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1. ABSTRACT 

 Recent evidence demonstrates that long 
non-coding RNAs (lncRNAs) regulate the expression 
of multiple genes in an epigenetic, transcriptional, 
or post-transcriptional manner. They are involved in 
various cellular phenomena, such as the recruitment of 
transcription factors, epigenetic chaperoning, control 
of alternative splicing, mRNA stability and translational 
activity, as well as acting as decoys against microRNAs. 
In this review, we summarize the pivotal roles of 
lncRNAs in regulation of the gene expression involved 
in neural cell differentiation, synaptogenesis and 
synaptic plasticity in the central nervous system (CNS). 
We also describe the aberrant expression of multiple 
lncRNAs involved in the pathogenesis of neurological 

diseases. The abnormal expression of lncRNAs leads 
to altered expression levels of target genes, which 
contributes to neurodegenerative diseases, such as in 
Alzheimer’s disease and Parkinson’s disease, and to 
the formation of tumors, such as glioma. Accordingly, 
we discuss recent findings for the modes of action of 
lncRNAs in normal CNS development and for aberrant 
lncRNA actions in the pathogenesis of neuronal 
diseases.

2. INTRODUCTION

Messenger RNAs (mRNAs) play a pivotal role 
in converting genetic information into protein products. 
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In addition, various forms of non-protein-coding RNA 
(ncRNA) regulate gene expression by epigenetic, 
transcriptional, and post-transcriptional processes (1). 
Recent studies based on new generation sequencing 
technologies, such as the Encyclopedia of DNA 
elements (ENCODE) project, show that ncRNAs are 
transcribed from approximately 80% of human and 
mouse genomes (2).

ncRNAs are classified into several 
types according to their functions. For example, 
tRNAs, rRNAs, and small nuclear RNAs (snRNAs) 
are housekeeping ncRNAs involved in normal 
physiological functions. In contrast, small ncRNAs, 
such as microRNAs (miRNAs), as well as long 
ncRNAs (lncRNAs) are regarded as regulatory 
ncRNAs (3). miRNAs are usually single-stranded 
RNAs of 20-23 nucleotides that regulate mRNA 
translation by directing target mRNAs to RNA-induced 
silencing complex (RISC)-dependent degradation or 
by temporarily stalling translation by isolating target 
mRNAs in cytoplasmic RNA-protein complexes, such 
as stress granules (4). lncRNAs are usually defined 
as non-protein-coding transcripts of at least 200 
nucleotides. Recently, they have been recognized as 
key factors in a variety of processes, as listed in Table 
1. In the nucleus, lncRNAs are predominantly involved 
with nuclear scaffolds, in gene dosage compensation, 
epigenetic chaperoning, and alternative splicing, 
while in the cytoplasm they are involved with mRNA 
stability, competing endogenous RNAs (ceRNAs), and 
translational activity (5-19).

In this review, we primarily focus on how 
lncRNAs regulate the gene expression involved 
in central nervous system (CNS) development. 
The fundamental importance of lncRNAs in the 
CNS is supported by lncRNAs having high levels 
of expression in the brain compared with levels in 
other tissues (20) and by brain-specific lncRNAs 
being highly conserved among species (21). Indeed, 

emerging evidence shows that lncRNAs act as 
epigenetic chaperons (22-25), modulate alternative 
splicing (26), and regulate translational activity (27-29) 
during CNS development. Furthermore, we describe 
typical examples of aberrant gene expression caused 
by dysregulated lncRNA expression, which result 
in the onset of neurological diseases (30), including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), 
and glioma. In AD, dysregulated lncRNA expression 
results in aberrant alternative splicing (11, 31), altered 
mRNA stability (12, 32), and abnormal translational 
activity (33). In PD, abnormally expressed lncRNAs 
act as epigenetic chaperons (34) and ceRNAs (35), 
and control mRNA stability (36). Moreover, a few 
lncRNAs have the potential to affect protein stability 
(37, 38), although interactions between lncRNAs and 
proteins have not been fully investigated. lncRNAs 
in gliomagenesis can act as ceRNAs that counteract 
miRNAs to modulate the expression levels of target 
mRNAs (39-48). Of note, it has been argued that 
the stoichiometric relationship between miRNAs 
and ceRNAs is crucial in the inhibition of miRNAs 
by ceRNAs (17, 49). Nevertheless, several lncRNAs 
certainly act as ceRNAs to modulate the expression of 
miRNA-targeted mRNAs, which alters cancer-related 
signaling pathways in glioma development. 

In this review we present recent findings 
that shed light on the normal actions of lncRNAs in 
brain development and on how regulatory functions of 
lncRNAs are disrupted in neurological diseases. 

3. REGULATION OF NERVOUS SYSTEM DE-
VELOPMENT BY lncRNAs

3.1. lncRNAs are involved in neural differentiation 

CNS development is based on the 
differentiation of neural stem cells (NSCs) to form all 
the cell types of the mature CNS. This process is highly 
orchestrated and regulated by intrinsic/extrinsic cell 

Table 1. General modes of lncRNA action 

Roles Roles of lncRNAs Detailed actions lncRNAs examples 

Multiple roles in 
the nucleus

Nuclear scaffolds Maintaining nuclear subcompartments Malat1, NEAT1, Satellite III

Gene dosage 
compensation

Controlling the extensive transcriptional activity of the X 
chromosome

Xist, roX

Epigenetic chaperons Positively or negatively modulating gene transcription HOTAIR, TUNA, Evf2

Alternative splicing Modulating the splicing pattern Gomafu, 51A

Post-
transcriptional 
roles in the 
cytoplasm

mRNA stability Positively or negatively controlling mRNA degradation BACE1-AS, 1/2-sbsRNAs, INF-
alph1AS 

ceRNAs Sponging miRNAs and eventually increasing mRNA 
expression

linc-MD1, CRNDE, GAS5, MEG3, 
INF-alpha1AS

Translational activity Interacting with the translational machinery and affecting 
its activity

BC1, BC200, AS Uchl1



Regulatory non-coding RNAs in nervous system development and disease

1205 © 1996-2019

factors such as transcription factors, secreted proteins 
and cell-cell interactions. Neural cell differentiation is 
divided into three stages; the self-renewal stage of 
NSCs, the commitment stage of NSCs to acquire a 
certain cell fate, and the maturation stage (Figure 1, 
A, B, C, respectively). At the commitment stage, the 
NSCs generate neuronal or glial progenitors. At the 
maturation stage, these neuronal or glial progenitors 
acquire more specific properties. 

As a relatively accessible part of the CNS, 
the retina has been employed to study neural cell 
differentiation (Figure 1, D, E, F). In the developing 

retina, retinal stem cells (RSCs) give rise to retinal 
progenitor cells (RPCs), which generate numerous 
post-mitotic retinal cell types, including both neuronal 
cells (photoreceptors, retinal ganglion cells, amacrine 
cells, horizontal cells and bipolar cells) and glial cells 
(Müller glial cells) (50).

Recent studies have shown that lncRNAs can 
regulate developmental processes in various tissues, 
such as skeletal muscle, blood vessels, pancreas and 
sperm, by modulating target gene expression to control 
cell differentiation (51-54). In the CNS, lncRNAs are 
involved not only in differentiation of neuronal and glial 

Figure 1. Regulation of neuronal differentiation by lncRNAs in the CNS (A, B, C) and in the retina (D, E, F). (G) lncRNA PNKY maintains the self-renewal 
state of NSCs by interacting with PTBP1. lncRNA, Paupar, contributes to maintaining the self-renewal state by inhibiting Sox2/Pax6 gene expression. 
REST maintains the self-renewal state by inhibiting RMST transcription. (H) lncRNA, TUNA, forms a quadruplicate complex with PTBP1, hnRNP-K, and 
nucleolin, which enhances Sox2 transcription and promotes the commitment of neuronal progenitors. lncRNA, RMST, recruits SOX2 to the promoter 
regions of SP8, NEUROG2, and DLX genes, which promotes neural commitment. lncRNA, Evf2, recruits DLX and MeCP2 to the enhancer region of 
DL5/6, which promotes GABAergic interneuron commitment. (I) lncRNA, Malat1, recruits SR proteins to the transcription sites of synaptogenesis-related 
genes, which promote synapse formation. lncRNA, BC1, inhibits the translation of FMRP and PSD-95 mRNAs by interacting with eIF4A and PABP. 
lncRNA, BDNF-AS, recruits EZH2 to the promoter region of the BDNF gene, which represses BDNF transcription. (J) lncRNA, Gomafu, inhibits amacrine 
and Müller glial cell specification. lncRNA, Tug1, promotes photoreceptor cell specification. lncRNA, Six3OS1, represses the transcription of Six3 by 
interacting with EYA and EZH2, which regulates retinal cell specification.
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cells but also in synaptogenesis and synaptic plasticity. 
They are, therefore, of interest as emerging regulators 
of brain function (23, 55, 56).

An inhibitory mechanism for lncRNA 
transcription involving RE1-silencing transcription 
factor (REST) has been reported (57, 58). REST is a 
zinc finger protein that binds to a conserved 23 bp DNA 
motif, called RE1 (also known as neuron-restrictive 
silencer element or NRSE), that is found in promoter 
and enhancer regions of many neural genes (59). REST 
recruits chromatin remodeling components to RE1 and 
actively represses the transcription of a large number 
of neural genes and lncRNAs, such as DiGeorge 
Critical Region 5 (DGCR5) and rhabdomyosarcoma 2 
associated transcript (RMST), via histone modification 
(60). In this section, we describe the various functions 
of lncRNAs by focusing on embryonic stem cell (ESC) 
or NSC differentiation and retinal cell specification. In 
addition, we focus on the modes of action of lncRNAs 
at each differentiation stage and on the lncRNA 
expression mechanisms regulated by REST.

Various in vitro approaches have been used 
for identification and functional analysis of lncRNAs. 
For example, a large number of genome-wide analyses 
have identified thousands of lncRNAs involved in 
pathological mechanisms, such as oncogenesis, 
metabolic abnormalities, and infectious diseases 
(61). Candidate lncRNAs are generally analyzed 
using Gene Ontology (GO) and pathway analysis and 
further validated by in situ hybridization or quantitative 
RT-PCR (RT-qPCR). These in vitro approaches have 
identified neural differentiation-related lncRNAs, such 
as Paupar, RMST, and sine oculis-related homeobox 
3 opposite strand 1 (Six3OS1) (58, 62, 63). 

The neural-specific lncRNA, PNKY, is 
expressed in NSCs in the subventricular zone (SVZ), 
which is located in the lateral walls of the ventricles 
and acts as germinal region. Here, PNKY acts as a 
repressor of neural commitment (64) (Figure 1 G). 
This function was verified by an in vivo knockdown 
(KD) experiment employing in utero electroporation 
of mouse embryonic brain with a shRNA expression 
vector. The PNKY KD led to an expansion of neurogenic 
progenitors in the SVZ, indicating that PNKY can inhibit 
the commitment stage of the NSCs (64). Associated 
investigation of PNKY binding proteins by RNA 
immunoprecipitation (RIP) experiments using control 
SVZ lysates revealed that PNKY interacts with the 
splicing regulator, polypyrimidine tract-binding protein 
1 (PTBP1). Immunohistochemical staining of PTBP1 
showed that it is expressed in the NSCs at the SVZ. 
PTBP1-KD in NSCs produced a similar phenotype 
to that observed in PNKY-KD cells, indicating that 
both PNKY and PTBP1 can regulate a common set 
of genes related to cell-cell adhesion, synaptogenesis 
and neurogenesis, which are necessary to maintain 

the self-renewal state. Furthermore, results from 
double KD of PNKY and PTBP1 indicated the 
possibility that they act in the same pathway because 
neuron- specific gene expression levels did not show 
any synergistic changes compared with those in the 
individual KDs. These results indicate that PNKY can 
negatively regulate the neural commitment of NSCs by 
coordinately interacting with PTBP1 (64). 

Many studies employ ESCs as an 
alternative to NSCs, but as an in vitro model for neural 
differentiation. As shown in Figure 1, G, H, these studies 
show that a transcription factor, SRY-box 2 (Sox2), is 
essential for ESCs to maintain the self-renewal stage 
(65) and for transition to the commitment stage (66, 
67). Intriguingly, several lncRNAs are involved in the 
regulation of Sox2 gene expression and in the action 
of the SOX2 protein during the transition phase (58, 
62, 63). Paupar is one of such lncRNA that represses 
Sox2/Paired box 6 (Pax6) gene expression, thereby 
maintaining ESCs in the self-renewal state (Figure 1 G); 
the genome-wide binding profiles of Paupar, identified 
using Capture Hybridization Analysis of RNA Targets-
Sequencing, revealed that the lncRNA bound to 
promoter loci of Sox2 in Neuro2a neuroblastoma cells. 
GO analysis of genes harboring Paupar binding sites 
indicated that Paupar can regulate the transcription 
of genes involved in stem cell development, such as 
Sox2 and Pax6. Furthermore, knockdown of Paupar 
expression in Neuro2a cells caused the up-regulation 
of Pax6 mRNA levels and increased Sox2-reporter 
expression, causing neurite outgrowth and up-
regulation of a neuronal differentiation marker, class III 
beta-tubulin (Tubb3) (62).

In contrast to Paupar, the lncRNA TUNA 
enhances Sox2 transcription in ESCs (Figure 1 H). 
TUNA was originally identified as a novel lncRNA 
controlling the pluripotency of mouse ESCs by a study 
using a genome-scale short hairpin RNA (shRNA) 
library that targets lncRNAs (22). TUNA forms a 
quadruplicate complex (TUNA-RBP complex) with 
the RNA-binding proteins PTBP1, hnRNP-K, and 
nucleolin. Chromatin isolation by RNA purification 
revealed that TUNA binds to the Sox2 promoter and 
activates transcription by recruiting PTBP1, hnRNP-K, 
and nucleolin. Knockdown of TUNA resulted in 
decreased Sox2 expression and repression of ESC 
neural differentiation. These results indicate that TUNA 
can promote ESCs to transition from the self-renewal 
state to the commitment stage by activating Sox2 gene 
expression (22). 

In the commitment stage, RMST recruits 
SOX2 to promote neuronal differentiation (Figure. 1 H). 
RMST was identified as a neuronal lncRNA by studies 
comparing gene expression profiles of human ESCs 
and differentiated human neurons, using microarray 
screening in association with RT-qPCR (58) Ng and 



Regulatory non-coding RNAs in nervous system development and disease

1207 © 1996-2019

colleagues showed by RIP that in NSCs, RMST 
associated with SOX2 and recruited it to the promoter 
regions of genes encoding trans-acting transcription 
factor 8 (SP8), neurogenin 2 (NEUROG2), and distal-
less homeobox (DLX) (23). Knockdown of RMST in 
NSCs reduced the number of TUBB3-positive neurons, 
whereas RMST overexpression resulted in increased 
levels of TUBB3 and increased the number of TUBB3-
positive neurons. These results implicate RMST as a 
key player in NSCs acquiring a neural cell fate in the 
commitment stage (23, 58). These reports thus showed 
that TUNA and RMST can collaborate to promote 
neuronal differentiation by controlling expression of 
both Sox2 and Sox2-downstream genes. 

REST can regulate the transcription of RMST 
during the differentiation of human ESCs into neurons 
(23, 58). The underlying mechanisms of REST action 
were examined by a chromatin immunoprecipitation 
(ChIP) assays in combination with siRNA-mediated 
knockdown. REST was shown to bind to the RMST 
locus and to repress transcription in human ESCs (58). 
These results suggest that REST acts as a negative 
regulator controlling RMST-dependent differentiation 
of NSCs into neurons. This was supported by the 
observation that the levels of REST decreased as 
differentiation proceeded from NSCs to neuronal 
cells, while, conversely, RMST expression levels 
increased (23). Although the mechanism by which the 
expression levels of REST decrease during neuronal 
differentiation is not fully elucidated, phosphorylation- 
or ubiquitination-dependent REST degradation in 
response to extracellular stimuli, such as growth 
factors or retinoic acids, is associated with neuronal 
differentiation (68, 69). These findings indicate that 
as the amount of REST, which is normally abundant, 
decreases the expression level of RMST rises, 
resulting in promotion of neuronal commitment.

In the developing brain, accurate differentiation 
of GABAergic interneurons, which have inhibitory 
functions on postsynaptic neurons, is essential for 
neural circuit formation (Figure. 1 C), and dysfunction 
of interneurons is associated with neurological 
disorders (24). During interneuron specification, the 
lncRNA, Evf2, is key for promoting commitment to 
GABAergic progenitors (24) (Figure. 1 H). Evf2 has 
been characterized using Evf2 loss-of-function mice 
that possess a triple polyadenylation site that leads 
to the premature termination of Evf2 transcription. 
Quantitative chromatin IP-PCR showed that loss of 
functional Evf2 expression prevents DLX and methyl-
CpG binding protein 2 (MeCP2) transcription factors 
from binding to intergenic enhancer loci in DLX5 and 
DLX6 genes. While DLX5 induces the expression of 
glutamic acid decarboxylase (GAD), which synthesizes 
gamma-aminobutyric acid (GABA), Evf2 loss-of-
function mice show reduced levels of GAD67 protein 
and a reduced number of GAD67-positive GABAergic 

interneurons in the postnatal brain (24). These results 
suggest that Evf2 plays an important role in the 
development of GABAergic progenitors from NSCs in 
the developing mouse brain.

The regulatory roles of lncRNAs in CNS 
development have also been investigated by 
employing the developing retina as a model, where 
RPCs can generate all retinal cell types, including both 
neuronal and glial cells (70). The lncRNA, Gomafu, is 
expressed in a specific set of retinal neurons (Figure 
1 J). shRNA-mediated knockdown of Gomafu in the 
postnatal retina increased the numbers of amacrine 
cells and Müller glial cells, suggesting that Gomafu 
can negatively regulate the commitment of multiple 
retinal cell types (25, 71). On the other hand, in utero 
knockdown of the lncRNA taurine up-regulated 1 
(Tug1) in the rat postnatal retina resulted in the loss 
or malformation of the outer segment of photoreceptor 
cells, whereas other cell types, including bipolar 
cells, amacrine cells, and Müller glial cells, were not 
affected (Figure 1 J). These observations suggest 
that Tug1 can positively regulate the commitment of 
RPCs to retinal photoreceptors (72). The molecular 
basis of the action of each of these lncRNAs remains 
to be elucidated; however, these results indicate that 
Gomafu and Tug1 are required for the commitment 
stage in the developing retina. 

