mouse placenta (Nagano et al., 2008). Subsequently, genome-scale analyses

have demonstrated that a substantial proportion of lncRNAs do physically interact with

repressive chromatin-modifying complexes such as PRC2 and coREST, suggesting that

repressive chromatin modification through the recruitment of histone modifying complexes

is a shared mechanism for many lncRNAs (Khalil et al., 2009; Ng et al., 2012; Zhao et al.,

2010). Besides histone modifications, lncRNAs such as Tsix and Kcnq1ot1 have been shown

to modulate the DNA methylation state at the promoter regions of their target genes (Xist

and Kcnq1, respectively) by interacting with a DNA methyltransferase (Mohammad et al.,
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2010; Sado et al., 2006). Taken together, the generation of repressive chromatin architecture,

and resulting gene silencing/repression are clearly a common shared mechanism of lncRNA

function.

Transcriptional repression mediated by lncRNAs

Many lncRNAs have been shown to act as negative regulators of transcription. In quiescent

cells, expression of the gene encoding dihydrofolate reductase (DHFR) is suppressed by a

lncRNA initiated from the upstream minor promoter (Martianov et al., 2007). The defined

biochemical mechanism involves the formation of a stable complex between the non-coding

RNA and the major promoter through a direct interaction of the non-coding RNA with the

general transcription factor IIB, leading to the dissociation of the preinitiation complex from

the major promoter. Another example comes from two lncRNAs that are induced by p53

upon DNA damage. LncRNA-p21 is a direct target of p53 and serves as a repressor in p53-

dependent transcriptional responses by negatively regulating the expression of hundreds of

p53 target genes through the physical association with heterogeneous nuclear

ribonucleoprotein K (hnRNP-K) (Huarte et al., 2010). PANDA is one of five lncRNAs

induced by p53 from the CDK1A promoter and functions as a decoy for the transcription

factor NF-YA to limit expression of pro-apoptotic genes and enable cell-cycle arrest (Hung

et al., 2011). Another decoy mechanism for a transcription regulator is shown by Gas5.

Upon growth-arrest, Gas5 is abundantly expressed to promote cellular apoptosis by

suppressing glucocorticoid-dependent induction of several responsive genes (Kino et al.,

2010). The region of the Gas5 sequence between nucleotides 400 and 598 can mimic the

glucocorticoid response element (GRE), thus competing with cognate DNA GRE sites for

binding to the glucocorticoid receptor (GR). These studies illustrate an emerging role of

lncRNAs in negative regulation of the transcriptional process via diverse biochemical

mechanisms.

Epigenetic role for lncRNAs in gene activation

Although the majority of known lncRNA functions are implicated in gene silencing or

repression, several lncRNAs have been shown to function in gene activation by establishing

transcriptionally competent chromatin structure at their target gene loci. Systematic loss-of-

function (LOF) analysis of lncRNAs expressed in mouse ES cells found that comparable

numbers of activated and repressed genes were observed upon knock-down of the lncRNAs,

suggesting that lncRNAs regulate gene expression in either direction (Guttman et al., 2011).

In Drosophila, Trithorax (TrxG) group genes are defined as suppressors of Polycomb (PcG)

phenotypes and are critically required for homeotic gene expression throughout

development (Schuettengruber et al., 2011). A member of the TrxG group, ASH1 is a

histone methyltransferase that can methylate lysine residues 4 and 9 in H3 and 20 in H4. As

an epigenetic activator, ASH1 maintains an activated transcription state for the expression of

the homeotic gene Ultrabithorax (Ubx) in the third-leg and haltere imaginal discs. The

specific targeting of ASH1 to the Ubx gene is mediated by noncoding RNAs that are

expressed from three trithorax response elements (TREs) located 22kb upstream of the Ubx

promoter (Sanchez-Elsner et al., 2006). HOTTIP mediates coordinated activation of Hoxa

genes (Wang et al., 2011b). Its knock-down leads to a broad loss of H3K4me2/3 across the
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Hoxa locus and a decrease in distal Hox gene transcription. Although expressed from the

distal end of the human Hoxa cluster, HOTTIP can be physically located in close proximity

to Hoxa gene promoters via pre-configured chromatin looping. There it is able to recruit a

member of the Mixed Lineage Leukemia (MLL) family of SET domain-containing lysine

methyltransferases, MLL1 through an interaction with the adaptor protein WDR5. Therefore

lncRNAs can play an epigenetic role in gene activation by serving as an intermediate in

targeting a chromatin modifier to specific cis-regulatory regions.