In contrast, the mechanism of action of 
lncRNA, Six3OS1, on retinal cell type specification 
has become clearer. Six3OS1 is transcribed from the 
reverse strand of Six3, which encodes a transcription 
factor required for mammalian eye development (25) 
(Figure 1 J). Both knockdown and overexpression of 
Six3OS1 show that it does not affect Six3 expression 
levels. RIP analysis then revealed that Six3OS1 
associates with EYA family proteins, which are protein 
tyrosine phosphatases that function as transcriptional 
co-regulators. The Six3OS1-EYA ribonucleoprotein 
complex then interacts with SIX3 family transcription 
factors as well as enhancer of zeste 2 polycomb 
repressive complex 2 subunit (EZH2), a component 
of the polycomb-repressive complex 2 (PRC2), 
resulting in silencing of SIX3 target genes through 
methylation of histone 3 regions (25, 73). Furthermore, 
in utero knockdown of Six3OS1 in the mouse postnatal 
retina reduced the number of bipolar cells and 
increased the number of Müller glial cells, whereas 
overexpression of SIX3 protein rescued the Six3OS1 
knockdown phenotype (25). These results suggest 
that the Six3OS1-EYA ribonucleoprotein complex 
can modulate SIX3 activity through PRC2-dependent 
histone modification of its target genes, resulting in the 
regulation of RPC specification to the particular retinal 
cell type.

Overall, various investigations have revealed 
that lncRNAs are involved in the regulation of neural 
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cell differentiation observed both in vivo, such as in the 
SVZ and retina, and in vitro, such as in ESCs and neural 
cell lines. These lncRNAs are key players that regulate 
the interactions of chromatin remodeling enzyme 
subunits, such as PRC2 and EZH2, with target genes 
or that recruit transcriptional machinery, such as SOX2 
and MeCP2, to specific loci. Considering that distinct 
lncRNAs act to maintain each differentiation stage, 
lncRNAs have emerged as important components in 
the processes of neural differentiation.

3.2. lncRNAs are involved in synaptogenesis and 
synaptic plasticity

During development, neuronal cells extend 
processes, such as dendrites and axons, and 
organize synapses that function as platforms for 
neurotransmitter-dependent signal transmission 
between neurons. This process is termed 
synaptogenesis. It has been known for a long time that 
regulated synaptogenesis is a fundamental process in 
the organization of neural circuits during development 
and in the processes of learning and memory in the 
mature brain (74). There is, however, a limited number 
of studies that report on the functional correlation 
between lncRNAs and synaptogenesis. From among 
these studies, we first discuss the possible action of 
the lncRNAs, Malat1, and fragile X mental retardation 
4 (FMR4) on synaptogenesis.

Malat1 is highly abundant in neurons and 
localizes to nuclear speckles in a transcription-
dependent manner (75) (Figure 1 I). Knockdown 
experiments with the active transcription sites-
visualization technique revealed that Malat1 recruited 
SR family splicing factors to transcription sites. DNA 
microarray and GO analyses using Malat1-depleted 
Neuro2a cells showed that Malat1 regulates the 
expression levels of genes involved in synapse and 
dendrite development. Interestingly, knockdown of 
Malat1 caused a significant reduction of synapse 
formation between dendrites and axons, whereas 
Malat1 overexpression increased the synaptic density 
in cultured hippocampal neurons (75). These results 
strongly suggest that Malat1 regulates synaptogenesis 
by recruiting splicing factors to synapse formation-
related gene loci. However, an in vivo study using 
Malat1 knockout mice produced conflicting results 
because the mice did not show any defects in pre- 
or post-natal, or mature stages (26). Moreover, loss 
of Malat1 expression did not cause any significant 
changes in the expression levels or phosphorylation 
status of SR proteins. RNA-sequencing (RNA-seq) 
experiments using brain cortex of Malat1 knockout 
mice showed that loss of Malat1 did not positively or 
negatively affect global pre-mRNA splicing in the adult 
mouse brain (26). Although these results indicate that 
Malat1 can be involved in synaptogenesis through 
pre-mRNA splicing, more detailed in vivo analyses are 

required to fully elucidate the role and relevance of 
Malat1 in synaptogenesis.

The lncRNA, FMR4, is a natural antisense 
RNA transcribed from the reverse strand of the 
fragile-X retardation 1 (FMR1) gene. This lncRNA is 
classified as a member of a trans-acting lncRNA family 
that includes Malat1 and HOX transcript antisense 
RNA (HOTAIR), which function at distant genomic 
loci from the region of origin. It has been reported 
that FMR4 somehow prevents apoptosis and has no 
effect on expression of FMR1 mRNA (76). Microarray 
analysis using HEK293T cells with knockdown or 
overexpression of FMR4 identified 238 mRNAs, 
whose expression levels were affected. Subsequent 
pathway analysis revealed that FMR4 transacts with 
genes related to synaptogenesis, and regulation of 
cell cycle and apoptosis (77). These results indicate 
the possibility of FMR4 involvement in synaptogenesis 
during neuronal development by modulating the 
expression levels of synaptogenesis-related genes in 
a trans-acting manner.

As synaptogenesis proceeds, neurons 
generate action potentials in response to synaptic 
excitation. Neurons modulate the strength and duration 
of action potentials in response to external stimuli. This 
is termed synaptic plasticity and plays a key role in 
neuronal development. Long-term potentiation (LTP) 
and its opposite phenomenon, long-term depression 
(LTD) are fundamental properties of synaptic plasticity 
and are defined as a persistent increase or decrease 
of synaptic strength, respectively, induced by high 
frequency stimulation (78). These processes are 
essential for neural circuits and, therefore, for brain 
functions such as learning and memory (79). There 
are several examples of lncRNAs that modulate this 
synaptic plasticity.

Brain cytoplasmic RNA 1 (BC1) was one 
of first lncRNAs to be identified and is abundantly 
expressed in the rodent brain (Figure. 1 I). BC1 is 
actively transported to neuronal dendrites and can act 
as a translational repressor, interacting directly with 
eIF4A and poly-A binding protein (PABP) (27, 28). 
BC1 usually represses the translation of post-synaptic 
density protein 95 (PSD-95) mRNA and fragile-X 
retardation protein (FMRP) mRNA in neuronal 
dendrites. When the group I metabolic glutamate 
receptor (mGluR) was stimulated in neurons by 
glutamate, the translational repression was canceled 
and both PSD-95 and FMR1 mRNAs were translated. 
BC1 knockout mice display constitutive de-repression 
of translation of these mRNAs. Subsequent mGluR 
activation was suggested to enhance excessive 
translation of PSD-95 and FMR1 mRNAs, and to lead 
to neuronal hyperexcitability in the BC1 knockout mice 
(29). Behavioral tests subsequently revealed that BC1 
knockout mice show decreased levels of exploration 
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and higher levels of anxiety compared with controls 
but normal spatial memory functions (80). This is an 
elegant experiment that correlated lncRNA function 
with synaptic plasticity at the levels of molecular 
mechanism and higher in vivo brain function.

Brain-derived neurotrophic factor (BDNF) is 
essential for differentiation, long-term survival, and 
signal transmission in neuronal cells (81). BDNF is 
also required for synaptic plasticity (79). BDNF-AS 
is an lncRNA transcribed from the reverse strand of 
the BDNF gene (82) (Figure 1 I). BDNF-AS represses 
BDNF transcription in an epigenetic manner. BDNF-
AS-specific knockdown in combination with ChIP 
assays indicated that BDNF-AS enhances H3K27 
methylation levels within the BDNF promoter region 
by recruiting EZH2 without affecting BDNF mRNA 
stability (82). Intriguingly, repeated depolarization by 
potassium chloride, which induces LTP, enhanced the 
levels of BDNF transcription in the human SH-SY5Y 
neuroblastoma cell line, whereas the levels of BDNF-
AS expression were repressed (83). These results 
suggest that BDNF-AS is involved in synaptic plasticity 
through the epigenetic regulation of BDNF expression 
in response to neuronal excitation.

Conversely, synaptic plasticity can modulate 
lncRNA expression in response to external stimulation. 
Global transcriptome analysis was recently performed 
using adult rat hippocampal dentate gyrus (DG) to 
identify novel lncRNAs whose expression levels were 
altered in response to synaptic stimulation and LTP 
formation (84). RNA-seq and subsequent bioinformatic 
analyses revealed that the expression levels of 71 
novel lncRNAs were significantly changed in the 
adult rat DG upon in vivo LTP formation, of which the 
majority were upregulated (84). These results indicate 
that lncRNAs and synaptic plasticity can be mutually 
regulated in the CNS. However, the target genes of 

these LTP-dependent lncRNAs are unidentified (84) 
and how these lncRNAs act on their targets to regulate 
neuronal development remains to be elucidated.

Considering that both synaptogenesis and 
synaptic plasticity play important roles in the formation 
of functional neural circuits and in the acquisition of 
CNS functions, Maag et al suggest that lncRNAs can 
directly contribute to nervous system development 
by controlling synaptogenesis (85). However, this 
contribution receives negative feed-back regulation 
from synaptic plasticity-dependent lncRNA expression.

4. FUNCTIONAL INVOLVEMENT OF LONG 
NON-CODING RNAs IN NEUROLOGICAL 
DISEASES

Neurological diseases are important causes of 
human illness and mortality. They are usually classified 
by their pathology into several groups; including 
cerebrovascular diseases, dementia, demyelinating 
diseases, and neurodegenerative diseases (Table 
2). Most such neurological diseases develop after 
completion of CNS development, that is, after the 
maturation stage in Figure 1. However, neurological 
diseases that result from developmental abnormalities 
that arise in the self-renewal or commitment stages 
can be caused by structural abnormalities in the CNS 
formed in utero. 

Dysregulation of lncRNAs has been 
observed in various diseases, including cognitive 
disorders, cardiovascular diseases, and cancer (86-
88). As described in section 3, lncRNAs are involved 
in the formation of the CNS; therefore, it is plausible 
that dysregulation of lncRNAs can cause neurological 
diseases. In this section, we focus on the mode of 
action of lncRNAs involved in neurological diseases. 
We discuss major neurological diseases, in which the 
correlation between dysregulated lncRNA expression 
and the onset and pathogenesis has been described 
(Table 3). Such neurological diseases include glioma 
and neurodegenerative diseases, such as Alzheimer’s 
disease and Parkinson’s disease. The pathogenic 
involvement of lncRNAs in secondary neurological 
diseases has been reviewed elsewhere (89, 90).

4.1. Alzheimer’s disease (AD)

AD is one of the most common neurological 
diseases, leading to memory and cognitive dysfunction. 
The majority of cases are sporadic, with approximately 
10% of cases exhibiting familial heritability. Many AD-
related genes have been identified, whose mutation 
or aberrant expression can lead to the onset of AD. 
These include, amyloid beta precursor protein (APP), 
beta-secretase 1 (BACE1), and sortilin related receptor 
1 (SORL1). The protein products from the latter two 
genes are implicated in aberrant processing of APP 

Disease condition

• Cerebrovascular diseases

• Dementia

• Demyelinating diseases

• Neurodegenerative diseases

• Infectious diseases

• Neuromuscular diseases

• Epilepsy, Seizure and Headache

• Phakomatosis

• Brain tumor

• Hydrocephalus

• Peripheral nervous system disorders

Table 2. Classification of neurological diseases 
by pathological cause
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and the subsequent formation of extracellular amyloid 
beta (Abeta) plaques, which are also known as the 
senile plaques. Enhanced aggregation and deposition 
of Abeta lead to neuronal loss and brain contraction, 
which can cause dementia (91). 

BACE1 encodes beta-secretase, a single-
pass transmembrane protein involved in the processing 
of APP. BACE1 cleaves off the extracellular domain of 
APP to produce the proteolytic products Abeta 1-40 or 
Abeta 1-42, which are the major components of Abeta 
plaques. Aberrant BACE1-dependent APP processing 
is likely to be a critical step in AD pathogenesis (92).

SORL1 encodes a type-1 membrane protein, 
SORL1, which is involved in the endocytosis of cell 
surface APP and in its subsequent transport to the 
Golgi apparatus. SORL1 then traps APP in the Golgi 
apparatus and reduces the amount of APP that is 
transported back to the cell surface to form Abeta 
plaques (93). SORL1 can interact with APP and 
affect both APP-trafficking and BACE1-dependent 
proteolytic processing. In addition, overexpression 
of SORL1 reduces the amount of cell surface APP 
and suppresses Abeta plaque formation, whereas 
reduced expression of SORL1 causes aberrant 
APP trafficking and increased APP processing and 
Abeta plaque formation (93). These results indicate 
that dysregulation of intracellular APP trafficking can 
enhance AD symptoms.

Several lncRNAs have been implicated in 
the regulation of BACE1 and SORL1 expression in 
a post-transcriptional manner (12, 94). The lncRNA, 
BACE1-AS, is transcribed from the reverse strand 
of the BACE1 gene and forms a duplex with BACE1 
mRNA. Formation of this duplex enhances BACE1 
mRNA stability, resulting in increased levels of BACE1 
protein, and abnormally increased levels of Abeta 1-42 
(Figure 2). Indeed, the levels of both BACE1 mRNA 
and BACE1-AS were up-regulated in both AD patients 
and APP transgenic mice (12). 

In addition, RNA stability of BACE1-AS is 
increased by neural RNA-binding protein Hu antigen 

D (HuD), which promotes APP synthesis (32). HuD 
also binds to BACE1 and APP mRNAs by recognizing 
U- or AU-rich elements, which prevents these mRNAs 
from being degraded (32) (Figure 2). Indeed, in HuD 
transgenic mice, HuD raised the expression levels of 
BACE1-AS, and BACE1 and APP mRNAs, resulting in 
increased levels of Abeta 1-40 (32). In AD brains, both 
HuD and BACE1 protein levels are also significantly 
increased (32). These findings indicate that BACE1-
AS in combination with HuD can stabilize BACE1 
mRNA in a post-transcriptional manner, leading to 
aberrant APP processing, which might contribute to 
AD symptoms (12).

The lncRNA, 51A, is transcribed from the 
reverse strand of SORL1 intron 1. Overexpression 
of 51A in human neuroblastoma SKNBE2 cells leads 
to greatly reduced levels of SORL1 splice variant 
A mRNA and its protein product, SORL1 variant A 
(94). Enhanced 51A expression also significantly 
increases the secretion of both Abeta 1-40 and Abeta 
1-42. Indeed, the level of 51A was up-regulated in the 
cerebral cortices of AD patients compared with control 
individuals (94). These results suggest that 51A can 
change the SORL1 pre-mRNA splicing pattern and 
negatively affect the expression levels of SORL1 
protein by forming an RNA duplex with the SORL1 
pre-mRNA at canonical splice sites. The reduction of 
SORL1 protein levels then causes aberrant SORL1-
dependent intracellular APP processing (Figure 2). 

In recent years, transcriptome analyses 
have been performed to comprehensively identify all 
lncRNAs involved in AD pathogenesis. These analyses 
were largely based on microarray screening and RNA 
sequencing using brain samples of AD patients or AD 
model mice. These approaches enabled the expression 
levels of individual lncRNAs to be determined and the 
identification of target genes regulated in cis or in trans 
by the lncRNAs (95, 96).

Faghihi and colleagues (95) employed the 
RNA-seq approach and identified 143 protein-coding 
genes, 31 natural antisense transcripts (NATs), and 
89 lincRNAs specifically expressed in the brains of AD 

Table 3. LncRNAs involved in neurological diseases

Neurological disease Related lncRNAs

Neurodegenerative disease

Alzheimer’s disease BACE1-AS, 51A, BC200, 17A

Parkinson’s disease Malat1, MAPT-AS1, HOTAIR, NEAT1

Brain tumor

Glioma CRNDE, HOTAIR, MEG3, GAS5

Diseases causing abnormal synaptic plasticity

Fragile X syndrome FMR4
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patients. Intriguingly, subsequent pathway analysis of 
the 143 protein-coding genes revealed dysregulation 
of Abeta clearance. Indeed, the associated RT-qPCR 
analysis revealed that the mRNA levels of serpin family 
E member 1 (SERPINE1), encoding the plasminogen 
activator inhibitor type-1 (PAI-1), were significantly up-
regulated in AD brains. PAI-1 binds to plasminogen 
activators and reduces their serine protease activity, 
which inhibits the conversion of plasminogen to 
plasmin. Plasmin digests Abeta peptides both in vitro 
and in vivo and is involved in Abeta clearance in AD 
mice (97). These results indicate that increased 
SERPINE1 mRNA levels can cause impairment of 
Abeta clearance in AD brains. Faghihi and colleagues 
also specified two novel NATs and lincRNAs that might 
contribute to AD pathogenesis (95). The NATs, HAO2-
AS and EBF3-AS, were transcribed from the reverse 
strand of the hydroxyacid oxidase 2 (HAO2) gene and 
the early B cell factor 3 (EBF3) gene, respectively. 
The two lincRNAs were AD-linc1 and AD-linc2 
(XLOC_753726 and XLOC_612449, respectively). RT-
qPCR analysis revealed that the expression levels of 
these four lncRNAs were up-regulated in AD brains. 
Furthermore fractionation of brain tissues showed 
that these lncRNAs were abundantly localized in the 
nucleoplasm and chromatin fractions (95) (Figure 3).

As described in the section 3, lncRNAs are 
involved in multiple epigenetic processes, such as DNA 
methylation and histone modification, by regulating 
the interactions of chromatin remodeling enzyme 
subunits with target genes. The nuclear localization 
of these aberrantly expressed NATs and lincRNAs 
might epigenetically alter the expression levels of 
protein-coding genes, such as SERPINE1, which may 
contribute to AD pathogenesis by dysregulating Abeta 
clearance.

Lee et al (96) reported the presence of unique 
lincRNAs specifically expressed in an AD transgenic 
mouse (3xTg-AD) that has mutations in presenilin 1 
(PSEN1), microtubule associated protein tau (MAPT) 
and APP. They employed microarray analysis to compare 
the expression levels of lincRNAs between 9-month-old 
3xTg-AD mice and control mice, and found that 205 
lincRNAs were specifically expressed in the AD model 
mice. Among these lincRNAs, 27 had target genes that 
showed significantly dysregulated expression patterns 
in a concordant manner. Subsequent GO analysis 
showed that the most enriched biological process 
category associated with these candidate target genes 
was DNA-dependent regulation of transcription. These 
results suggest that the 27 lincRNAs might regulate the 

Figure 2. AD-related lncRNAs in amyloid beta (Abeta) plaque formation. The lncRNA, BACE1-AS, and HuD interact with BACE1 mRNA and increase 
mRNA stability to promote beta-secretase activity, resulting in enhancement of Abeta plaque formation (indicated by blue arrows). lncRNA, 51A, reduces 
the levels of SORL1 protein by altering the pre-mRNA splicing pattern, which leads to inhibition of SORL1-dependent APP endocytosis and enhance the 
Abeta plaque formation (indicated by yellow arrows).
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expression levels of their target protein-coding genes, 
which are involved in the transcriptional regulation of 
downstream genes (96). 

To more fully understand the modes of action 
of novel lncRNAs involved in AD pathogenesis, further 
stepwise investigations are required. Primarily the 
target genes of novel lncRNAs should be identified 
by searching preexisting transcriptome databases or 
by direct analyses using RNA-seq and/or microarray 
approaches. Secondly, comparative studies of target 
gene expression levels between AD patients and 
control individuals may provide valuable information 
to evaluate whether or not an lncRNA is actively 
involved in AD pathogenesis. Thirdly, target gene 
candidates may be analyzed by GO or pathway 
analysis to integrate the genetic information of the 
genes. This would allow researchers to investigate 
how the target genes cause AD pathogenesis. Loss 
or gain of function analyses of the target genes may 
then verify the results. Finally, it is crucial to examine 
the relationship between protein levels of the target 
genes and the levels of Abeta peptide synthesis or 
Abeta plaque formation to confirm involvement in AD 
pathogenesis. These investigations would contribute 
to the identification of genes modulated by lncRNAs 
and to understanding their modes of action in Abeta 
peptide synthesis or Abeta plaque formation.

Other lncRNAs, such as 17A, and BC200, 
have been implicated in the AD pathogenesis; 
however, their functional roles are poorly understood 

(31, 33). 17A is transcribed from the reverse strand of 
the gamma-aminobutyric acid type B receptor subunit 
2 (GABBR2) gene that encodes the GABA B2 receptor 
(31). Overexpression of 17A in SH-SY5Y cells induced 
alternative splicing of GABBR2 pre-mRNA, which 
led to the synthesis of inactive GABA B2 protein and 
impairment of GABA-mediated inhibitory signaling 
and enhancement of Abeta peptide secretion by an 
unknown mechanism. Furthermore, in the AD brain, 
expression levels of 17A were up-regulated compared 
with control brains (31). These results suggest that 
enhanced expression of 17A can inhibit GABA-
mediated signaling by changing the splicing pattern 
of GABBR2 pre-mRNA, leading to enhanced Abeta 
peptide synthesis in the AD brain (Figure 3).

BC200 is a 200 nucleotide-long lncRNA 
predominantly expressed in the human brain (98). 
BC200 may be involved in synaptic plasticity and can 
act as a translational repressor by interacting directly 
with eIF4A and PABP, which is similar to rodent BC1 
RNA (29). In healthy neurons, BC200 RNA is localized 
in the post-synaptic region and represses translation of 
target mRNAs, including FMR1 mRNA (99). With human 
aging, the expression levels of BC200 RNA decrease, 
which can lead to de-repression of FMR1 mRNA 
translation, resulting in decreased synaptic plasticity 
and subsequent impaired learning and memory (33). 
In the neurons of AD brains, the expression levels of 
BC200 RNA are aberrantly increased. FMR1 mRNAs 
are predominantly expressed in the post-synaptic 
region of neurons; therefore, redistribution of BC200 

Figure 3. lncRNAs that are possibly related to AD pathogenesis. The expression levels of HAO2-AS, EBF3-AS, and AD-linc1/2 are abnormally up-
regulated in the AD brain, which may epigenetically alter the expression levels of protein-coding genes that contribute to AD pathogenesis. lncRNA, 
BC200, is localized in the post-synaptic region and represses translation of target mRNAs, including FMR1 in normal brain. In the AD brain, BC200 
shows abnormal peri-nuclear localization, which aberrantly enhances FMRP translation in dendrites and causes the impaired plasticity. lncRNA, 17A, 
produces an inactive GABA B2 protein by altering the splicing pattern of GABBR2 pre-mRNA, resulting in impaired GABA receptor-mediated signaling.
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RNAs from this region can cause abnormal depression 
of FMR1 mRNA translation, resulting in the impaired 
plasticity (33) (Figure 3). These results suggest that 
BC200 plays a role in memory impairment in AD 
patients. 

Several lines of evidence demonstrate the 
modes of action of lncRNAs involved in APP synthesis 
and subsequent Abeta deposition, revealing that 
lncRNAs can contribute to AD pathogenesis. These 
lncRNAs can modulate the expression levels of target 
genes at various stages in the gene expression process 
(Table 3). Further studies are required to clarify how 
aberrant regulation of the processes mentioned above 
can lead to APP synthesis and subsequent Abeta 
deposition, and investigations of AD-related lncRNAs 
will help to understand AD pathogenesis.

4.2. Parkinson’s disease (PD)

PD is a progressive neurodegenerative 
disease exhibiting motor symptoms, including 
bradykinesia, rigidity, resting tremor, and posture 
instability. PD also presents non-motor symptoms, 
such as autonomic neuropathy, depression and 
dementia. PD is characterized by the appearance 
of Lewy bodies, cytoplasmic inclusions composed 
of alpha-synuclein-ubiquitin complexes, and the 
degeneration of nigrostriatal dopamine neurons (100).

 
The clinical diagnosis of PD requires the 

presence of the motor symptoms, called parkinsonism 
(101), whereas when dementia occurs before the onset 
of parkinsonism, Lewy body dementia is diagnosed. 
Lewy body dementia presents visual hallucination, 
dementia, and parkinsonism and Lewy bodies develop 
throughout the brain (102). 

To elucidate PD pathogenesis, experimental 
in vivo and in vitro PD models have been employed 
(103, 104). An in vivo PD mouse model was established 
by the administration of the neurotoxin, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-hydrogen chloride 
(MPTP-HCl), by intraperitoneal injection, while in vitro 
PD models have been prepared by the treatment of 
cell lines, such as SH-SY5Y neuroblastoma cells, with 
1-methyl-4-phenyl- pyridinium ion (MPP+), which is 
the metabolite of MPTP. In PD model animals, MPP+ 
generated from MPTP is transported into dopaminergic 
neurons by the dopamine transporter (DAT). This 
impairs mitochondrial energy production by inhibiting 
complex I activity, resulting in neuronal degeneration. 
The MPTP-treated animals are then evaluated using 
behavioral tests to determine whether their motor 
phenotype represents the clinical symptoms observed 
in PD patients (105).

Several PD-related genes have been 
identified by genetic association studies of autosomal 

dominant and recessive PD families. These genes 
include synuclein alpha (SNCA), leucine rich repeat 
kinase 2 (LRRK2), parkin RBR E3 ubiquitin protein 
ligase (PRKN), phosphatase and tensin homologue 
(PTEN)-induced putative kinase 1 (PINK1), and 
microtubule associated protein tau (MAPT) (106). 
Mutations in these genes can lead to multiple 
intracellular abnormalities, including formation of 
cytotoxic aggregates, impaired actin remodeling, 
dysfunctional autophagy, and enhanced pro-apoptotic 
signaling (107), all of which can lead to neuronal 
degeneration and PD pathogenesis. In addition, 
emerging evidence indicates that lncRNAs are 
involved in PD pathogenesis. Altered expression 
of lncRNAs was first identified in leukocytes of PD 
patients by Soreq et al. using whole transcriptome 
RNA sequencing, although the detailed functions of 
the identified lncRNAs were not fully elucidated (108). 

In the following paragraphs, we describe 
the canonical functions of PD-related proteins 
and the aberrant molecular events caused by PD-
related mutations, which eventually lead to neuronal 
degeneration. We highlight the relevant lncRNAs 
identified so far and their roles in regulating the 
expression of PD-related genes and their products.

4.2.1. Malat1 inhibits alpha-synuclein degradation 
and antagonizes miR-124

SNCA encodes alpha-synuclein, the first PD-
related gene to be identified and the major component of 
Lewy bodies. Alpha-synuclein inhibits the endocytosis 
of muscarinic receptors by inhibiting phospholipase D2 
activity, and can reduce the cytoplasmic levels of both 
3,4-dihydrophenylalanine (L-DOPA) and dopamine 
(DA) by suppressing the phosphorylation of tyrosine 
hydroxylase (109, 110). These findings suggest that 
alpha-synuclein might be involved in the regulation of 
neurotransmitter release. 

Missense mutations in SNCA, such as 
Ala53Thr, create alpha-synuclein mutants that are 
likely to form a beta-sheet structure, which can lead 
to aberrant aggregation of alpha-synuclein (Figure 
4) (111). Furthermore, SNCA locus triplication or 
duplication can increase the levels of alpha-synuclein 
protein, leading to aberrant aggregation and neuronal 
degeneration (112, 113). It is not fully understood 
how alpha-synuclein aggregation causes cytotoxicity; 
however, recent reports suggest that an abnormal 
alpha-synuclein abundance can cause aberrant 
microtubule assembly in pre-synaptic regions, resulting 
in impaired vesicle recycling, impaired endocytosis, 
reduced vesicle pool size, and diminished exocytosis 
of neurotransmitters (114-116). These studies 
suggest that aberrant alpha-synuclein aggregation 
can lead to neuronal degeneration by dysregulating 
neurotransmitter release.
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The lncRNA, Malat1, is involved in PD 
pathogenesis by enhancing alpha-synuclein protein 
stability and inhibiting miR-124, which acts as a 
neuroprotective miRNA (Figure 4) (35, 37). In the 
MPTP+-treated SH-SY5Y cells, the expression 
levels of Malat1 are increased. Furthermore, Malat1 
associates with alpha-synuclein protein and prevents 
the protein from undergoing proteasome-dependent 
degradation, resulting in impaired cell viability (37). 
In addition, Malat1 enhances neuronal apoptosis by 
acting as an miR-124 sponge in both in vitro and in 
vivo PD models (35). miR-124 was reported to exert a 
neuroprotective effect by reducing the expression levels 
of Bim, a BCL2 homology region 3 (BH3)-only protein. 
This accelerated apoptosis through the mitochondrial 
translocation of BCL2 associated X protein (BAX) 
(117). In MPTP+-treated SH-SY5Y cells, the 
expression levels of Malat1 are significantly elevated, 
whereas those of miR-124 are reduced. Knockdown of 
Malat1 increases miR-124 expression, which causes 
a reduction in the number of apoptotic dopaminergic 

neurons, which was verified by measuring activated 
caspase-3 activity (35). These results suggest that, in 
addition to the positive regulation of alpha-synuclein 
protein stability, Malat1 can act as a ceRNA against 
miR-124 (see also Section 2 above) and promote 
neuronal degeneration by inducing apoptosis, which 
eventually leads to PD pathogenesis. 

4.2.2. HOTAIR enhances LRRK2 mRNA stability 
and caspase-3 activity

LRRK2 encodes a protein kinase that can 
regulate neuronal cell morphology, growth and motility 
through the phosphorylation of ezrin/radixin/moesin 
(ERM) proteins, which play roles in actin remodeling 
by anchoring actin filaments to the plasma membrane 
(118) (Figure 5). In familial PD, several genetic 
variations of LRRK2 are frequently observed (119). 
These mutations cause enhanced kinase activity of 
LRRK2 (120), leading to increased phosphorylation of 
ERM proteins and subsequent shortening of neuronal 

Figure 4. lncRNA Malat1-mediated neuronal degeneration in PD pathogenesis. Malat1 enhances alpha-synuclein protein stability, which leads to 
aggregation and Lewy body formation, resulting in neuronal degradation. Malat1 acts as a decoy to repress miR-124, leading to enhanced apoptotic 
signaling. This effect causes neuronal degeneration. Malat1-dependent effects are indicated by yellow arrows. SNCA mutation-dependent effects are 
indicated by gray arrows.
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processes (118). LRRK2 mutations cause other 
cellular dysfunctions, including enhanced autophagic 
activity through extracellular signal regulated protein 
kinase/mitogen activated protein kinase (ERK/MAPK) 
signaling (121) and increased apoptosis by activating 
caspase-3 activity (122). Given that the overexpression 
of wild-type (WT) LRRK2 in transgenic mice results in 
shortened neuronal processes (122), the increased 
phosphorylation of LRRK2-target proteins may lead to 
neuronal degeneration.

 The lncRNA, HOTAIR (HOX transcript 
antisense RNA), is transcribed from the reverse 
strand of the intergenic region between HOXC11 and 
HOXC12 genes. HOTAIR was originally reported to 
regulate the expression levels of target genes, such 
as HOXD and cadherin 1 (CDH1) in an epigenetic 
manner (123-126). Several studies using in vivo and 
in vitro PD models revealed that the expression levels 
of HOTAIR are up-regulated both in the midbrain of 
MTPT-treated mice and in MPP+-treated SH-SY5Y 
cells (36). Up-regulated HOTAIR enhances the 
protein levels of LRRK2 by inhibiting the degradation 
of LRRK2 mRNA (36), which leads to neuronal 
degeneration through various subcellular processes, 
including increased apoptosis (122). In contrast, 
knockdown of HOTAIR in MPP+-treated SH-SY5Y 

cells reduces LRRK2 mRNA and protein levels, and 
inhibits neuronal degeneration (36). Moreover, this 
neuroprotective effect of HOTAIR knockdown was 
abolished by the additional overexpression of WT 
LRRK2 in MPP+-treated SH-SY5Y cells (127). It is 
interesting to note that HOTAIR knockdown produces 
another neuroprotection phenotype by inhibiting 
caspase-3 activity, which causes a reduction of 
apoptosis (36). These results suggest that HOTAIR 
can promote neuronal degeneration by controlling the 
expression levels of LRRK2 mRNA and caspase-3 
enzymatic activity; however, the molecular mechanism 
of HOTAIR action remains to be elucidated.

4.2.3.  MAPT-AS1 reduces MAPT expression in an 
epigenetic manner

MAPT encodes microtubule-associated 
protein tau, which stabilizes microtubule networks and 
regulates the transport of vesicles or organelles along 
the microtubules (128). In transgenic (TG) mice, WT 
MAPT overexpression causes hyperphosphorylation 
of tau present in neuronal cell bodies, resulting in 
the formation of cytotoxic neurofibrillary tangles 
and enhanced neuronal degeneration compared 
with control WT mice (129) (Figure 6). In Norwegian 
PD patients, a particular set of sequential single 

Figure 5. HOTAIR-mediated neuronal degeneration in PD pathogenesis. HOTAIR promotes LRRK2 mRNA stability and, hence, up-regulates LRRK2 
kinase activity. This effect eventually increases neuronal degeneration. HOTAIR enhances caspase-3 activity and, thereby, increases apoptotic signaling. 
This effect also contributes to eventual neuronal degeneration. HOTAIR-dependent effects are indicated by yellow arrows. LRRK2 mutation-dependent 
effects are indicated by gray arrows.
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nucleotide polymorphisms (SNPs) in MAPT, which is 
termed the H1 haplotype, was observed significantly 
more frequently than in control individuals (130). The 
SNPs caused enhanced expression of MAPT and was 
confirmed as a PD risk factor (131). 

These studies suggest that increased MAPT 
expression and subsequent hyperphosphorylation of 
tau can cause neuronal degeneration by generating 
cytotoxic neurofibrillary tangles, which are a hallmark 
of tauopathy. Although PD is recognized as an alpha-
synucleinopathy that exhibits aberrant aggregation 
of alpha-synuclein (111), the above studies, the H1 
haplotype in particular, provide another possibility; 
PD can be induced by tauopathy with cytotoxic 
neurofibrillary tangle formation.

The lncRNA, MAPT-AS1, is transcribed from 
the reverse strand of the MAPT promoter region (34), 

and is involved in the epigenetic regulation of the 
MAPT promoter (Figure 6). In vitro methylation analysis 
in HEK293 cells showed that the overexpression 
of MAPT-AS1 reduced the DNA methylation levels 
within the MAPT promoter region, while knockdown 
of MAPT-AS1 increased methylation of the MAPT 
promoter region (34). Intriguingly, luciferase analysis 
indicated that overexpression of MAPT-AS1 reduced 
MAPT promoter activity, whereas knockdown of MAPT-
AS1 increased promoter activity. It follows that the 
expression levels of MAPT are reduced or increased 
by the overexpression or knockdown of MAPT-AS1, 
respectively. Indeed, increased methylation in MAPT 
promoter regions is associated with reduced MAPT-
AS1 expression in PD patients (132).

In general, DNA methylation promotes 
the association of methyl-CpG-binding domain 
(MBD) proteins with a promoter region, which 

Figure 6. The protective effect of lncRNA, MAPT-AS1, against neuronal degeneration. Mutations in MAPT and LRRK2 increase the levels of 
phosphorylated tau, which enhances neurofibrillary tangle formation and tau inclusion formation, resulting in neuronal degeneration (indicated by gray 
arrows). MAPT-AS1 inhibits MAPT transcription by reducing the DNA methylation levels within the promoter region, resulting in repression of neuronal 
degeneration. MAPT-AS1-dependent effects are indicated by blue arrows.
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prevents transcription factors from recognizing the 
promoter region, resulting in reduced transcription 
and conformational change of chromatin into silent 
chromatin (133). However, the above MAPT-AS1 
regulation of CpG methylation at the MAPT promoter 
region and the resulting effects on MAPT mRNA 
expression appears to violate this rule. It has been 
previously shown that methyl-CpG-binding protein 2 
(MeCP2), a member of the MBD family, can bind to 
methylated DNA and activate or repress transcription, 
which depends on the type of target gene (134, 
135). On a methylated promoter region, MeCP2 
modulates the expression levels of downstream 
genes by selecting transcriptional activators or 
repressors. For example, MeCP2 interacts with 
cAMP responsive element binding protein 1 (CREB1) 
to activate brain-derived neurotrophic factor (Bdnf) 
gene transcription. However MeCP2 can also interact 
with SIN3 transcription regulator family member A 
(Sin3A) to repress Hairy2a gene transcription (136-
139). To clarify the mechanism by which MAPT-AS1 
reduces MAPT expression through the suppression 
of DNA methylation, the transcriptional regulators that 
interact with the methylated MAPT promoter region 
need to be identified, e.g. by employing ChIP assays 
with antibodies against MeCP2. Promoter-associated 
lncRNAs are usually scaffolds for nuclear processes 
or guides for ribonucleoprotein complexes; therefore, 
the above results suggest that MAPT-AS1 may be 
involved in the epigenetic regulation of the MAPT 
promoter, resulting in the down-regulation of MAPT 
expression. MAPT-AS1 might therefore play a pivotal 
protective role against neuronal degeneration in PD 
pathogenesis.