Enhancer-like activity of lncRNAs

As seen from these examples, lncRNAs often regulate the expression of neighboring

protein-coding genes, which is reminiscent of enhancer activity. In fact, a recent study

characterizing the function of a set of new GENCODE annotated lncRNAs further

demonstrated an enhancer-like mechanism of lncRNAs (Orom et al., 2010). Knock-down of

a subset of the lncRNAs, termed ncRNA-activating (ncRNA-a) led to a decrease in

neighboring protein-coding genes, and heterologous reporter assays revealed that the

sequences corresponding to the lncRNA transcription unit can activate expression of a

heterologous promoter in an orientation-independent manner, but cannot act as a promoter

itself. Replacement of the lncRNA unit with irrelevant protein-coding genes, while keeping

the endogenous lncRNA promoter, failed to display increased gene expression, suggesting

that the lncRNA itself but not its transcription is important for the potentiation of gene

expression. A subsequent study further revealed that the ncRNA-a specifically interacts with

a transcriptional co-activator complex, Mediator to induce chromatin looping between the

ncRNA-a loci and target gene promoters, and kinase activity towards histone H3 serine 10, a

histone modification that is known to be associated with transcriptional activation (Lai et al.,

2013). The ncRNA-a was shown to bind directly to the MED12 subunit and interestingly,

the Mediator complex containing disease-causing mutations within the MED12 subunit

(Opitz–Kaveggia syndrome) significantly diminishes its association with ncRNA-a,

demonstrating the clinical significance of the ncRNA-a-dependent function. Another

example of enhancer-like lncRNA is NeST (nettoie Salmonella pas Theiler’s [cleanup

Salmonella not Theiler’s]), which is located adjacent to the interferon (IFN)-γ-encoding

gene in both mice (Ifng) and humans (IFNG) (Gomez et al., 2013). This genomic region is

part of the Tmevp3 (Theiler’s murine encephalitis virus persistence 3) locus, one of the loci

responsible for strain-specific variations in the ability of inbred mice to clear Theiler’s

infection. The SJL/J-derived alleles confer higher NeST expression, increased interferon-γ
in activated CD8+ T cells, increased Theiler’s virus persistence, and decreased Salmonella

enterica pathogenesis. Interestingly, transgenic expression of SJL/J-derived NeST alone was

sufficient to confer all phenotypes of the SJL/J locus. Further analysis revealed that

overexpressed NeST could increase the expression of interferon-γ by CD8+ T cells by

promoting an active chromatin state at the interferon-γ locus. Just like the HOTTIP action at

the Hoxa locus (Wang et al., 2011b), NeST recruits the MLL/SET1 H3K4 methyltransferase

complex to the interferon-γ locus by interacting with the WDR subunit of the complex. One

noticeable feature of NeST is the ability to regulate target genes in trans, which has not been

shown by other activating lncRNAs (HOTTIP and ncRNA-a). Therefore, understanding the
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molecular nature of various lncRNAs underlying the target specificity will be an important

subject of future study.

LncRNA action in cis

Several unique properties of lncRNAs make them ideal cellular machinery for regulating

their targets that are located on or near the site of their synthesis (cis-regulation) (Figure 2).

Conceptually, lncRNAs have great potential to function as tethering or guidance molecules

in that unlike protein-coding mRNAs, they can act on sites where they are synthesized

without needing to leave the nucleus. One proposed mechanism is that 5′ sides of long

ncRNA transcripts might bind to protein partners as soon as they are synthesized, while

transcriptionally lagging 3′ ends are still tethered to chromatin by transcriptionally engaged

RNA polymerase II (Lee, 2012). Additional features of many lncRNAs suitable for cis-

regulation are their relatively fast turnover rates and low copy numbers (Cabili et al., 2011;

Clark et al., 2012; De Santa et al., 2010; Derrien et al., 2012; Sun et al., 2006a; Tani et al.,

2012). Although these properties could also be used for favoring the transcriptional noise

idea, the relatively short half-life of the lncRNAs and possible tethering mechanism would

provide an effective way for locus- or allele-specific regulation by preventing lncRNAs

from diffusing away from where they are generated. Specific PRC2 targeting to the X

inactivation center (Xic) might be mediated by this type of lncRNA-dependent mechanism.

Both Xist and a 1.6 kb-long ncRNA, RepA expressed within the Xist area harbor a common

repeat A motif at the very 5′ end, which was shown to be responsible for PRC2 binding

(Zhao et al., 2008). It’s been proposed that the interaction between PRC2 and RepA might

occur co-transcriptionally to hold the RNA-protein complex in place for its cis action. An

additional mechanism to confine the Xist activity in cis involves Polycomb group

transcription factor, YY1, which can load the Xist-PRC2 complex onto the Xic through its

bivalent capability of binding both Xist and DNA regions within the first exon of Xist (Jeon

and Lee, 2011). Therefore the combinatorial action of co-transcriptional Xist tethering and

YY1 acting as an adaptor between Xist and its chromatin target explains how PRC2-

dependent XCI is mediated by Xist in cis. Another example of the RNA tethering

mechanism could be seen by the action of the lncRNA (ncRNACCND1) expressed from the

5′ regulatory region of the cyclin D1 (CCND1) gene (Wang et al., 2008). Upon DNA

damage signals, ncRNACCND1 is rapidly expressed, but in a low-copy number, and recruits

an RNA binding protein, TLS (translocated in liposarcoma) to inhibit CBP/p300 activities

on the CCND1 gene in cis, causing gene-specific repression. Subcellular fractionation

studies found that ncRNACCND1 is mainly bound to chromatin. Although the exact

mechanism of tethering remains to be determined, the observed cis-regulation could be

mediated by the action of ncRNACCND1 tethered to transcribing RNA polymerase II.

Depending on the sequence complementarity, lncRNAs could be tethered to a particular

chromosomal region through the formation of a DNA:RNA triplex, possibly via Hoogsteen

base pairing. The pRNA (promoter-associated RNA) is an ncRNA derived from the RNA

polymerase I-mediated transcription of ribosomal DNA (rDNA) repeat units, and its

sequence is complementary to the ribosomal DNA promoter (Schmitz et al., 2010). The

formation of this DNA:RNA triplex structure occurs at the binding site of TTF-1, which is

the major transcription factor for ribosomal RNA transcription. The triplex structure causes
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silencing of the rRNA gene via two independent mechanisms. In addition to preventing

TTF-1 binding, it can also recruit a de novo DNA methyltransferase, DNMT3b to facilitate

DNA methylation at the promoter region. The transcriptional repression of the DHFR gene

in quiescent cells is also mediated by a DNA:RNA hybrid that is formed between the major

promoter region of the DHFR gene and the complimentary lncRNA expressed from the

upstream minor promoter (Martianov et al., 2007).

Natural antisense transcripts (NATs)

A prominent feature of the lncRNA expression profile is that many of them are transcribed

from the DNA strand opposite to a protein-coding gene in an overlapping fashion, therefore

sharing at least some sequence complementarity with their counterpart sense transcripts.

This group of lncRNAs is collectively defined as Natural Antisense Transcripts (NATs)

(Lapidot and Pilpel, 2006; Magistri et al., 2012). Genome-wide analyses of several

eukaryotic species reported that 5-29% of transcription units account for sense-antisense

pairing (Chen et al., 2004; Katayama et al., 2005; Sun et al., 2006b; Yelin et al., 2003).