4.2.4.  Roles of PINK1, Parkin and NEAT1 in neu-
ronal degeneration via disruption of mitochondri-
al homeostasis

Under physiological conditions, mitochondrial 
energy production simultaneously generates reactive 
oxygen species (ROS) that can impair mitochondrial 
functions. Generally, antioxidant enzymes, such as 
glutathione peroxidase-1, superoxide dismutase-2, 
and peroxiredoxin-1, remove the ROS to protect 
mitochondria from oxidative stress (140). However, a 
small portion of ROS escape the antioxidant enzymes 
and may damage the mitochondria (141). The 
impaired mitochondria, which can continue to produce 
ROS to inflict intracellular oxidative stress, are usually 
removed by the ubiquitin-proteasome system (142). 
The system requires PINK1 and Parkin, encoded 
by PINK1 (PTEN-induced kinase 1) and PRKN, 
respectively (143). Although under physiological 
conditions, PINK1 is constitutively synthesized and 
localized to the mitochondrial outer membrane, the 
kinase is usually degraded by membrane-voltage 
sensitive proteolysis (144). However, in impaired 
mitochondria, turn-over of PINK1 is inhibited by 

reduced membrane voltage, resulting in increased 
accumulation of PINK1 (144). The accumulated 
PINK1 then phosphorylates Parkin which moves 
from the cytosol to the mitochondria. Phosphorylated 
Parkin can ubiquitinate mitochondrial outer membrane 
proteins via its E3-ubiquitin ligase activity (143). The 
ubiquitinated proteins then enhance the degradation 
of impaired mitochondria by the ubiquitin-proteasome 
system (143). These results indicate that PINK1 and 
Parkin regulate mitochondrial homeostasis, which 
protects neurons from the oxidative stress produced 
by impaired mitochondria, and subsequent neuronal 
degeneration. Indeed, the PINK1 or PRKN mutations 
found in autosomal recessive juvenile PD (145, 146), 
reduce the degradation of impaired mitochondria 
(142). The mutations reduce the efficiency of PINK1 
for phosphorylating Parkin. Non-phosphorylated 
Parkin then works in an inefficient way to ubiquitinate 
the impaired mitochondria (142), resulting in neuronal 
degeneration (147). 

Meanwhile, enhanced nuclear paraspeckle 
assembly transcript 1 (NEAT1) expression can induce 
aberrant autophagy of both healthy mitochondria and 
impaired mitochondria by modulating PINK1 protein 
stability, resulting in neuronal degeneration (Figure 
7) (148, 149). NEAT1 is transcribed from the NEAT1 
locus and was originally reported to be involved in 
paraspeckle formation in the nucleus (150). In PD model 
cells (MPP+-treated SH-SY5Y cells), the expression 
levels of NEAT1 are increased. Overexpressed NEAT1 
further increases the expression levels of PINK1 
by inhibiting the degradation of the kinase, resulting 
in enhanced accumulation of PINK1 not only in the 
impaired mitochondria but also in intact mitochondria. 
Accumulated PINK1 directly interacts with LC3-II, the 
phosphatidylethanolamine-conjugated form of LC3 
that is essential for the initiation of autophagy, and 
increases the accumulation of LC3-II in mitochondria, 
resulting in the aberrant mitochondrial autophagy 
(148). Intriguingly, the NEAT1/PINK1/LC3-II axis acted 
not only in the degradation of impaired mitochondria 
in PD model cells but also in the aberrant elimination 
of surviving intact mitochondria (149). The NEAT1-
mediated overexpression of PINK1 may encourage 
the degradation of intact mitochondria, resulting in 
reduced ATP production, which can lead to neuronal 
degeneration. How NEAT1 inhibits PINK1 protein 
degradation is still uncharacterized. The above results, 
however, suggest that the lncRNA can act by stabilizing 
PINK1, an upstream regulator of LC3-II mobilization, 
to induce aberrant autophagy. NEAT1 therefore plays 
a role in PD pathogenesis.

It is widely accepted that PD is caused by 
mutations in various genes that cause intracellular 
dysfunction and eventual neuronal degeneration. 
Recent studies have clarified the modes of action 
of several lncRNAs that can positively or negatively 
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modulate the expression of causative PD genes and 
the subsequent intracellular dysfunction (Figure 8). 
Although further studies are required to clarify the issues 
listed in Table 4 that are related to PD pathogenesis, 
it is increasingly evident that the lncRNAs involved in 
neuronal degeneration play a pivotal role in the onset 
of PD.

4.3. Glioma

Glioma is a type of primary brain cancer, 
originating from glial cells, such as astrocytes and 
oligodendrocytes, and accounts for eighty percent of 
malignant cancers in the CNS (151). The five-year 
survival rate of glioblastoma multiforme, the most 

Figure 7. Neuronal degeneration caused by lncRNA, NEAT1, contributes to PD pathogenesis. Mutations in PRKN and PINK1 reduce the levels of 
phosphorylated Parkin, which inhibits the removal of impaired mitochondria and causes neuronal degeneration (indicated by gray boxes and arrows). 
NEAT1 prevents PINK1 degradation, which causes neuronal degeneration by inducing the aberrant autophagy of mitochondria. NEAT1-dependent 
effects are indicated by yellow arrows.

Figure 8. An integrated view of neuronal degeneration in PD pathogenesis. PD-related lncRNAs positively or negatively regulate signaling pathways, 
which leads to neuronal degeneration by inducing intracellular dysfunction, such as the formation of cytoplasmic aggregates, impaired neuronal functions, 
pro-apoptotic signaling and organelle dysfunction.
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malignant form of glioma, is less than 5% (152). To 
improve this poor clinical outcome, the molecular 
mechanisms of glioma development have been 
extensively investigated. 

Hanahan and Weingerg proposed a series 
of cancer hallmarks, which has been widely accepted 
to encompass the molecular mechanisms of cancer 
development (153). The cancer hallmarks rationalized 
the individual processes in cancer development; (1) 
sustaining proliferative signaling; (2) evading growth 
suppressors; (3) enabling replicative immortality; 
(4) activating invasion and metastasis; (5) inducing 
angiogenesis; (6) resisting cell death; (7) deregulating 
cellular energetics; (8) avoiding immune destruction; 
(9) genome instability and mutation and (10) tumor-
promoting inflammation. During cancer development, 
cancer initiation includes hallmarks (1), (2), and (10), 
while cancer progression includes hallmarks (3), (4), 
and (5). Hallmark (6) is closely related to both initiation 
and progression of cancer. Hallmarks (7), (8), and (9) 
are related to other processes, such as regulation of 
the cancer microenvironment (153). 

Intriguingly, recent evidence shows that 
lncRNAs are involved in cancer development by 
modulating the cancer hallmarks. Gutschner and 
Diederichs highlighted the functions of lncRNAs that 
are involved in the epigenetic regulation of genes 
whose protein products positively or negatively affect 
the cancer hallmarks (154). Furthermore, Yoshida 
and Kimura clarified the modes of action of pathogen-
associated non-coding RNAs, which act for or against 
the individual hallmarks in infectious oncogenesis 
caused by viruses or bacteria (61).

In the following paragraphs, we first describe 
the major signaling pathways that are modulated by 
miRNAs and lncRNAs during glioma initiation and 
progression. We then discuss the detailed roles of 
these pathways with respect to the cancer hallmarks. 
We then refer to miRNAs and lncRNAs that modulate 
the hallmarks. We put emphasis on the particular sets 
of lncRNAs that counteract miRNAs as ceRNAs. These 
lncRNAs include colorectal neoplasia differentially 
expressed (CRNDE), HOTAIR, maternally expressed 
3 (MEG3), and growth arrest specific 5 (GAS5). 
CRNDE and HOTAIR play pivotal roles in glioma 

oncogenesis, while MEG3 and GAS5 act as tumor 
suppressors. We then discuss the modes of action for 
the lncRNAs that positively or negatively contribute to 
glioma oncogenesis.

4.3.1. Major signaling pathways regulated by 
miRNAs and lncRNAs involved in glioma initiation 
and progression

In glioma cells, aberrant expression of 
signaling ligands and their cell surface receptors 
causes the abnormal activation of downstream 
signaling pathways that generally depend on the 
phosphorylation of their components. Recent evidence 
shows enhanced expression levels of fibroblast growth 
factor 1 (FGF1), interleukin 6 (IL6), and EPH receptor 
A2 (EphA2) in glioma cells (41, 155, 156). Increased 
levels of FGF1 activate both ERK/MAPK and PI3K/
Akt/mTOR signaling pathways (41), while increased 
IL6 activates the JAK/STAT signaling pathway (155). 
The ligand-dependent activation of these signaling 
pathways causes enhanced proliferation, which leads 
to cancer initiation. This activation also enhances 
migration and invasion and inhibits apoptosis, which 
contributes to cancer progression. 

In contrast, overexpression of EphA2, a 
receptor tyrosine kinase, is frequently observed in 
human cancers, including glioma (156). Upregulated 
EphA2 can interact with other cell-surface receptors, 
such as EGFR and HER2/ErbB2, which amplifies 
MAPK, Akt and Rho family GTPase activities (157,158). 
These effects have been linked to cancer progression 
and poor overall survival (157). In addition, convincing 
evidence shows that the efficiencies of these signaling 
pathways are positively or negatively modulated by 
miRNAs and lncRNAs (39-48). These studies suggest 
that aberrant activation of multiple pathways can 
induce the cancer hallmarks, particularly hallmarks (1), 
(4), and (6), and can contribute to caner initiation and 
progression of glioma.

4.3.2. Roles of signaling pathways related to the 
cancer hallmarks

The molecular mechanisms by which 
aberrantly activated signaling pathways lead to cancer 
hallmarks have been elucidated (Figure 9). We put 

Table 4. AD-related lncRNAs and their involvement in gene expression 

lncRNAs Involved process Mechanism of action

HAO-2AS, EBF3-AS, AD-linc1/2 Transcription Epigenetic regulation?

51A, 17A Co-transcription Control of alternative splicing 

BACE1-AS Post-transcription Regulation of RNA stability

BC200 Translation Interaction with translational machinery
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particular emphasis on hallmarks (1), (4), and (6), which 
are induced by signaling pathways that are modulated 
by miRNAs and lncRNAs in glioma oncogenesis. 
Other cancer hallmarks, such as (2), (5), and (10), 
also contribute to glioma development; however, the 
relationships between the signaling pathways and 
these hallmarks have not been fully investigated with 
respect to whether miRNAs and lncRNAs regulate 
signaling efficiency.

Hallmark 1 ‘sustained proliferative signaling’ 
can be caused by aberrant activation of several 
pathways: accelerated cell cycle progression induced 
by Cyclin D1 activation through JAK/STAT signaling 
pathway (159); increased protein synthesis by either 
ribosomal protein S6 kinase (p70S6K) activation or 
suppression of eukaryotic translation initiation factor 
4E binding protein 1 (4EBP1) through the PI3K/Akt/
mTOR signaling pathway (160) (Figure 9). Hallmark 4 
‘activated invasion and metastasis’ is mainly induced 
by extracellular matrix (ECM) degradation which results 
from increased expression of matrix metallopeptidase 
2 (MMP2) and MMP9 through ERK/MAPK signaling 
and JAK/STAT signaling that can cross-talk with the 
PI3K/Akt/mTOR pathway (161) (Figure 9). Hallmark 6 
‘resistance to cell death’, can be caused by inhibition 

of apoptosis, which results from reduced signaling 
activity of either caspase-3 or Bax through the PI3K/
Akt pathway (162) (Figure 9). These findings suggest 
that activation of these signaling pathways promotes 
processes, such as ECM degradation, cell cycle 
progression, and inhibition of protein translation and 
apoptosis, which are directly linked to hallmarks (1), 
(4), and (6) in glioma oncogenesis. Moreover, recent 
studies show signaling pathways that are aberrantly 
activated in glioma development can be positively or 
negatively modulated by a particular set of lncRNAs 
that counteract miRNAs (Table 5).

4.3.3. miRNAs and lncRNAs that modulate sus-
tained proliferative signaling

As mentioned above, sustained proliferative 
signaling can be caused by aberrant activation of JAK/
STAT and PI3K/Akt/mTOR signaling pathways. The 
lncRNAs that are related to these signaling pathways 
can act as ceRNAs to modulate the proliferation of 
glioma cells by counteracting their target miRNAs 
(Figure 10).

The lncRNA, CRNDE, can modulate JAK/
STAT signaling by acting as an upstream regulator of 

Figure 9. Signaling pathways related to cancer hallmarks that contribute to glioma development. Hallmark (1) is caused by enhanced cell cycle progression 
through JAK/STAT signaling and by increased protein synthesis through PI3K/Akt/mTOR signaling. Hallmark (4) is induced by ECM degradation through 
ERK/MAPK signaling and JAK/STAT signaling, which can cross-talk with the PI3K/Akt/mTOR pathway. Hallmark (6) is induced by inhibition of apoptosis, 
which results from reduced signaling activity of either caspase-3 or Bax through the PI3K/Akt pathway.
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Table 5. PD-related lncRNAs and their involvement in gene expression

lncRNA Target molecule Involved process Mechanism of action Issues to be elucidated

MAPT-AS1 MAPT Transcription Regulation of DNA 
methylation

Role in DNA methylation / identification of transcription 
factors

HOTAIR LRRK2 Post-transcription Regulation of RNA stability The mechanism of LRRK2 mRNA stability

Caspase-3 Post-translation Regulation of enzyme activity The mechanism of caspase-3 activation

Malat1 SNCA Post-transcription miRNA sponging The mechanism of α-synuclein protein stability

miR-124 Post-translation Regulation of protein stability Expression levels in the case of miR-124 down-
regulation

NEAT1 PINK1 Post-translation Regulation of protein stability The mechanism of PINK1 protein turnover

Figure 10. Glioma-related ncRNAs regulate the signaling pathways involved in cancer hallmark (1) ‘sustaining proliferative signaling’. lncRNA, CRNDE, 
activates JAK/STAT signaling by counteracting miR-186 and miR-384. lncRNA, HOTAIR, activates PI3K/Akt/mTOR signaling by inhibiting miR-326 and 
miR-125a-5p. lncRNA, MEG3, represses PI3K/Akt/mTOR signaling by inhibiting miR-19a and miR-93. Oncogenic-ncRNAs and their effects are indicated 
by red boxes and arrows, respectively. Tumor suppressive ncRNAs and their effects are indicated by green boxes and arrows, respectively.
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miR-384/PIWIL4 and miR-186/PAK7 axes (39, 40). 
In glioma cells, miR-384 interacts with the 3′-UTR of 
Piwi-like 4 (PIWIL4) mRNA and reduces its expression 
through RNA destabilization (40). PIWIL4 is an Argonaut 
family member, originally identified to be involved in 
post-transcriptional silencing during spermatogenesis, 
but PIWIL4 is highly expressed in various tumors 
(163). miR-384-mediated reduction of PIWIL4 mRNA 
levels suppresses STAT3 phosphorylation, although 
the mechanism of phosphorylation by PIWIL4 remains 
unclear (40). Reduced levels of phosphorylated STAT3 
attenuate the proliferation of glioma cells through 
reduced transcription of Cyclin D1, which normally 
accelerates cell cycle progression and thus promotes 
cell proliferation (164). 

miR-186 interacts with the 3′-UTR of p21-
activated kinase (PAK7) mRNA. PAK7 is involved in 
various cellular phenomena, including proliferation and 
differentiation (165). miR-186 reduces the levels of PAK7, 
leading to suppressed phosphorylation and activity of 
Cyclin D1 and suppressed proliferation of glioma cells 
(39). CRNDE is located on human chromosome 16 
and was first identified in colorectal cancer to display 
oncogenic properties (166). In primary glioma tissues, 
CRNDE is overexpressed compared with the normal 
brain tissues (39). CRNDE prevents miR-384 and miR-
186 from interacting with PIWIL4 and PAK7 mRNAs, 
respectively, and abolishes the tumor suppressive effects 
of these miRNAs by acting as an onco-ceRNA (39, 
40). CRNDE can strongly activate JAK/STAT signaling 
and enhances sustained proliferative signaling though 
accelerated cell cycle progression. 

In PI3K/Akt/mTOR signaling, HOTAIR can 
exert oncogenic effects by acting as an upstream 
regulator of both miR-326/FGF1 and miR-125a-5p/
mTOR axes (41, 42). In contrast, the lncRNA MEG3 
functions as tumor suppressor by inhibiting onco-miR-
19a and onco-miR-93 (43, 44). HOTAIR can act as an 
onco-lncRNA that accelerates sustained proliferative 
signaling, while MEG3 acts as a tumor suppressor 
(Figure 10). miR-326 recognizes the 3′-UTR of 
fibroblast growth factor 1 (FGF1) mRNA, resulting in 
destabilized mRNA and reduced FGF1 levels. The 
miRNA thereby suppresses FGF-dependent PI3K/
Akt/mTOR signaling, which suppresses proliferation 
of glioma cells (41). HOTAIR prevents miR-326 from 
interacting with FGF1 mRNA and abolishes the tumor 
suppressive effects of miRNA. HOTAIR thus activates 
PI3K/Akt/mTOR signaling and enhances sustained 
proliferative signaling (41) (Figure 10).

The expression levels of miR-125a-5p are 
reduced in glioma cells (42). The administration 
of Schisandrin B (Sch B), a chemical compound 
derived from the traditional Chinese medicinal herb, 
Schisandra chinesis Baill, increases the expression 
of miR-125a-5p in a dose-dependent manner. 

Although its mechanism of action on phosphorylation 
is unclear, overexpression of miR-125a-5p inhibits the 
phosphorylation of mechanistic target of rapamycin 
(mTOR), a serine/threonine kinase that enhances 
overall protein translation by activating p70S6K or 
inhibiting 4EBP1. This inhibited the proliferation of 
glioma cells (42). Overexpression of HOTAIR canceled 
out the tumor suppressive effects of Sch B by inhibiting 
miR-125a-5p expression in glioma cells, while 
knockdown of HOTAIR produced tumor-suppressive 
effects (42). These results suggest that HOTAIR 
can prevent miR-125a-5p from suppressing the 
phosphorylation of mTOR and can abolish the tumor 
suppressive effects of the miRNA. HOTAIR might 
thereby increase the efficiency of PI3K/Akt/mTOR 
signaling and cause sustained proliferative signaling. 

Intriguingly, both miR-19a and miR-93 
interact with the 3′-UTR of PTEN mRNA and reduce its 
levels through RNA destabilization in glioma cells (43, 
44). PTEN dephosphorylates phosphatidylinositol-
3-phosphate (PIP3), which suppresses PI3K/Akt/
mTOR signaling. PTEN is a well-characterized tumor 
suppressor that is frequently mutated in various cancers 
(167). miR-19a and miR-93 reduce the levels of PTEN, 
which activates PI3K/Akt/mTOR signaling by inhibiting 
the dephosphorylation of PIP3 (43, 44). In addition, 
miR-93 reduces the levels of the PH domain and 
leucine rich repeat protein phosphatase 2 (PHLPP2), 
which can directly dephosphorylate phosphorylated 
Akt and inhibit PI3K/Akt/mTOR signaling (168).