Aforementioned lncRNAs, Xist and Kcnq1ot1 also belong to the NAT class. Intriguingly a

growing list of validated sense-antisense pairs is implicated in brain development and

various types of human diseases such as Alzheimer’s disease (BACE1 and BACE1-AS) and

Fragile X mental retardation (FMR1 and ASFMR1) (Faghihi and Wahlestedt, 2009). Due to

their transcription orientation and overlapping feature with corresponding sense transcripts,

NATs are well suited for cis-regulation of sense strand transcription at multiple levels

including imprinting, RNA processing and export, and transcriptional regulation.

Consistently, a systematic loss-of-function RNAi approach targeting 797 antisense

transcripts conserved between human and mouse provided evidence for a regulatory role for

a number of natural antisense transcripts (Faghihi et al., 2010a).

The mechanisms for the antisense-mediated regulation of sense mRNA can largely be

grouped into three different categories: mechanisms related to transcription (including

epigenetic interactions), RNA–DNA interactions, and RNA–RNA interactions (Faghihi and

Wahlestedt, 2009). Several examples illustrated that the act of transcription in the antisense

direction could alter transcription of sense RNA (see more details in the following section).

As seen from the action mechanisms of Kcnq1ot1 and Xist, a key mechanism of antisense

transcript-mediated silencing of sense RNA transcription involves conversion of chromatin

architecture to a repressive state through the interactions of locally accumulated NATs with

DNA and/or chromatin modifying enzymes (Bernstein and Allis, 2005). ANRIL is a NAT

expressed from the genomic locus encoding three tumor suppressor genes, p15INK4b,

p16INK4a, and a regulator of the p53 pathway, ARF (Pasmant et al., 2007). The

INK4a/ARF/INK4b locus is often found to be deleted or silenced in various types of human

cancers (Kim and Sharpless, 2006; Popov and Gil, 2010). Expression levels of all three of

the genes are low in young and normal cells but upregulated in aging cells or upon

oncogenic stimuli. In concert with a repressive histone mark, H3K27me3, ANRIL mediates

the silencing of the locus by physically interacting with a subunit of polycomb repressive

complex 1 (PRC1), chromobox 7 (CBX7) (Yap et al., 2010). The polycomb repressive

complex 2 (PRC2) was also shown to contribute to the silencing of the gene cluster through

a similar interaction with ANRIL (Kotake et al., 2011). Both in human and mouse,
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expression of Brain-derived neurotrophic factor (Bdnf) is also regulated by a NAT, Bdnf-AS,

which has 225 nucleotides of full complementarity to all 11 splice variants of Bdnf mRNA

(Modarresi et al., 2012). Knockdown of Bdnf-AS increases Bdnf mRNA expression in vivo

and is accompanied by a specific reduction in the levels of the H3K27me3 mark in both the

sense-antisense overlapping region and in the upstream Bdnf promoter region. The binding

level of a PRC2 component, EZH2 was also reduced near the Bdnf promoter region. NATs

can also function as cis-acting epigenetic activators. During the primitive streak phase of

embryoid bodies (EB) differentiation, two novel NATs, Evx1as and Hoxb5/6as are

concordantly up-regulated with their associated homeotic genes, Evx1 and Hoxb5/6,

respectively (Dinger et al., 2008). RNA-ChIP analysis showed that both NATs were

associated with H3K4me3 chromatin fractions and the mammalian trithorax protein MLL,

which can trimethylate H3K4. Therefore, the role of NATs in the alteration of chromatin

structure in cis can influence the expression of neighboring genes positively and negatively.

Due to the sequence complementarity with the sense transcript, a NAT can form duplex

RNA, which then possibly influences several sense RNA processing steps such as splicing,

editing, stability, and translation (Faghihi and Wahlestedt, 2009; Guil and Esteller, 2012).

Supporting this notion, a large scale genome-wide analysis of RNA expression data from

176 lymphoblastoid cell lines revealed that the majority of expressed sense–antisense pairs

exhibited alternative splicing events that were correlated to the expression of the antisense

gene (Morrissy et al., 2011). During the Snail1-induced epithelial–mesenchymal transition

(EMT), translational up-regulation of a transcriptional repressor of E-cadherin, Zeb2 is

mediated by a NAT that overlaps the 5′-UTR intron region of Zeb2. This intron contains an

internal ribosome entry site (IRES) necessary for the expression of Zeb2. Snail1-dependent

induction or ectopic expression of the Zeb2 NAT correlates with the inclusion of the 5′
UTR intron, leading to a model where the Zeb2 NAT prevents binding of the spliceosome to

the 5′ splice site possibly by forming an RNA duplex. Consequently, the intron present in

the 5′-UTR is conserved. RNA duplex formation was also shown to increase mRNA

stability by masking miRNA targeting sequences. BACE-AS is a NAT expressed from the β-

secretase-1 (BACE1) locus and exhibits 104 nucleotides of full complementarity to exon 6 of

human BACE1 mRNA, which contains a miR-485-5p binding site (Faghihi et al., 2008;

Faghihi et al., 2010b). BACE-AS forms an RNA duplex with BACE mRNA and increases

BACE mRNA stability by preventing miRNA- induced BACE1 mRNA silencing. As a

central enzyme in the Alzheimer’s disease pathophysiology, BACE1 proteins are present at

a higher level in brains of Alzheimer’s patients compared with unaffected controls.

Importantly up-regulation of BACE1-AS was also observed in subjects with Alzheimer’s

disease and in amyloid precursor protein transgenic mice, highlighting the functional

significance of NAT regulation in human diseases (Faghihi et al., 2010b).

The role of ncRNA transcription

Despite many examples showing the biological roles for mature lncRNA transcripts, several

studies have also reported that the act of transcription, but not the transcript itself, is

functional. The most straightforward case for this type of regulation would be when a target

gene is located nearby or is physically overlapping a lncRNA gene either in the sense or

antisense direction. In this arrangement, transcription of lncRNA can block transcription of a

Schaukowitch and Kim Page 11

Neuroscience. Author manuscript; available in PMC 2015 April 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



neighboring gene in cis by the transcriptional interference (TI) mechanism, which was

originally identified in prokaryotes and yeast (Mazo et al., 2007). The SER3 gene in S.

cerevisiae is repressed during growth in rich medium through the expression of the upstream

ncRNA, SRG1 (Martens et al., 2004). The TI occurs as SRG1 transcription extends past the

SER3 promoter. Replacement of the SRG1 sequence with the sequence for the URA3 gene

still showed SER3 repression. However, insertion of a transcription-termination sequence

before the SER3 promoter led to the derepression of the SER3 gene, suggesting that the act

of SRG1 transcription is important. A subsequent study revealed that SRG1 transcription

causes repression of SER3 by directing a high level of nucleosomes over the SER3 promoter,

suggesting that chromatin remodeling is the underlying mechanism of the TI (Hainer et al.,

2011). Transcription of ncRNA can also do the opposite. In S. pombe, transcription of

several species of ncRNAs initiated upstream of the fbp1+ gene progressively converts the

chromatin region at the fbp1+ gene to an open configuration, which in turn leads to the

translocation of RNA polymerase II to the transcription start site of the fbp1+ gene (Hirota et

al., 2008). This effect was abolished when a transcription terminator is inserted into the

upstream region. In erythroid cells, the HS2 enhancer within the β-globin locus control

region initiates ncRNA transcription through the intervening DNA region into the cis-linked

promoter and gene, but in a manner that is independent of a cis-linked globin promoter

(Ashe et al., 1997; Johnson et al., 2003). Insertion of a transcription terminator or an

insulator between HS2 and the ε-globin gene promoter in stably integrated reporter genes

not only blocks the elongation of enhancer-initiated transcription but also reduces the level

of mRNA synthesized from the ε-globin gene promoter (Ling et al., 2004; Ling et al., 2005;