MEG3 is located on human chromosome 14 
and increases the levels of p53, a well-known tumor 
suppressor, although the precise mechanism of its 
action remain unclear (169). The levels of MEG3 are 
reduced in glioma cells (43). MEG3 normally acts as a 
ceRNA and prevents both miR-19a and miR-93 from 
interacting with their target mRNAs and abolishes 
their oncogenic effects. MEG3 thus increases levels of 
PTEN and PHLPP2 and suppresses PI3K/Akt/mTOR 
signaling, which suppresses proliferative signaling 
in glioma cells (43, 44). These studies suggest that 
HOTAIR and CRNDE can initiate proliferative signaling 
by counteracting multiple tumor suppressive miRNAs 
and that MEG3 can counteract sustained proliferative 
signaling by inhibiting oncogenic miRNAs. 

4.3.4. miRNAs and lncRNAs that modulate the 
activation of invasion and metastasis

Invasion and metastasis is mainly activated 
by aberrant activation of ERK/MAPK signaling. The 
aberrant activation of JAK/STAT and PI3K/Akt/mTOR 
signaling pathways also contributes to activation of this 
hallmark through the STAT3/MMP9 axis (Figure 9). 
lncRNAs that are related to these signaling pathways 
can modulate the invasion and metastasis of glioma 
cells by counteracting target miRNAs (Figure 11).



Regulatory non-coding RNAs in nervous system development and disease

1223 © 1996-2019

Figure 11. Glioma-related ncRNAs modulate the signaling pathways involved in cancer hallmark (4) ‘activating invasion and metastasis’. lncRNAs, 
CRNDE and HOTAIR, activate ERK/MAPK signaling by inhibiting miR-186 and miR-326, respectively. lncRNA, GAS5, represses ERK/MAPK signaling 
by inhibiting miR-18a-5p. Oncogenic-ncRNAs and their effects are indicated by red boxes and arrows, respectively. Tumor suppressive ncRNAs and their 
effects are indicated by green boxes and arrows, respectively.
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In the ERK/MAPK signaling pathway, the 
lncRNAs, GAS5, HOTAIR and CRNDE modulate the 
signaling efficiency by targeting miR-18a-5p, miR-
326, and miR-186, respectively, which contribute to 
the activation of invasion and metastasis of glioma 
cells (39, 41, 45) (Figure 11). miR-18a-5p functions 
as an oncogenic miRNA by reducing the levels of 
Neogenin mRNA by destabilization (170). Neogenin 
is a Netrin-1 receptor that represses ERK/MAPK 
signaling, which leads to reduced migration and 
invasion of glioma cells (170). Indeed, miR-18a-5p 
de-repressed the Neogenin-dependent reduction 
of migration and invasion of glioma cells (45). The 
lncRNA, GAS5, was identified as a spliced form of an 
lncRNA in which introns encode small nucleolar RNAs 
(snoRNAs) (171). The expression levels of GAS5 
are reduced in glioma tissues compared with normal 
brain tissues (172). GAS5 prevents miR-18a-5p from 
interacting with Neogenin mRNA and abolishes the 
oncogenic effects of the miRNA. GAS5 attenuates the 
miR-18a-5p-dependent over-activation of ERK/MAPK 
signaling, resulting in suppression of the hallmark, 
activation of invasion and metastasis (45). In contrast, 
miR-326 and miR-186 act as tumor suppressors in 
ERK/MAPK signaling similar to miR-186 and miR-
384 in the JAK/STAT pathway and miR-326 and 
miR-125a-5p in the PI3K/Akt/mTOR pathway, as 
described above. HOTAIR up-regulates ERK/MAPK 
signaling by suppressing the miR-326/FGF1 axis 
(41). Furthermore, CRNDE regulates the miR-186/
PAK7 axis and indirectly enhances PAK7-dependent 
phosphorylation of Raf, a signal transducer in the 
ERK/MAPK pathway (39). HOTAIR and CRNDE can 
thus activate the invasion and metastasis of glioma 
cells (Figure 11).

Meanwhile, PI3K/Akt/mTOR and JAK/STAT 
signaling pathways communicate with the ERK/
MAPK pathway by Akt/mTOR and STAT3-dependent 
modulation of MMP9 expression (161) (Figure 9). 
These observations indicate that MEG3/miR-19a/miR-
93, HOTAIR/miR-125a-5p (PI3K/Akt/mTOR pathway) 
and the CRNDE/miR-384 (JAK/STAT pathway) 
axes can affect not only the ‘sustaining proliferative 
signaling’ hallmark but also the ‘activating invasion and 
metastasis’ hallmark. Activated STAT3 can increase 
MMP9 expression and can thus enhance ECM 
degradation of glioma cells, which results in enhanced 
activation of invasion and metastasis (Figure 9). These 
studies suggest that the activation of invasion and 
metastasis is predominantly accelerated by increased 
ECM degradation, which is modulated by HOTAIR, 
CRNDE, and GAS5 through ERK/MAPK signaling 
(Figure 9). In addition, HOTAIR and CRNDE can 
strongly activate invasion and metastasis by STAT3-
dependent modulation of MMP9 expression through 
JAK/STAT and PI3K/Akt/mTOR signaling pathways 
(Figure 9). 

4.3.5. miRNAs and lncRNAs that modulate ‘resist-
ing cell death’

Hallmark (6) ‘resisting cell death’ is mainly 
induced by aberrant activation of PI3K/Akt signaling 
in glioma cells. The lncRNAs that are related to this 
signaling pathway can modulate apoptotic signaling by 
acting as ceRNAs to inhibit their target miRNAs (Figure 
12). Downstream of Akt, GAS5 and CRNDE can 
modulate the efficiency of signaling by inhibiting their 
target miRNAs, such as miR-196a-5p, miR-222, miR-
186, and miR-136-5p, which contributes to hallmark (6) 
‘resisting cell death’ (39, 46-48). In contrast, upstream 
of Akt, common sets of miRNAs/lncRNAs, such as 
MEG3/miR-19a/miR-93 act for hallmarks (1) and (6) 
(see Figures 10 and 12).

Both miR-196a-5p and miR-222 play 
essential roles in the oncogenesis of glioma cells by 
inhibiting apoptotic signaling (46, 47) (Figure 12). miR-
196a-5p interacts with the 3′-UTR of forkhead box 
O1 (FOXO1) mRNA. FOXO1 is a transcription factor 
that is phosphorylated and activated by Akt. Reduced 
levels of FOXO1 mRNA and, therefore, FOXO1 protein 
production, result in suppressed expression of Bim, 
which binds to and prevents Bcl-2 from antagonizing 
Bax (47). Bcl-2 is an apoptosis suppressor that inhibits 
Bax activity to promote the release of cytochrome 
c from mitochondria (173). Indeed, miR-196a-5p-
mediated reduction of FOXO1 prevents glioma cells 
from undergoing apoptosis (47). miR-222 interacts with 
the 3′-UTR of Bcl2 modifying factor (Bmf) mRNA and 
reduces its expression in glioma cells (46). BMF can 
induce apoptosis by repressing Bcl-2 (174). Indeed, 
miR-222-mediated reduction of BMF also prevents 
glioma cells from undergoing apoptosis (46). 

Intriguingly, GAS5 inhibits both miR-196a-
5p and miR-222 from interacting with FOXO1 and 
Bmf mRNAs, respectively, which suppresses cancer 
hallmark (6) ‘resisting cell death’ (46, 47). These 
studies thus indicate that GAS5 can function as a 
potent inducer of apoptosis by inhibiting the onco-
miRNAs involved in anti-apoptotic signaling in glioma. 
This results in hallmark (6) ‘resisting cell death’. 
In contrast, miR-136-5p and miR-186 enhance 
apoptosis and thus function as tumor suppressors 
(39, 48). miR-136-5p interacts with the 3′-UTR 
of Bcl-2 mRNA and reduces expression through 
mRNA destabilization in glioma cells (48). miR-
186 recognizes the 3′-UTR of X-linked inhibitor of 
apoptosis (XIAP) mRNA and reduces its expression 
through mRNA destabilization (39). XIAP is a member 
of the IAP family and inhibits apoptotic signaling 
by ubiquitination and subsequent degradation of 
caspase-3 protein (162). The expression levels of 
XIAP were increased in glioma cells, which leads to 
a reduction of apoptosis (175). Interestingly, CRNDE 
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Figure 12. Glioma-related ncRNAs regulate the PI3K/Akt signaling pathway involved in cancer hallmark (6) ‘resisting cell death’. lncRNA, HOTAIR, 
activates PI3K/Akt signaling by inhibiting miR-326. lncRNA, MEG3, represses PI3K/Akt signaling by inhibiting miR-19a and miR-93. lncRNA, CRNDE, 
inhibits apoptotic signaling by repressing miR-186. lncRNA, GAS5, enhances apoptotic signaling by inhibiting miR-196a-5p and miR-222. Oncogenic-
ncRNAs and their effects are indicated by red boxes and arrows, respectively. Tumor suppressive ncRNAs and their effects are indicated by green boxes 
and arrows, respectively.
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prevents both miR-136-5p and miR-186 from acting 
on Bcl-2 and XIAP mRNAs, respectively, resulting 
in resistance to cell death in glioma cells (39, 48). 
In this sense, CRNDE is an extensive suppressor of 
apoptosis. These studies indicate that hallmark (6) 
‘resisting cell death’ can be mediated by HOTAIR, 
CRNDE, MEG5 and GAS5, which inhibit apoptosis 
through the PI3K/Akt/ signaling pathway (Figure 11). 

4.3.6. Possible mechanisms for deregulation of 
lncRNA expression in glioma development

lncRNAs function as upstream regulators of 
multiple cancer hallmarks; therefore, it is important to 
clarify the molecular mechanisms of aberrant lncRNA 
expression in glioma cells. Although these mechanisms 
have not been fully elucidated, a few recent studies 
indicate that epigenetic modifications of promoter 
regions are involved (176, 177). As described above, 
MEG3 functions as a tumor suppressor lncRNA, 
whose expression is reduced in glioma tissues (43, 
178). Recently, Lee et al demonstrated that DNA 
methyltransferase 1 (DNMT1) causes hypermethylation 
of the MEG3 promoter region in glioma cells. 
Knockdown of DNMT1 reduced MEG3 promoter 
methylation levels and increased expression, resulting 
in reduced proliferation and increased apoptosis of 
glioma cells (176). Meanwhile, Pastori et al showed 
that Bromodomain Containing 4 (BRD4) can increase 
the expression levels of HOTAIR in glioblastoma 
(177). BRD4 is a member of the bromodomain and 
extraterminal (BET) family that recognizes acetylated 
histones, which is a key process in RNA polymerase-
II-dependent transcription (179). The expression levels 
of BRD4 are elevated in glioblastoma cells (180) and 
ChIP assays show that BRD4 localizes to the promoter 
region of HOTAIR. Furthermore, inhibition of BRD4 by 
I-BET151, a specific inhibitor of BET family proteins, 

reduced the expression levels of HOTAIR, causing 
reduced proliferation and enhanced apoptosis of 
glioblastoma cells (177). These studies suggest that 
epigenetic modifications can control the expression 
of several lncRNAs and can play a role in glioma 
development. It will also be interesting to reveal the 
mechanisms controlling lncRNA expression levels in 
a post-transcriptional manner and their roles in glioma 
development. In addition, considering that lncRNAs, 
such as HOTAIR and CRNDE, can exert extensive 
effects on glioma oncogenesis by modulating multiple 
cancer hallmarks, these oncogenic lncRNAs might 
be possible therapeutic targets in the treatment of 
glioma. To establish clinically feasible strategies that 
negatively affect the actions of oncogenic lncRNAs, 
oligonucleotide therapeutics, such as antisense 
oligonucleotides and RNA interference need to 
be explored. In addition, administration of specific 
inhibitors, such as I-BET151, has potential and 
warrants further study. .

Overall, it is plausible that glioma 
development proceeds through excessive activation 
of multiple signaling pathways followed by induction 
of the cancer hallmarks (1) ‘sustaining proliferative 
signaling’, (4) ‘activating invasion and metastasis’, 
and (6) ‘resisting cell death’. Emerging evidence 
suggests that lncRNAs can positively or negatively 
modulate these cancer hallmarks by acting as 
upstream regulators (Table 5). It is possible that novel 
findings regarding lncRNAs and the modulation of 
cancer hallmarks (2) ‘evading growth suppressors’, 
(5) ‘inducing angiogenesis’ and (10) ‘tumor-promoting 
inflammation’, which are not discussed in this section, 
may be reported in future studies; however, it is 
readily apparent that lncRNAs/miRNAs are related 
to cancer hallmarks (see Table 5) and play essential 
roles in glioma development.

Table 6. Glioma-related lncRNAs and their involvement in cancer development

Cancer 
development 
process

lncRNAs Target gene Downstream signaling Cancer phenotype 

Onco-
lncRNAs Suppressors Onco-lncRNAs Suppressors

Cancer initiation        
(hallmarks 1, 2, 
6 and 10)

CRNDE miR-136-5p Bcl-2 Proliferation↑, Migration↑, Invasion↑, Apoptosis↓

CRNDE miR-384 PIWIL4 Proliferation↑, Migration↑, Invasion↑, Apoptosis↓

CRNDE miR-186 XIAP and PAK7 Proliferation↑, Migration↑, Invasion↑, Apoptosis↓

HOTAIR miR-326 FGF Proliferation↑, Migration↑, Invasion↑, Apoptosis↓

HOTAIR miR-125a-5p mTOR Proliferation↑, Migration↑, Apoptosis↓

Cancer 
progression 
(hallmarks 3, 4, 
5 and 6)

MEG3 miR-93 PTEN and PHLPP2 Proliferation↓, Tumor growth in vivo↓, 
Apoptosis↑

MEG3 miR-19a PTEN Proliferation↓, Migration↓, Invasion↓, Apoptosis↑

GAS5 miR-18a-5p Neogenin Proliferation↓, Migration↓, Invasion↓

GAS5 miR-222 BMF Proliferation↓, Migration↓, Invasion↓, Apoptosis↑

GAS5 miR-196a-5p FOXO1 Proliferation↓, Migration↓, Invasion↓, Apoptosis↑
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5. Perspectives

lncRNAs are now recognized as crucial 
players in CNS development and brain function. 
Pivotal roles of lncRNAs in neural cell differentiation 
and circuit formation have become apparent, as 
described in this review. lncRNAs regulate gene 
expression involved in these processes in temporal 
or spatial manners via epigenetic, transcriptional, 
post-transcriptional and translational modes of action. 
Furthermore, aberrant expression of multiple lncRNAs, 
leading to altered expression levels of target genes, is 
involved in the pathogenesis and pathophysiology of 
many neurological diseases. 

Elucidating the modes of action of lncRNAs 
is useful to not only better understand of roles of 
lncRNAs in CNS neurogenesis, but also to enable the 
regulatory mechanisms of lncRNAs to be exploited 
for clinical applications, e.g. for the regeneration 
of damaged nervous tissue. Indeed, knockdown of 
the lncRNA BDNF-AS, which is involved in neuronal 
differentiation and synaptic plasticity through the 
epigenetic regulation of BDNF expression, attenuated 
hypoxia-induced neuronal cell death in a model mouse 
of cerebral infarction (181). Furthermore, expression 
profiles of lncRNAs in human induced pluripotent 
stem (iPS) cell-derived neurons have been analyzed 
(182), with the aim of identifying candidate lncRNAs 
responsible for regeneration of the human CNS. 
Moreover, disease-related lncRNAs may be useful 
as therapeutic targets or as biomarkers for diagnostic 
aims. For example, the lncRNAs responsible for 
aberrant Abeta synthesis, e.g. BACE1-AS and 51A, 
are up-regulated in AD brain neurons and it may, 
therefore, be possible to reverse the clinical stages of 
AD by suppressing expression of such lncRNAs. As a 
method to substantiate this aspiration, oligonucleotide-
mediated natural antisense transcript-targeted 
regulation (NATRE) technology is of great interest. 
NATRE uses sense oligodeoxynucleotides designed 
from the lncRNA target sequence in an mRNA and, 
thereby, inhibits the target mRNA-lncRNA interaction 
in a specific manner (183). Although targeted drug 
delivery systems that can specifically deliver NATRE 
oligodeoxynucleotides to neurons in the AD brain 
are still to be developed, it is worth evaluating AD-
related lncRNAs as therapeutic targets. In contrast, 
in diseases caused by multiple pathways, such as PD 
or glioma, a number of lncRNAs is intricately involved 
in each pathway. In such diseases, lncRNAs may 
be relevant as diagnostic marker(s) rather than as 
therapeutic targets.

Recent developments in the field of RNA 
biology have revealed that lncRNAs play pivotal roles 
in regulating gene expression and may, therefore, 
contribute to the pathogenesis of CNS diseases. Further 
detailed studies of the mechanisms of action of these 

critical lncRNAs will clarify their roles in the molecular 
pathogenesis of neurological disease and contribute to 
the development of efficient diagnostic markers.

6. ACKNOWLEDGEMENTS

This work was supported by the Japan 
Society for the Promotion of Science (JSPS) KAKENHI 
Grant No. 16K08480 to H. Y. and No. 18K15009 to S. 
O. We thank Jeremy Allen, PhD, from Edanz Group 
(www.edanzediting.com/ac) for editing a draft of this 
manuscript.