Zhao and Dean, 2004). In addition, blocking the enhancer initiated transcription results in a

widespread decrease in histone acetylation at the intervening DNA region as well as the

target gene. Although these findings cannot rule out the possibility of the HS2 initiated

ncRNA transcript having a role in target gene expression, it was proposed that the tracking

of the HS2 enhancer-assembled transcriptional machinery to the cis-linked promoter might

be critical for enhancer-mediated gene activation. In some cases, the act of transcription and

resulting lncRNA transcripts have independent biological functions. A paternally expressed

lncRNA, Air(n) silences in cis the paternal alleles of imprinted genes, Igf2r, Slc22a3, and

Slc22a2 (Sleutels et al., 2002). Interestingly, Igf2r is silenced in all developmental stages,

whereas Slc22a3 and Slc22a2 are only silenced in some extraembryonic lineages, providing

a hint that Air(n) might differentially regulate these genes (Hudson et al., 2011; Yamasaki et

al., 2005). It turns out that the Air(n) transcript accumulates at the Slc22a3 promoter and

recruits the H3K9 histone methyltransferase G9a to repress Slc22a3 expression (Nagano et

al., 2008). However allele-specific silencing of the Igf2r gene neither requires the action of

the Air(n) transcript nor is dependent on PcG proteins or DNA methylation, suggesting that

the alteration in chromatin structure does not play a role in this process. A recent in vivo

study showed that it is not the Air(n) transcript but instead transcription activity of the Air(n)

gene that is sufficient to silence the Igf2r gene (Latos et al., 2012). As the Air(n) transcribing

region overlaps with the Igf2r promoter, Air(n) transcription interferes with RNA

polymerase II binding to the Igf2r gene promoter even in the absence of repressive

chromatin.
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Cis-regulation mediated by chromatin looping

Chromatin looping allows another layer of the cis regulatory mechanism by which lncRNAs

expressed from a distant location can be physically in close proximity to their target genes

(Figure 2). For example, HOTTIP, an activating lncRNA is synthesized at the 5′ tip of the

Hoxa gene cluster and chromatin looping brings HOTTIP near target Hoxa genes to allow

coordinate activation (Wang et al., 2011b). Chromatin looping is also likely to play a role in

the lncRNA-dependent repression/silencing of long distance genes as 3C-on-chip (4C)

analysis in Drosophila discovered large interaction networks between PcG protein target

genes (Tolhuis et al., 2011). On the other hand, some lncRNAs were shown to facilitate

chromatin looping. The Mediator-cohesion complex was previously shown to function in

connecting the enhancers and core promoters of active genes by facilitating chromatin

looping (Kagey et al., 2010). The enhancer-like lncRNAs, ncRNA-as recruit the Mediator

complex to induce chromosomal pairing with specific target genes and promote their

transcription. Supporting this model, depletion of Mediator subunits or ncRNA-a reduced

the chromatin looping between the two loci (Lai et al., 2013).

eRNAs: functional RNA or transcription noise?

Although eRNAs exhibit concordant expression patterns with nearby protein-coding RNAs,

the low abundance and little evidence of maturation shown by the majority of eRNAs

initially casted doubt on the possibility of eRNAs having a regulatory function in gene

expression. However, recent studies have provided multiple lines of evidence supporting

regulatory roles of eRNAs in gene activation. Knock-down of several eRNAs caused

reduction in the expression of nearby target genes in various cell types (Lam et al., 2013; Li

et al., 2013; Melo et al., 2012; Mousavi et al., 2013). These eRNAs are non-polyadenylated

and bi-directionally transcribed from the defined enhancer regions (high levels of H3K4me1

and H3K27ac, and low level of H3K4me3), therefore resembling initially discovered

neuronal eRNAs (Kim et al., 2010). Characterization of eRNAs expressed from estrogen

receptor α(ER-α)-bound enhancers in MCF-7 human breast cancer cells demonstrated that

eRNAs increase the strength of specific enhancer-promoter looping in part by interacting

with cohesin (Li et al., 2013). Consistently, the artificial tethering of an eRNA upstream of a

minimal promoter in a plasmid-based reporter system enhances the reporter gene expression.

A similar reporter plasmid-based study in mouse macrophages further suggested that the

activating function of eRNAs appears to be sequence or strand-specific although the critical

determinants of eRNA action have not been identified (Lam et al., 2013). Although

chromatin looping appears to be a critical regulatory step on which distinct classes of

activating lncRNAs commonly act, a recent study in mouse C2C12 skeletal muscle cells

found that eRNAs could facilitate the transcription activation step after the enhancer-

promoter looping has occurred (Mousavi et al., 2013). Knock-down of eRNA (CERNA)

expressed from the core enhancer region (CE) upstream of the Myod1 gene did not alter the

chromatin occupancies of the cohesin complex, which facilitates enhancer-promoter

looping. Instead chromatin accessibility and subsequent assembly of RNAPII transcription

machinery at the promoter region of the Myod1 gene was diminished. Therefore eRNAs

appear to be functionally engaged in multiple stages of enhancer-mediated transcription

activation.
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LncRNA action in trans

Despite several prominent examples of lncRNA action in cis, a recent loss-of-function

analysis on 226 lncRNAs present in mouse ESCs has shown that the majority of the

lncRNAs affect gene expression in trans, affecting a large number of genes at great

distances, including at other chromosomes (Guttman et al., 2011) (Figure 2). Initial analysis

of HOTAIR expressed from the Hoxc locus showed that it mediates transcriptional

repression of the Hoxd locus located on a different chromosome via PRC2 recruitment

(Gupta et al., 2010; Rinn et al., 2007). Subsequent genome-wide analysis of HOTAIR

occupancy revealed 832 HOTAIR occupancy sites across the genome in MDA-MB-231

breast cancer cells occurring on multiple chromosomes in addition to the Hoxd locus.

Supporting its role in trans, over-expression of HOTAIR in epithelial cancer cells induced

genome-wide re-targeting of PRC2, leading to altered H3K27me3, gene expression, and

increased cancer invasiveness and metastasis in a manner dependent on PRC2. The

lincRNA-p21 also acts as a trans-acting repressor regulating hundreds of p53-dependent gene

targets through the physical association with hnRNP-K (Huarte et al., 2010). Although these

studies provide clear functional evidence for lncRNA function in trans, the precise

mechanism by which these lncRNAs can target specific loci remains to be determined. As

seen from the cis-regulatory lncRNAs, targeting of the trans-acting lncRNAs could be

mediated by forming DNA:RNA triple-helical structures. Alternatively, unknown

transcription factors could play a role in the recruitment of the lncRNAs to their targets. In

the case of Gas5, a spliced ~1kb-long lncRNA induced upon starvation and growth arrest,

the transacting mechanism for repressing a large number of GR-regulated genes does not

involve targeting of the Gas5 to specific loci (Kino et al., 2010). Instead, expressed Gas5

competes with DNA GREs for binding to the GR by the portion of its sequences that mimic

the GRE. PANDA also utilizes the decoy mechanism to inhibit expression of apoptotic genes

to cause cell-cycle arrest through sequestration of NF-YA, a transcription factor required for

activating the apoptotic program upon DNA damage (Hung et al., 2011).

Perspectives

A great extent of the functional flexibility and specificity of the lncRNAs that can be created

by their intrinsic structural properties and biogenesis mechanism can certainly offer some

functional advantages over proteins in precise control over many biological processes.

Recent functional studies performed in non-neuronal cell types have revealed that lncRNAs

can function as a guide, decoy, or scaffold and such a versatile capacity of the lncRNA

allows for their key epigenetic roles in diverse aspects of transcriptional, epigenetic and

nuclear processes (Kung et al., 2013; Wang et al., 2011a). Nuclear gene expression in

neurons represents a cell-wide adaptation mechanism that mediates the long-lasting form of

synaptic and behavioral plasticity by allowing the stimulus-specific production and

deployment of the effector proteins that stably alter neural function (Lyons and West, 2011).