7. REFERENCES

1. J. J. Quinn and H. Y. Chang: Unique 
features of long non-coding RNA biogenesis 
and function. Nat Rev Genet, 17(1), 47-62 
(2016) 

  DOI: 10.1038/nrg.2015.10 

2. K. R. Rosenbloom, T. R. Dreszer, J. C. Long, 
V. S. Malladi, C. A. Sloan, B. J. Raney, M. S. 
Cline, D. Karolchik, G. P. Barber, H. Clawson, 
M. Diekhans, P. A. Fujita, M. Goldman, 
R. C. Gravell, R. A. Harte, A. S. Hinrichs, 
V. M. Kirkup, R. M. Kuhn, K. Learned, M. 
Maddren, L. R. Meyer, A. Pohl, B. Rhead, 
M. C. Wong, A. S. Zweig, D. Haussler and 
W. J. Kent: ENCODE whole-genome data in 
the UCSC Genome Browser: update 2012. 
Nucleic Acids Res, 40(Database issue), 
D912-7 (2012) 

  DOI: 10.1093/nar/gkr1012 

3. A. Pauli, J. L. Rinn and A. F. Schier: 
Non-coding RNAs as regulators of 
embryogenesis. Nat Rev Genet, 12(2), 136-
49 (2011) 

  DOI: 10.1038/nrg2904 

4. J. R. Buchan and R. Parker: Eukaryotic stress 
granules: the ins and outs of translation. Mol 
Cell, 36(6), 932-41 (2009) 

  DOI: 10.1016/j.molcel.2009.11.020 

5. A. H. Fox and A. I. Lamond: Paraspeckles. 
Cold Spring Harb Perspect Biol, 2(7), 
a000687 (2010) 

  DOI: 10.1101/cshperspect.a000687 

6. S. Nakagawa, M. Shimada, K. Yanaka, M. 
Mito, T. Arai, E. Takahashi, Y. Fujita, T. Fujimori, 
L. Standaert, J. C. Marine and T. Hirose: The 
lncRNA Neat1 is required for corpus luteum 
formation and the establishment of pregnancy 
in a subpopulation of mice. Development, 
141(23), 4618-27 (2014) 

  DOI: 10.1242/dev.110544 

https://doi:10.1038/nrg.2015.10
https://doi:10.1093/nar/gkr1012
https://doi:10.1038/nrg2904
https://doi:10.1016/j.molcel.2009.11.020
https://doi:10.1101/cshperspect.a000687
https://doi:10.1242/dev.110544


Regulatory non-coding RNAs in nervous system development and disease

1228 © 1996-2019

7. G. D. Penny, G. F. Kay, S. A. Sheardown, S. 
Rastan and N. Brockdorff: Requirement for 
Xist in X chromosome inactivation. Nature, 
379(6561), 131-7 (1996) 

  DOI: 10.1038/379131a0 

8. T. C. Roberts, K. V. Morris and M. S. 
Weinberg: Perspectives on the mechanism of 
transcriptional regulation by long non-coding 
RNAs. Epigenetics, 9(1), 13-20 (2014) 

  DOI: 10.4161/epi.26700 

9. K. V. Morris and J. S. Mattick: The rise of 
regulatory RNA. Nat Rev Genet, 15(6), 423-
37 (2014) 

  DOI: 10.1038/nrg3722 

10. G. Barry, J. A. Briggs, D. P. Vanichkina, E. 
M. Poth, N. J. Beveridge, V. S. Ratnu, S. 
P. Nayler, K. Nones, J. Hu, T. W. Bredy, S. 
Nakagawa, F. Rigo, R. J. Taft, M. J. Cairns, 
S. Blackshaw, E. J. Wolvetang and J. S. 
Mattick: The long non-coding RNA Gomafu 
is acutely regulated in response to neuronal 
activation and involved in schizophrenia-
associated alternative splicing. Mol 
Psychiatry, 19(4), 486-94 (2014) 

  DOI: 10.1038/mp.2013.45 

11. M. Khvotchev and T. C. Südhof: Proteolytic 
processing of amyloid-beta precursor protein 
by secretases does not require cell surface 
transport. J Biol Chem, 279(45), 47101-8 
(2004) 

  DOI: 10.1074/jbc.M408474200 

12. M. A. Faghihi, F. Modarresi, A. M. Khalil, 
D. E. Wood, B. G. Sahagan, T. E. Morgan, 
C. E. Finch, G. St Laurent, P. J. Kenny and 
C. Wahlestedt: Expression of a noncoding 
RNA is elevated in Alzheimer’s disease and 
drives rapid feed-forward regulation of beta-
secretase. Nat Med, 14(7), 723-30 (2008) 

  DOI: 10.1038/nm1784 

13. C. Gong and L. E. Maquat: lncRNAs 
transactivate STAU1-mediated mRNA decay 
by duplexing with 3’ UTRs via Alu elements. 
Nature, 470(7333), 284-8 (2011) 

  DOI: 10.1038/nature09701 

14. K. Matsui, M. Nishizawa, T. Ozaki, T. Kimura, 
I. Hashimoto, M. Yamada, M. Kaibori, Y. 
Kamiyama, S. Ito and T. Okumura: Natural 
antisense transcript stabilizes inducible 
nitric oxide synthase messenger RNA in 
rat hepatocytes. Hepatology, 47(2), 686-97 
(2008) 

  DOI: 10.1002/hep.22036 

15. M. Cesana, D. Cacchiarelli, I. Legnini, 
T. Santini, O. Sthandier, M. Chinappi, A. 
Tramontano and I. Bozzoni: A long noncoding 
RNA controls muscle differentiation by 
functioning as a competing endogenous 
RNA. Cell, 147(2), 358-69 (2011) 

  DOI: 10.1016/j.cell.2011.09.028 

16. T. Kimura, S. Jiang, M. Nishizawa, E. 
Yoshigai, I. Hashimoto, M. Nishikawa, T. 
Okumura and H. Yamada: Stabilization 
of human interferon-alpha 1 mRNA by its 
antisense RNA. Cell Mol Life Sci, 70(8), 
1451-67 (2013) 

  DOI: 10.1007/s00018-012-1216-x 

17. T. Kimura, S. Jiang, N. Yoshida, R. 
Sakamoto and M. Nishizawa: Interferon-
alpha competing endogenous RNA network 
antagonizes microRNA-1270. Cell Mol Life 
Sci, 72(14), 2749-61 (2015) 

  DOI: 10.1007/s00018-015-1875-5 

18. T. Eom, V. Berardi, J. Zhong, G. Risuleo 
and H. Tiedge: Dual nature of translational 
control by regulatory BC RNAs. Mol Cell 
Biol, 31(22), 4538-49 (2011) 

  DOI: 10.1128/MCB.05885-11 

19. C. Carrieri, L. Cimatti, M. Biagioli, A. 
Beugnet, S. Zucchelli, S. Fedele, E. Pesce, 
I. Ferrer, L. Collavin, C. Santoro, A. R. 
Forrest, P. Carninci, S. Biffo, E. Stupka and 
S. Gustincich: Long non-coding antisense 
RNA controls Uchl1 translation through 
an embedded SINEB2 repeat. Nature, 
491(7424), 454-7 (2012) 

  DOI: 10.1038/nature11508 

20. T. Derrien, R. Johnson, G. Bussotti, A. 
Tanzer, S. Djebali, H. Tilgner, G. Guernec, 
D. Martin, A. Merkel, D. G. Knowles, J. 
Lagarde, L. Veeravalli, X. Ruan, Y. Ruan, 
T. Lassmann, P. Carninci, J. B. Brown, L. 
Lipovich, J. M. Gonzalez, M. Thomas, C. A. 
Davis, R. Shiekhattar, T. R. Gingeras, T. J. 
Hubbard, C. Notredame, J. Harrow and R. 
Guigó: The GENCODE v7 catalog of human 
long noncoding RNAs: analysis of their 
gene structure, evolution, and expression. 
Genome Res, 22(9), 1775-89 (2012) 

  DOI: 10.1101/gr.132159.111 

21. J. Ponjavic, P. L. Oliver, G. Lunter and C. 
P. Ponting: Genomic and transcriptional co-
localization of protein-coding and long non-
coding RNA pairs in the developing brain. 
PLoS Genet, 5(8), e1000617 (2009) 

  DOI: 10.1371/journal.pgen.1000617 

https://doi:10.1038/379131a0
https://doi:10.4161/epi.26700
https://doi:10.1038/nrg3722
https://doi:10.1038/mp.2013.45
https://doi:10.1074/jbc.M408474200
https://doi:10.1038/nm1784
https://doi:10.1038/nature09701
https://doi:10.1002/hep.22036
https://doi:10.1016/j.cell.2011.09.028
https://doi:10.1007/s00018-012-1216-x
https://doi:10.1007/s00018-015-1875-5
https://doi:10.1128/MCB.05885-11
https://doi:10.1038/nature11508
https://doi:10.1101/gr.132159.111
https://doi:10.1371/journal.pgen.1000617


Regulatory non-coding RNAs in nervous system development and disease

1229 © 1996-2019

22. N. Lin, K. Y. Chang, Z. Li, K. Gates, Z. A. 
Rana, J. Dang, D. Zhang, T. Han, C. S. 
Yang, T. J. Cunningham, S. R. Head, G. 
Duester, P. D. Dong and T. M. Rana: An 
evolutionarily conserved long noncoding 
RNA TUNA controls pluripotency and neural 
lineage commitment. Mol Cell, 53(6), 1005-
19 (2014) 

  DOI: 10.1016/j.molcel.2014.01.021 

23. S. Y. Ng, G. K. Bogu, B. S. Soh and L. 
W. Stanton: The long noncoding RNA 
RMST interacts with SOX2 to regulate 
neurogenesis. Mol Cell, 51(3), 349-59 
(2013) 

  DOI: 10.1016/j.molcel.2013.07.017 

24. A. M. Bond, M. J. Vangompel, E. A. 
Sametsky, M. F. Clark, J. C. Savage, J. F. 
Disterhoft and J. D. Kohtz: Balanced gene 
regulation by an embryonic brain ncRNA is 
critical for adult hippocampal GABA circuitry. 
Nat Neurosci, 12(8), 1020-7 (2009)  

  DOI: 10.1038/nn.2371 

25. N. A., E. M. Poth and S. Blackshaw: The 
long noncoding RNA RNCR2 directs mouse 
retinal cell specification. BMC Dev Biol, 10, 
49 (2010) 

  DOI: 10.1186/1471-213X-10-49 

26. B. Zhang, G. Arun, Y. S. Mao, Z. Lazar, 
G. Hung, G. Bhattacharjee, X. Xiao, C. J. 
Booth, J. Wu, C. Zhang and D. L. Spector: 
The lncRNA Malat1 is dispensable for mouse 
development but its transcription plays a cis-
regulatory role in the adult. Cell Rep, 2(1), 
111-23 (2012) 

  DOI: 10.1016/j.celrep.2012.06.003 

27. I. A. Muslimov, E. Santi, P. Homel, S. Perini, 
D. Higgins and H. Tiedge: RNA transport 
in dendrites: a cis-acting targeting element 
is contained within neuronal BC1 RNA. J 
Neurosci, 17(12), 4722-33 (1997)

28. H. Wang, A. Iacoangeli, S. Popp, I. A. 
Muslimov, H. Imataka, N. Sonenberg, I. B. 
Lomakin and H. Tiedge: Dendritic BC1 RNA: 
functional role in regulation of translation 
initiation. J Neurosci, 22(23), 10232-41 
(2002)

29. J. Zhong, S. C. Chuang, R. Bianchi, W. 
Zhao, H. Lee, A. A. Fenton, R. K. Wong and 
H. Tiedge: BC1 regulation of metabotropic 
glutamate receptor-mediated neuronal 
excitability. J Neurosci, 29(32), 9977-86 
(2009) 

  DOI: 10.1523/JNEUROSCI.3893-08.2009 

30. P. Riva, A. Ratti and M. Venturin: The Long 
Non-Coding RNAs in Neurodegenerative 
Diseases: Novel Mechanisms of 
Pathogenesis. Curr Alzheimer Res, 13(11), 
1219-1231 (2016) 

31. S. Massone, I. Vassallo, G. Fiorino, M. 
Castelnuovo, F. Barbieri, R. Borghi, M. 
Tabaton, M. Robello, E. Gatta, C. Russo, 
T. Florio, G. Dieci, R. Cancedda and A. 
Pagano: 17A, a novel non-coding RNA, 
regulates GABA B alternative splicing and 
signaling in response to inflammatory stimuli 
and in Alzheimer disease. Neurobiol Dis, 
41(2), 308-17 (2011) 

  DOI: 10.1016/j.nbd.2010.09.019 

32. M. J. Kang, K. Abdelmohsen, E. R. 
Hutchison, S. J. Mitchell, I. Grammatikakis, 
R. Guo, J. H. Noh, J. L. Martindale, X. Yang, 
E. K. Lee, M. A. Faghihi, C. Wahlestedt, J. 
C. Troncoso, O. Pletnikova, N. Perrone-
Bizzozero, S. M. Resnick, R. de Cabo, M. 
P. Mattson and M. Gorospe: HuD regulates 
coding and noncoding RNA to induce 
APP→Abeta processing. Cell Rep, 7(5), 
1401-1409 (2014) 

  DOI: 10.1016/j.celrep.2014.04.050 

33. E. Mus, P. R. Hof and H. Tiedge: Dendritic 
BC200 RNA in aging and in Alzheimer’s 
disease. Proc Natl Acad Sci U S A, 104(25), 
10679-84 (2007) 

  DOI: 10.1073/pnas.0701532104 

34. K. G. Coupland, W. S. Kim, G. M. Halliday, 
M. Hallupp, C. Dobson-Stone and J. B. 
Kwok: Role of the Long Non-Coding RNA 
MAPT-AS1 in Regulation of Microtubule 
Associated Protein Tau (MAPT) Expression 
in Parkinson’s Disease. PLoS One, 11(6), 
e0157924 (2016) 

  DOI: 10.1371/journal.pone.0157924 

35. W. Liu, Q. Zhang, J. Zhang, W. Pan, J. Zhao 
and Y. Xu: Long non-coding RNA MALAT1 
contributes to cell apoptosis by sponging 
miR-124 in Parkinson disease. Cell Biosci, 
7, 19 (2017) 

  DOI: 10.1186/s13578-017-0147-5 

36. S. Wang, X. Zhang, Y. Guo, H. Rong and T. Liu: 
The long noncoding RNA HOTAIR promotes 
Parkinson’s disease by upregulating LRRK2 
expression. Oncotarget, 8(15), 24449-
24456 (2017) 

  DOI: 10.18632/oncotarget.15511 

37. Q. S. Zhang, Z. H. Wang, J. L. Zhang, Y. L. 
Duan, G. F. Li and D. L. Zheng: Beta-asarone 

https://doi:10.1016/j.molcel.2014.01.021
https://doi:10.1016/j.molcel.2013.07.017
https://doi:10.1038/nn.2371
https://doi:10.1186/1471-213X-10-49
https://doi:10.1016/j.celrep.2012.06.003
https://doi:10.1523/JNEUROSCI.3893-08.2009
https://doi:10.1016/j.nbd.2010.09.019
https://doi:10.1016/j.celrep.2014.04.050
https://doi:10.1073/pnas.0701532104
https://doi:10.1371/journal.pone.0157924
https://doi:10.1186/s13578-017-0147-5
https://doi:10.18632/oncotarget.15511


Regulatory non-coding RNAs in nervous system development and disease

1230 © 1996-2019

protects against MPTP-induced Parkinson’s 
disease via regulating long non-coding RNA 
MALAT1 and inhibiting alpha-synuclein 
protein expression. Biomed Pharmacother, 
83, 153-159 (2016) 

  DOI: 10.1016/j.biopha.2016.06.017 

38. W. Yan, Z. Y. Chen, J. Q. Chen and H. M. 
Chen: LncRNA NEAT1 promotes autophagy 
in MPTP-induced Parkinson’s disease 
through stabilizing PINK1 protein. Biochem 
Biophys Res Commun, 496(4), 1019-1024 
(2018) 

  DOI: 10.1016/j.bbrc.2017.12.149 

39. J. Zheng, X. D. Li, P. Wang, X. B. Liu, Y. 
X. Xue, Y. Hu, Z. Li, Z. Q. Li, Z. H. Wang 
and Y. H. Liu: CRNDE affects the malignant 
biological characteristics of human glioma 
stem cells by negatively regulating miR-186. 
Oncotarget, 6(28), 25339-55 (2015) 

  DOI: 10.18632/oncotarget.4509 

40. J. Zheng, X. Liu, P. Wang, Y. Xue, J. Ma, C. 
Qu and Y. Liu: CRNDE Promotes Malignant 
Progression of Glioma by Attenuating miR-
384/PIWIL4/STAT3 Axis. Mol Ther, 24(7), 
1199-215 (2016) 

  DOI: 10.1038/mt.2016.71 

41. J. Ke, Y. L. Yao, J. Zheng, P. Wang, Y. H. 
Liu, J. Ma, Z. Li, X. B. Liu, Z. Q. Li, Z. H. 
Wang and Y. X. Xue: Knockdown of long 
non-coding RNA HOTAIR inhibits malignant 
biological behaviors of human glioma cells 
via modulation of miR-326. Oncotarget, 
6(26), 21934-49 (2015) 

  DOI: 10.18632/oncotarget.4290 

42. Y. Jiang, Q. Zhang, J. Bao, C. Du, J. Wang, 
Q. Tong and C. Liu: Schisandrin B inhibits 
the proliferation and invasion of glioma cells 
by regulating the HOTAIR-micoRNA-125a-
mTOR pathway. Neuroreport, 28(2), 93-100 
(2017) 

  DOI: 10.1097/WNR.0000000000000717 

43. N. Qin, G. F. Tong, L. W. Sun and X. L. Xu: 
Long Noncoding RNA MEG3 Suppresses 
Glioma Cell Proliferation, Migration, 
and Invasion by Acting as a Competing 
Endogenous RNA of miR-19a. Oncol Res, 
25(9), 1471-1478 (2017) 

  DOI: 10.3727/096504017X14886689179993 

44. L. Jiang, C. Wang, F. Lei, L. Zhang, X. 
Zhang, A. Liu, G. Wu, J. Zhu and L. Song: 
miR-93 promotes cell proliferation in gliomas 
through activation of PI3K/Akt signaling 

pathway. Oncotarget, 6(10), 8286-99 (2015) 
  DOI: 10.18632/oncotarget.3221 

45. Q. Liu, W. Yu, S. Zhu, K. Cheng, H. Xu, Y. 
Lv, X. Long, L. Ma, J. Huang, S. Sun and K. 
Wang: Long noncoding RNA GAS5 regulates 
the proliferation, migration, and invasion of 
glioma cells by negatively regulating miR-
18a-5p. J Cell Physiol, 234(1), 757-768 
(2018) 

  DOI: 10.1002/jcp.26889 

46. X. Zhao, P. Wang, J. Liu, J. Zheng, Y. Liu, 
J. Chen and Y. Xue: Gas5 Exerts Tumor-
suppressive Functions in Human Glioma 
Cells by Targeting miR-222. Mol Ther, 
23(12), 1899-911 (2015) 

  DOI: 10.1038/mt.2015.170 

47. X. Zhao, Y. Liu, J. Zheng, X. Liu, J. Chen, L. 
Liu, P. Wang and Y. Xue: GAS5 suppresses 
malignancy of human glioma stem cells 
via a miR-196a-5p/FOXO1 feedback 
loop. Biochim Biophys Acta Mol Cell Res, 
1864(10), 1605-1617 (2017) 

  DOI: 10.1016/j.bbamcr.2017.06.020 

48. D. X. Li, X. R. Fei, Y. F. Dong, C. D. Cheng, Y. 
Yang, X. F. Deng, H. L. Huang, W. X. Niu, C. 
X. Zhou, C. Y. Xia and C. S. Niu: The long non-
coding RNA CRNDE acts as a ceRNA and 
promotes glioma malignancy by preventing 
miR-136-5p-mediated downregulation of 
Bcl-2 and Wnt2. Oncotarget, 8(50), 88163-
88178 (2017) 

  DOI: 10.18632/oncotarget.21513 

49. Y. Tay, J. Rinn and P. P. Pandolfi: The 
multilayered complexity of ceRNA crosstalk 
and competition. Nature, 505(7483), 344-52 
(2014) 

  DOI: 10.1038/nature12986 

50. C. Cepko: Intrinsically different retinal 
progenitor cells produce specific types of 
progeny. Nat Rev Neurosci, 15(9), 615-27 
(2014) 

  DOI: 10.1038/nrn3767 

51. B. K. Dey, K. Pfeifer and A. Dutta: The 
H19 long noncoding RNA gives rise to 
microRNAs miR-675-3p and miR-675-5p to 
promote skeletal muscle differentiation and 
regeneration. Genes Dev, 28(5), 491-501 
(2014) 

  DOI: 10.1101/gad.234419.113 

52. W. Hu, Z. Wang, Q. Li, J. Wang, L. Li and 
G. Jiang: Upregulation of lincRNA-p21 in 

https://doi:10.1016/j.biopha.2016.06.017
https://doi:10.1016/j.bbrc.2017.12.149
https://doi:10.18632/oncotarget.4509
https://doi:10.1038/mt.2016.71
https://doi:10.18632/oncotarget.4290
https://doi:10.1097/WNR.0000000000000717
https://doi:10.3727/096504017X14886689179993
https://doi:10.18632/oncotarget.3221
https://doi:10.1002/jcp.26889
https://doi:10.1038/mt.2015.170
https://doi:10.1016/j.bbamcr.2017.06.020
https://doi:10.18632/oncotarget.21513
https://doi:10.1038/nature12986
https://doi:10.1038/nrn3767
https://doi:10.1101/gad.234419.113


Regulatory non-coding RNAs in nervous system development and disease

1231 © 1996-2019

thoracic aortic aneurysms is involved in the 
regulation of proliferation and apoptosis of 
vascular smooth muscle cells by activating 
TGF-beta1 signaling pathway. J Cell 
Biochem (2018) 

  DOI: 10.1002/jcb.27696 

53. L. Arnes and L. Sussel: Epigenetic 
modifications and long noncoding RNAs 
influence pancreas development and 
function. Trends Genet, 31(6), 290-9 (2015) 

  DOI: 10.1016/j.tig.2015.02.008 

54. A. C. Luk, W. Y. Chan, O. M. Rennert 
and T. L. Lee: Long noncoding RNAs in 
spermatogenesis: insights from recent 
high-throughput transcriptome studies. 
Reproduction, 147(5), R131-41 (2014) 

  DOI: 10.1530/REP-13-0594 

55. J. L. Knauss and T. Sun: Regulatory 
mechanisms of long noncoding RNAs 
in vertebrate central nervous system 
development and function. Neuroscience, 
235, 200-14 (2013) 

  DOI: 10.1016/j.neuroscience.2013.01.022 

56. D. He, J. Wang, Y. Lu, Y. Deng, C. Zhao, 
L. Xu, Y. Chen, Y. C. Hu, W. Zhou and Q. 
R. Lu: lncRNA Functional Networks in 
Oligodendrocytes Reveal Stage-Specific 
Myelination Control by an lncOL1/Suz12 
Complex in the CNS. Neuron, 93(2), 362-
378 (2017) 

  DOI: 10.1016/j.neuron.2016.11.044 

57. R. Johnson, C. H. Teh, H. Jia, R. R. Vanisri, 
T. Pandey, Z. H. Lu, N. J. Buckley, L. W. 
Stanton and L. Lipovich: Regulation of 
neural macroRNAs by the transcriptional 
repressor REST. RNA, 15(1), 85-96 (2009) 

  DOI: 10.1261/rna.1127009 

58. S. Y. Ng, R. Johnson and L. W. Stanton: 
Human long non-coding RNAs promote 
pluripotency and neuronal differentiation by 
association with chromatin modifiers and 
transcription factors. EMBO J, 31(3), 522-33 
(2012) 

  DOI: 10.1038/emboj.2011.459 

59. G. Mandel, C. G. Fiondella, M. V. Covey, 
D. D. Lu, J. J. Loturco and N. Ballas: 
Repressor element 1 silencing transcription 
factor (REST) controls radial migration 
and temporal neuronal specification during 
neocortical development. Proc Natl Acad 
Sci U S A, 108(40), 16789-94 (2011) 

  DOI: 10.1073/pnas.1113486108 

60. O. Hermanson: Stem cells have different 
needs for REST. PLoS Biol, 6(10), e271 (2008) 

  DOI: 10.1371/journal.pbio.0060271 

61. N. Yoshida and T. Kimura: Pathogen-
associated regulatory non-coding RNAs and 
oncogenesis. Front Biosci (Landmark Ed), 
22, 1599-1621 (2017) 

62. K. W. Vance, S. N. Sansom, S. Lee, V. 
Chalei, L. Kong, S. E. Cooper, P. L. Oliver 
and C. P. Ponting: The long non-coding RNA 
Paupar regulates the expression of both 
local and distal genes. EMBO J, 33(4), 296-
311 (2014) 

  DOI: 10.1002/embj.201386225 

63. N. A. Rapicavoli, E. M. Poth, H. Zhu and 
S. Blackshaw: The long noncoding RNA 
Six3OS acts in trans to regulate retinal 
development by modulating Six3 activity. 
Neural Dev, 6, 32 (2011) 

  DOI: 10.1186/1749-8104-6-32 

64. A. D. Ramos, R. E. Andersen, S. J. Liu, 
T. J. Nowakowski, S. J. Hong, C. Gertz, 
R. D. Salinas, H. Zarabi, A. R. Kriegstein 
and D. A. Lim: The long noncoding RNA 
Pnky regulates neuronal differentiation of 
embryonic and postnatal neural stem cells. 
Cell Stem Cell, 16(4), 439-447 (2015) 

  DOI: 10.1016/j.stem.2015.02.007 

65. K. Takahashi and S. Yamanaka: Induction 
of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by 
defined factors. Cell, 126(4), 663-76 (2006) 

 DOI: 10.1016/j.cell.2006.07.024 

66. N. Yasuhara, M. Oka and Y. Yoneda: The 
role of the nuclear transport system in cell 
differentiation. Semin Cell Dev Biol, 20(5), 
590-9 (2009) 

  DOI: 10.1016/j.semcdb.2009.05.003 

67. M. Bergsland, D. Ramsköld, C. Zaouter, S. 
Klum, R. Sandberg and J. Muhr: Sequentially 
acting Sox transcription factors in neural 
lineage development. Genes Dev, 25(23), 
2453-64 (2011) 

  DOI: 10.1101/gad.176008.111 

68. E. Nesti, G. M. Corson, M. McCleskey, J. 
A. Oyer and G. Mandel: C-terminal domain 
small phosphatase 1 and MAP kinase 
reciprocally control REST stability and 
neuronal differentiation. Proc Natl Acad Sci 
U S A, 111(37), E3929-36 (2014) 

  DOI: 10.1073/pnas.1414770111 

https://doi:10.1002/jcb.27696
https://doi:10.1016/j.tig.2015.02.008
https://doi:10.1530/REP-13-0594
https://doi:10.1016/j.neuroscience.2013.01.022
https://doi:10.1016/j.neuron.2016.11.044
https://doi:10.1261/rna.1127009
https://doi:10.1038/emboj.2011.459
https://doi:10.1073/pnas.1113486108
https://doi:10.1371/journal.pbio.0060271
https://doi:10.1002/embj.201386225
https://doi:10.1186/1749-8104-6-32
https://doi:10.1016/j.stem.2015.02.007
https://doi:10.1016/j.cell.2006.07.024
https://doi:10.1016/j.semcdb.2009.05.003
https://doi:10.1101/gad.176008.111
https://doi:10.1073/pnas.1414770111


Regulatory non-coding RNAs in nervous system development and disease

1232 © 1996-2019

69. A. Singh, C. Rokes, M. Gireud, S. Fletcher, 
J. Baumgartner, G. Fuller, J. Stewart, P. 
Zage and V. Gopalakrishnan: Retinoic acid 
induces REST degradation and neuronal 
differentiation by modulating the expression 
of SCF(beta-TRCP)  in neuroblastoma cells. 
Cancer, 117(22), 5189-202 (2011) 

  DOI: 10.1002/cncr.26145 

70. S. Blackshaw, S. Harpavat, J. Trimarchi, L. 
Cai, H. Huang, W. P. Kuo, G. Weber, K. Lee, 
R. E. Fraioli, S. H. Cho, R. Yung, E. Asch, 
L. Ohno-Machado, W. H. Wong and C. L. 
Cepko: Genomic analysis of mouse retinal 
development. PLoS Biol, 2(9), E247 (2004) 

  DOI: 10.1371/journal.pbio.0020247 

71. M. Sone, T. Hayashi, H. Tarui, K. Agata, M. 
Takeichi and S. Nakagawa: The mRNA-like 
noncoding RNA Gomafu constitutes a novel 
nuclear domain in a subset of neurons. J 
Cell Sci, 120(Pt 15), 2498-506 (2007) 

  DOI: 10.1242/jcs.009357 

72. T. L. Young, T. Matsuda and C. L. Cepko: The 
noncoding RNA taurine upregulated gene 1 
is required for differentiation of the murine 
retina. Curr Biol, 15(6), 501-12 (2005) 

  DOI: 10.1016/j.cub.2005.02.027 

73. E. Tadjuidje and R. S. Hegde: The Eyes 
Absent proteins in development and 
disease. Cell Mol Life Sci, 70(11), 1897-913 
(2013) 

  DOI: 10.1007/s00018-012-1144-9 

74. C. L. Waites, A. M. Craig and C. C. Garner: 
Mechanisms of vertebrate synaptogenesis. 
Annu Rev Neurosci, 28, 251-74 (2005) 

  DOI: 10.1146/annurev.neuro.27.070203.144 
336 

75. D. Bernard, K. V. Prasanth, V. Tripathi, 
S. Colasse, T. Nakamura, Z. Xuan, M. Q. 
Zhang, F. Sedel, L. Jourdren, F. Coulpier, 
A. Triller, D. L. Spector and A. Bessis: A 
long nuclear-retained non-coding RNA 
regulates synaptogenesis by modulating 
gene expression. EMBO J, 29(18), 3082-93 
(2010) 

  DOI: 10.1038/emboj.2010.199 

76. A. M. Khalil, M. A. Faghihi, F. Modarresi, 
S. P. Brothers and C. Wahlestedt: A novel 
RNA transcript with antiapoptotic function is 
silenced in fragile X syndrome. PLoS One, 
3(1), e1486 (2008) 

  DOI: 10.1371/journal.pone.0001486 

77. V. J. Peschansky, C. Pastori, Z. Zeier, D. 
Motti, K. Wentzel, D. Velmeshev, M. Magistri, 
J. L. Bixby, V. P. Lemmon, J. P. Silva and 
C. Wahlestedt: Changes in expression of 
the long non-coding RNA FMR4 associate 
with altered gene expression during 
differentiation of human neural precursor 
cells. Front Genet, 6, 263 (2015) 

  DOI: 10.3389/fgene.2015.00263 

78. A. Volianskis, G. France, M. S. Jensen, Z. A. 
Bortolotto, D. E. Jane and G. L. Collingridge: 
Long-term potentiation and the role of 
N-methyl-D-aspartate receptors. Brain Res, 
1621, 5-16 (2015) 

  DOI: 10.1016/j.brainres.2015.01.016 

79. D. C. Choi, K. A. Maguschak, K. Ye, S. 
W. Jang, K. M. Myers and K. J. Ressler: 
Prelimbic cortical BDNF is required for 
memory of learned fear but not extinction 
or innate fear. Proc Natl Acad Sci U S A, 
107(6), 2675-80 (2010) 

  DOI: 10.1073/pnas.0909359107 

80. L. Lewejohann, B. V. Skryabin, N. Sachser, 
C. Prehn, P. Heiduschka, S. Thanos, U. 
Jordan, G. Dell’Omo, A. L. Vyssotski, M. 
G. Pleskacheva, H. P. Lipp, H. Tiedge, J. 
Brosius and H. Prior: Role of a neuronal 
small non-messenger RNA: behavioural 
alterations in BC1 RNA-deleted mice. Behav 
Brain Res, 154(1), 273-89 (2004) 

  DOI: 10.1016/j.bbr.2004.02.015 

81. L. Minichiello: TrkB signalling pathways in 
LTP and learning. Nat Rev Neurosci, 10(12), 
850-60 (2009) 

  DOI: 10.1038/nrn2738 

82. F. Modarresi, M. A. Faghihi, M. A. Lopez-
Toledano, R. P. Fatemi, M. Magistri, S. 
P. Brothers, M. P. van der Brug and C. 
Wahlestedt: Inhibition of natural antisense 
transcripts in vivo results in gene-specific 
transcriptional upregulation. Nat Biotechnol, 
30(5), 453-9 (2012) 

  DOI: 10.1038/nbt.2158 

83. L. Lipovich, F. Dachet, J. Cai, S. Bagla, 
K. Balan, H. Jia and J. A. Loeb: Activity-
dependent human brain coding/noncoding 
gene regulatory networks. Genetics, 192(3), 
1133-48 (2012) 

  DOI: 10.1534/genetics.112.145128 

84. J. L. Maag, D. Panja, I. Sporild, S. Patil, D. C. 
Kaczorowski, C. R. Bramham, M. E. Dinger 

https://doi:10.1002/cncr.26145
https://doi:10.1371/journal.pbio.0020247
https://doi:10.1242/jcs.009357
https://doi:10.1016/j.cub.2005.02.027
https://doi:10.1007/s00018-012-1144-9
https://doi:10.1146/annurev.neuro.27.070203.144336
https://doi:10.1146/annurev.neuro.27.070203.144336
https://doi:10.1038/emboj.2010.199
https://doi:10.1371/journal.pone.0001486
https://doi:10.3389/fgene.2015.00263
https://doi:10.1016/j.brainres.2015.01.016
https://doi:10.1073/pnas.0909359107
https://doi:10.1016/j.bbr.2004.02.015
https://doi:10.1038/nrn2738
https://doi:10.1038/nbt.2158
https://doi:10.1534/genetics.112.145128


Regulatory non-coding RNAs in nervous system development and disease

1233 © 1996-2019

and K. Wibrand: Dynamic expression of 
long noncoding RNAs and repeat elements 
in synaptic plasticity. Front Neurosci, 9, 351 
(2015) 

  DOI: 10.3389/fnins.2015.00351 

85. B. Lu, K. H. Wang and A. Nose: Molecular 
mechanisms underlying neural circuit 
formation. Curr Opin Neurobiol, 19(2), 162-
7 (2009) 

  DOI: 10.1016/j.conb.2009.04.004 

86. I. A. Qureshi and M. F. Mehler: Non-coding 
RNA networks underlying cognitive disorders 
across the lifespan. Trends Mol Med, 17(6), 
337-46 (2011) 

  DOI: 10.1016/j.molmed.2011.02.002 

87. N. Schonrock, R. P. Harvey and J. S. 
Mattick: Long noncoding RNAs in cardiac 
development and pathophysiology. Circ 
Res, 111(10), 1349-62 (2012) 

  DOI: 10.1161/CIRCRESAHA.112.268953 

88. O. Wapinski and H. Y. Chang: Long noncoding 
RNAs and human disease. Trends Cell Biol, 
21(6), 354-61 (2011) 

  DOI: 10.1016/j.tcb.2011.04.001 

89. P. Fortes and K. V. Morris: Long noncoding 
RNAs in viral infections. Virus Res, 212, 
1-11 (2016) 

  DOI: 10.1016/j.virusres.2015.10.002 

90. K. R. Sigdel, A. Cheng, Y. Wang, L. Duan 
and Y. Zhang: The Emerging Functions 
of Long Noncoding RNA in Immune Cells: 
Autoimmune Diseases. J Immunol Res, 
2015, 848790 (2015) 

  DOI: 10.1155/2015/848790 

91. T. Saito, Y. Matsuba, N. Mihira, J. Takano, 
P. Nilsson, S. Itohara, N. Iwata and T. C. 
Saido: Single App knock-in mouse models 
of Alzheimer’s disease. Nat Neurosci, 17(5), 
661-3 (2014) 

  DOI: 10.1038/nn.3697 

92. R. Yan and R. Vassar: Targeting the beta 
secretase BACE1 for Alzheimer’s disease 
therapy. Lancet Neurol, 13(3), 319-29 (2014) 

  DOI: 10.1016/S1474-4422(13)70276-X 

93. O. M. Andersen, J. Reiche, V. Schmidt, M. 
Gotthardt, R. Spoelgen, J. Behlke, C. A. 
von Arnim, T. Breiderhoff, P. Jansen, X. Wu, 
K. R. Bales, R. Cappai, C. L. Masters, J. 
Gliemann, E. J. Mufson, B. T. Hyman, S. M. 
Paul, A. Nykjaer and T. E. Willnow: Neuronal 

sorting protein-related receptor sorLA/
LR11 regulates processing of the amyloid 
precursor protein. Proc Natl Acad Sci U S A, 
102(38), 13461-6 (2005) 

  DOI: 10.1073/pnas.0503689102 

94. E. Ciarlo, S. Massone, I. Penna, M. Nizzari, 
A. Gigoni, G. Dieci, C. Russo, T. Florio, R. 
Cancedda and A. Pagano: An intronic ncRNA-
dependent regulation of SORL1 expression 
affecting Abeta formation is upregulated 
in post-mortem Alzheimer’s disease brain 
samples. Dis Model Mech, 6(2), 424-33 (2013) 

  DOI: 10.1242/dmm.009761 

95. M. Magistri, D. Velmeshev, M. Makhmutova 
and M. A. Faghihi: Transcriptomics Profiling of 
Alzheimer’s Disease Reveal Neurovascular 
Defects, Altered Amyloid-beta Homeostasis, 
and Deregulated Expression of Long 
Noncoding RNAs. J Alzheimers Dis, 48(3), 
647-65 (2015) 

  DOI: 10.3233/JAD-150398 

96. D. Y. Lee, J. Moon, S. T. Lee, K. H. Jung, D. 
K. Park, J. S. Yoo, J. S. Sunwoo, J. I. Byun, 
J. W. Shin, D. Jeon, K. Y. Jung, M. Kim, S. 
K. Lee and K. Chu: Distinct Expression of 
Long Non-Coding RNAs in an Alzheimer’s 
Disease Model. J Alzheimers Dis, 45(3), 
837-49 (2015) 