Sensory experience-evoked synaptic activity triggers various calcium-dependent signaling

events that ultimately regulate the expression of a group of genes involved in various aspects

of neuronal function (Flavell and Greenberg, 2008). Therefore recently emerged functions

and mechanisms of the lncRNAs would also fit nicely into the gene regulatory mechanisms

that are critically required for executing complex neurobiological processes.
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In light of the lncRNA functionality in brain, evolutionary features of the lncRNA sequences

provide interesting perspectives. Evolutionary studies initially casted doubt on the

functionality of the lncRNAs as their sequences were much less conserved with many

displaying rapid sequence evolution (Pang et al., 2006; Wang et al., 2004). However, further

analyses have found that the lncRNAs show reduced nucleotide substitutions, insertions and

deletions, both within their promoters and within their sequences, and higher conservation at

their dinucleotide splice sites than expected by chance, suggesting that at least from an

evolutionary point of view, some lncRNAs are likely to have a function that is moderately

conserved among diverse ranges of species (Chodroff et al., 2010; Cogan et al., 2007;

Guttman et al., 2010; Marques and Ponting, 2009; Ponjavic et al., 2009; Ponjavic et al.,

2007; Ponting and Belgard, 2010; Ponting et al., 2009). Evf2 is an example for the case in

which a lncRNA can be derived from evolutionarily conserved genomic elements. Evf2 is

expressed from an ultra-conserved enhancer and functions to regulate expression of Dlx5/6

genes during forebrain development (Bond et al., 2009). Nonetheless, compared with

protein-coding sequences, lncRNA sequences are less constrained in general. One

interpretation could be that they might have been rapidly evolved in higher organisms to

fulfill the demands for performing more complex and higher order functions such as human

cognition. One example as evidence for such a positive selection is a lncRNA, HAR1F,

which was identified as the region of the human genome that has undergone the most rapid

sequence changes in the human lineage since divergence from the great apes (Pollard et al.,

2006). HAR1F is co-expressed with Reelin in Cajal-Retzius neurons, suggesting its possible

role in the establishment of regional forebrain organization. However, this exciting finding

was later challenged by the arguments that the accelerated changes in HAR1F may not be

the consequence of the activities of adaptive evolution, but instead is caused by biased gene

conversion (BGC), a neutral process associated with recombination (Galtier and Duret,

2007; Ponting et al., 2009). While to what extent the HAR (Human accelerated regions) can

be derived by pure positive selection is still an on-going subject of study (Duret and Galtier,

2009; Katzman et al., 2010; Kostka et al., 2012), it is also noteworthy that the relative

amount of non-protein-coding sequence increases consistently with developmental

complexity (Taft et al., 2007), which could in part explain the G value paradox–the

inconsistent relationship between organismal complexity and the number of protein-coding

genes (Hahn and Wray, 2002).

An increasing number of human genetic studies show that human disease-associated genetic

mutations reside in noncoding and intergenic regions (Halvorsen et al., 2010; Simon-

Sanchez and Singleton, 2008; Walsh et al., 2008). Given the pervasive nature of lncRNA

transcription occurring throughout the mammalian genome, it is not difficult to predict that

many mutations would be transmitted to the transcriptome, potentially affecting a large

number of lncRNAs. As cumulative evidence supports a convergent view on the lncRNAs

as a new layer of complexity in the molecular architecture of human diseases, further

biochemical and functional characterizations will definitely be a worthwhile avenue of

future neuroscience research to understand the lncRNA functions in fundamental biological

processes and to establish their causal roles for human diseases, which should aid the

development of novel diagnostic and therapeutic strategies.
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Highlights

Long non-coding RNAs (lncRNAs) are involved in various processes of gene

regulation.

LncRNAs can be sub-divided based on their genomic organizations.

LncRNAs can be targeted in cis, cis by chromatin looping, and trans.

LncRNAs are enriched in the brain.

LncRNAs might modulate a wide range of aspects in neural functions and

development.
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Figure 1.
Genomic organization of stereotypical IncRNAs and eRNAs
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Figure 2.
Targeting mechanisms of IncRNAs
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