  DOI: 10.3233/JAD-142919 

97. J. S. Jacobsen, T. A. Comery, R. L. Martone, 
H. Elokdah, D. L. Crandall, A. Oganesian, S. 
Aschmies, Y. Kirksey, C. Gonzales, J. Xu, H. 
Zhou, K. Atchison, E. Wagner, M. M. Zaleska, 
I. Das, R. L. Arias, J. Bard, D. Riddell, S. J. 
Gardell, M. Abou-Gharbia, A. Robichaud, 
R. Magolda, G. P. Vlasuk, T. Bjornsson, P. 
H. Reinhart and M. N. Pangalos: Enhanced 
clearance of Abeta in brain by sustaining 
the plasmin proteolysis cascade. Proc Natl 
Acad Sci U S A, 105(25), 8754-9 (2008) 

  DOI: 10.1073/pnas.0710823105 

98. H. Tiedge, W. Chen and J. Brosius: Primary 
structure, neural-specific expression, and 
dendritic location of human BC200 RNA. J 
Neurosci, 13(6), 2382-90 (1993) 

99. F. Zalfa, S. Adinolfi, I. Napoli, E. Kühn-
Hölsken, H. Urlaub, T. Achsel, A. Pastore 
and C. Bagni: Fragile X mental retardation 
protein (FMRP) binds specifically to the 
brain cytoplasmic RNAs BC1/BC200 via 
a novel RNA-binding motif. J Biol Chem, 
280(39), 33403-10 (2005) 

  DOI: 10.1074/jbc.M504286200 

https://doi:10.3389/fnins.2015.00351
https://doi:10.1016/j.conb.2009.04.004
https://doi:10.1016/j.molmed.2011.02.002
https://doi:10.1161/CIRCRESAHA.112.268953
https://doi:10.1016/j.tcb.2011.04.001
https://doi:10.1016/j.virusres.2015.10.002
https://doi:10.1155/2015/848790
https://doi:10.1038/nn.3697
https://doi:10.1016/S1474-4422(13)70276-X
https://doi:10.1073/pnas.0503689102
https://doi:10.1242/dmm.009761
https://doi:10.3233/JAD-150398
https://doi:10.3233/JAD-142919
https://doi:10.1073/pnas.0710823105
https://doi:10.1074/jbc.M504286200


Regulatory non-coding RNAs in nervous system development and disease

1234 © 1996-2019

100. P. Ibáñez, A. M. Bonnet, B. Débarges, E. 
Lohmann, F. Tison, P. Pollak, Y. Agid, A. Dürr 
and A. Brice: Causal relation between alpha-
synuclein gene duplication and familial 
Parkinson’s disease. Lancet, 364(9440), 
1169-71 (2004) 

  DOI: 10.1016/S0140-6736(04)17104-3 

101. A. J. Hughes, S. E. Daniel, L. Kilford and 
A. J. Lees: Accuracy of clinical diagnosis 
of idiopathic Parkinson’s disease: a clinico-
pathological study of 100 cases. J Neurol 
Neurosurg Psychiatry, 55(3), 181-4 (1992)

102. I. G. McKeith, D. W. Dickson, J. Lowe, 
M. Emre, J. T. O’Brien, H. Feldman, J. 
Cummings, J. E. Duda, C. Lippa, E. K. 
Perry, D. Aarsland, H. Arai, C. G. Ballard, 
B. Boeve, D. J. Burn, D. Costa, T. Del Ser, 
B. Dubois, D. Galasko, S. Gauthier, C. G. 
Goetz, E. Gomez-Tortosa, G. Halliday, L. 
A. Hansen, J. Hardy, T. Iwatsubo, R. N. 
Kalaria, D. Kaufer, R. A. Kenny, A. Korczyn, 
K. Kosaka, V. M. Lee, A. Lees, I. Litvan, 
E. Londos, O. L. Lopez, S. Minoshima, 
Y. Mizuno, J. A. Molina, E. B. Mukaetova-
Ladinska, F. Pasquier, R. H. Perry, J. B. 
Schulz, J. Q. Trojanowski, M. Yamada and 
C. o. DLB: Diagnosis and management of 
dementia with Lewy bodies: third report of 
the DLB Consortium. Neurology, 65(12), 
1863-72 (2005) 

  DOI: 10.1212/01.wnl.0000187889.17253.b1 

103. J. W. Langston: Mechanisms underlying 
neuronal degeneration in Parkinson’s 
disease: an experimental and theoretical 
treatise. Mov Disord, 4 Suppl 1, S15-25 
(1989) 

104. A. H. Schapira, J. M. Cooper, D. Dexter, 
P. Jenner, J. B. Clark and C. D. Marsden: 
Mitochondrial complex I deficiency in 
Parkinson’s disease. Lancet, 1(8649), 1269 
(1989) 

105. G. E. Meredith and U. J. Kang: Behavioral 
models of Parkinson’s disease in rodents: 
a new look at an old problem. Mov Disord, 
21(10), 1595-606 (2006) 

  DOI: 10.1002/mds.21010 

106. C. Klein and A. Westenberger: Genetics 
of Parkinson’s disease. Cold Spring Harb 
Perspect Med, 2(1), a008888 (2012) 

  DOI: 10.1101/cshperspect.a008888 

107. M. J. Farrer: Genetics of Parkinson disease: 
paradigm shifts and future prospects. Nat 

Rev Genet, 7(4), 306-18 (2006) 
  DOI: 10.1038/nrg1831 

108. L. Soreq, N. Salomonis, A. Guffanti, H. 
Bergman, Z. Israel and H. Soreq: Whole 
transcriptome RNA sequencing data from 
blood leukocytes derived from Parkinson’s 
disease patients prior to and following deep 
brain stimulation treatment. Genom Data, 3, 
57-60 (2015) 

  DOI: 10.1016/j.gdata.2014.11.009 

109. Y. Leng, T. N. Chase and M. C. Bennett: 
Muscarinic receptor stimulation induces 
translocation of an alpha-synuclein oligomer 
from plasma membrane to a light vesicle 
fraction in cytoplasm. J Biol Chem, 276(30), 
28212-8 (2001) 

  DOI: 10.1074/jbc.M011121200 

110. D. Liu, L. Jin, H. Wang, H. Zhao, C. Zhao, C. 
Duan, L. Lu, B. Wu, S. Yu, P. Chan, Y. Li and 
H. Yang: Silencing alpha-synuclein gene 
expression enhances tyrosine hydroxylase 
activity in MN9D cells. Neurochem Res, 
33(7), 1401-9 (2008) 

  DOI: 10.1007/s11064-008-9599-7 

111. H. A. Lashuel, B. M. Petre, J. Wall, M. Simon, 
R. J. Nowak, T. Walz and P. T. Lansbury: 
Alpha-synuclein, especially the Parkinson’s 
disease-associated mutants, forms pore-like 
annular and tubular protofibrils. J Mol Biol, 
322(5), 1089-102 (2002) 

112. A. B. Singleton, M. Farrer, J. Johnson, 
A. Singleton, S. Hague, J. Kachergus, 
M. Hulihan, T. Peuralinna, A. Dutra, R. 
Nussbaum, S. Lincoln, A. Crawley, M. 
Hanson, D. Maraganore, C. Adler, M. R. 
Cookson, M. Muenter, M. Baptista, D. Miller, 
J. Blancato, J. Hardy and K. Gwinn-Hardy: 
alpha-Synuclein locus triplication causes 
Parkinson’s disease. Science, 302(5646), 
841 (2003) 

  DOI: 10.1126/science.1090278 

113. M. C. Chartier-Harlin, J. Kachergus, C. 
Roumier, V. Mouroux, X. Douay, S. Lincoln, 
C. Levecque, L. Larvor, J. Andrieux, M. 
Hulihan, N. Waucquier, L. Defebvre, P. 
Amouyel, M. Farrer and A. Destée: Alpha-
synuclein locus duplication as a cause 
of familial Parkinson’s disease. Lancet, 
364(9440), 1167-9 (2004) 

  DOI: 10.1016/S0140-6736(04)17103-1 

114. K. Eguchi, Z. Taoufiq, O. Thorn-Seshold, D. 
Trauner, M. Hasegawa and T. Takahashi: 

https://doi:10.1016/S0140-6736(04)17104-3
https://doi:10.1212/01.wnl.0000187889.17253.b1
https://doi:10.1002/mds.21010
https://doi:10.1101/cshperspect.a008888
https://doi:10.1038/nrg1831
https://doi:10.1016/j.gdata.2014.11.009
https://doi:10.1074/jbc.M011121200
https://doi:10.1007/s11064-008-9599-7
https://doi:10.1126/science.1090278
https://doi:10.1016/S0140-6736(04)17103-1


Regulatory non-coding RNAs in nervous system development and disease

1235 © 1996-2019

Wild-Type Monomeric alpha-Synuclein Can 
Impair Vesicle Endocytosis and Synaptic 
Fidelity via Tubulin Polymerization at the 
Calyx of Held. J Neurosci, 37(25), 6043-
6052 (2017) 

  DOI: 10.1523/JNEUROSCI.0179-17.2017 

115. D. Scott and S. Roy: alpha-Synuclein inhibits 
intersynaptic vesicle mobility and maintains 
recycling-pool homeostasis. J Neurosci, 
32(30), 10129-35 (2012) 

  DOI: 10.1523/JNEUROSCI.0535-12.2012 

116. M. Lundblad, M. Decressac, B. Mattsson and 
A. Björklund: Impaired neurotransmission 
caused by overexpression of alpha-
synuclein in nigral dopamine neurons. Proc 
Natl Acad Sci U S A, 109(9), 3213-9 (2012) 

  DOI: 10.1073/pnas.1200575109 

117. H. Wang, Y. Ye, Z. Zhu, L. Mo, C. Lin, Q. 
Wang, X. Gong, X. He, G. Lu, F. Lu and 
S. Zhang: MiR-124 Regulates Apoptosis 
and Autophagy Process in MPTP Model of 
Parkinson’s Disease by Targeting to Bim. 
Brain Pathol, 26(2), 167-76 (2016) 

  DOI: 10.1111/bpa.12267 

118. L. Parisiadou, C. Xie, H. J. Cho, X. Lin, 
X. L. Gu, C. X. Long, E. Lobbestael, V. 
Baekelandt, J. M. Taymans, L. Sun and 
H. Cai: Phosphorylation of ezrin/radixin/
moesin proteins by LRRK2 promotes 
the rearrangement of actin cytoskeleton 
in neuronal morphogenesis. J Neurosci, 
29(44), 13971-80 (2009) 

  DOI: 10.1523/JNEUROSCI.3799-09.2009 

119. M. R. Cookson: The role of leucine-rich 
repeat kinase 2 (LRRK2) in Parkinson’s 
disease. Nat Rev Neurosci, 11(12), 791-7 
(2010) 

  DOI: 10.1038/nrn2935 

120. C. J. Gloeckner, N. Kinkl, A. Schumacher, R. 
J. Braun, E. O’Neill, T. Meitinger, W. Kolch, 
H. Prokisch and M. Ueffing: The Parkinson 
disease causing LRRK2 mutation I2020T is 
associated with increased kinase activity. 
Hum Mol Genet, 15(2), 223-32 (2006) 

  DOI: 10.1093/hmg/ddi439 

121. E. D. Plowey, S. J. Cherra, Y. J. Liu and 
C. T. Chu: Role of autophagy in G2019S-
LRRK2-associated neurite shortening in 
differentiated SH-SY5Y cells. J Neurochem, 
105(3), 1048-56 (2008) 

  DOI: 10.1111/j.1471-4159.2008.05217.x 

122. D. MacLeod, J. Dowman, R. Hammond, 
T. Leete, K. Inoue and A. Abeliovich: The 
familial Parkinsonism gene LRRK2 regulates 
neurite process morphology. Neuron, 52(4), 
587-93 (2006) 

  DOI: 10.1016/j.neuron.2006.10.008 

123. J. L. Rinn, M. Kertesz, J. K. Wang, S. L. 
Squazzo, X. Xu, S. A. Brugmann, L. H. 
Goodnough, J. A. Helms, P. J. Farnham, 
E. Segal and H. Y. Chang: Functional 
demarcation of active and silent chromatin 
domains in human HOX loci by noncoding 
RNAs. Cell, 129(7), 1311-23 (2007) 

  DOI: 10.1016/j.cell.2007.05.022 

124. M. C. Tsai, O. Manor, Y. Wan, N. 
Mosammaparast, J. K. Wang, F. Lan, 
Y. Shi, E. Segal and H. Y. Chang: Long 
noncoding RNA as modular scaffold of 
histone modification complexes. Science, 
329(5992), 689-93 (2010) 

  DOI: 10.1126/science.1192002 

125. L. Li, B. Liu, O. L. Wapinski, M. C. Tsai, 
K. Qu, J. Zhang, J. C. Carlson, M. Lin, F. 
Fang, R. A. Gupta, J. A. Helms and H. 
Y. Chang: Targeted disruption of Hotair 
leads to homeotic transformation and gene 
derepression. Cell Rep, 5(1), 3-12 (2013) 

  DOI: 10.1016/j.celrep.2013.09.003 

126. Y. Wu, L. Zhang, Y. Wang, H. Li, X. Ren, 
F. Wei, W. Yu, T. Liu, X. Wang, X. Zhou, 
J. Yu and X. Hao: Long non-coding RNA 
HOTAIR promotes tumor cell invasion 
and metastasis by recruiting EZH2 and 
repressing E-cadherin in oral squamous 
cell carcinoma. Int J Oncol, 46(6), 2586-94 
(2015) 

  DOI: 10.3892/ijo.2015.2976 

127. S. Liu, B. Cui, Z. X. Dai, P. K. Shi, Z. H. 
Wang and Y. Y. Guo: Long Non-coding RNA 
HOTAIR Promotes Parkinson’s Disease 
Induced by MPTP Through up-regulating 
the Expression of LRRK2. Curr Neurovasc 
Res, 13(2), 115-20 (2016) 

128. M. H. Hinrichs, A. Jalal, B. Brenner, E. 
Mandelkow, S. Kumar and T. Scholz: Tau 
protein diffuses along the microtubule lattice. 
J Biol Chem, 287(46), 38559-68 (2012) 

  DOI: 10.1074/jbc.M112.369785 

129. S. J. Adams, R. J. Crook, M. Deture, S. J. 
Randle, A. E. Innes, X. Z. Yu, W. L. Lin, B. 
N. Dugger, M. McBride, M. Hutton, D. W. 

https://doi:10.1523/JNEUROSCI.0179-17.2017
https://doi:10.1523/JNEUROSCI.0535-12.2012
https://doi:10.1073/pnas.1200575109
https://doi:10.1111/bpa.12267
https://doi:10.1523/JNEUROSCI.3799-09.2009
https://doi:10.1038/nrn2935
https://doi:10.1093/hmg/ddi439
https://doi:10.1111/j.1471-4159.2008.05217.x
https://doi:10.1016/j.neuron.2006.10.008
https://doi:10.1016/j.cell.2007.05.022
https://doi:10.1126/science.1192002
https://doi:10.1016/j.celrep.2013.09.003
https://doi:10.3892/ijo.2015.2976
https://doi:10.1074/jbc.M112.369785


Regulatory non-coding RNAs in nervous system development and disease

1236 © 1996-2019

Dickson and E. McGowan: Overexpression 
of wild-type murine tau results in progressive 
tauopathy and neurodegeneration. Am J 
Pathol, 175(4), 1598-609 (2009) 

  DOI: 10.2353/ajpath.2009.090462 

130. T. M. Caffrey, C. Joachim, S. Paracchini, M. 
M. Esiri and R. Wade-Martins: Haplotype-
specific expression of exon 10 at the human 
MAPT locus. Hum Mol Genet, 15(24), 3529-
37 (2006) 

  DOI: 10.1093/hmg/ddl429 

131. L. Skipper, K. Wilkes, M. Toft, M. Baker, S. 
Lincoln, M. Hulihan, O. A. Ross, M. Hutton, J. 
Aasly and M. Farrer: Linkage disequilibrium 
and association of MAPT H1 in Parkinson 
disease. Am J Hum Genet, 75(4), 669-77 
(2004) 

  DOI: 10.1086/424492 

132. E. Masliah, W. Dumaop, D. Galasko and 
P. Desplats: Distinctive patterns of DNA 
methylation associated with Parkinson 
disease: identification of concordant 
epigenetic changes in brain and peripheral 
blood leukocytes. Epigenetics, 8(10), 1030-
8 (2013) 

  DOI: 10.4161/epi.25865 

133. N. Saksouk, T. K. Barth, C. Ziegler-Birling, 
N. Olova, A. Nowak, E. Rey, J. Mateos-
Langerak, S. Urbach, W. Reik, M. E. 
Torres-Padilla, A. Imhof, J. Déjardin and E. 
Simboeck: Redundant mechanisms to form 
silent chromatin at pericentromeric regions 
rely on BEND3 and DNA methylation. Mol 
Cell, 56(4), 580-94 (2014) 

  DOI: 10.1016/j.molcel.2014.10.001 

134. R. C. Samaco and J. L. Neul: Complexities 
of Rett syndrome and MeCP2. J Neurosci, 
31(22), 7951-9 (2011) 

  DOI: 10.1523/JNEUROSCI.0169-11.2011 

135. R. M. Forbes-Lorman, J. J. Rautio, J. R. 
Kurian, A. P. Auger and C. J. Auger: Neonatal 
MeCP2 is important for the organization of 
sex differences in vasopressin expression. 
Epigenetics, 7(3), 230-8 (2012) 

  DOI: 10.4161/epi.7.3.1.9265 

136. W. G. Chen, Q. Chang, Y. Lin, A. Meissner, 
A. E. West, E. C. Griffith, R. Jaenisch and 
M. E. Greenberg: Derepression of BDNF 
transcription involves calcium-dependent 
phosphorylation of MeCP2. Science, 
302(5646), 885-9 (2003) 

  DOI: 10.1126/science.1086446 

137. I. Stancheva, A. L. Collins, I. B. Van den 
Veyver, H. Zoghbi and R. R. Meehan: A 
mutant form of MeCP2 protein associated 
with human Rett syndrome cannot be 
displaced from methylated DNA by notch in 
Xenopus embryos. Mol Cell, 12(2), 425-35 
(2003) 

138. R. J. Klose and A. P. Bird: MeCP2 behaves 
as an elongated monomer that does not 
stably associate with the Sin3a chromatin 
remodeling complex. J Biol Chem, 279(45), 
46490-6 (2004) 

  DOI: 10.1074/jbc.M408284200 

139. M. Chahrour, S. Y. Jung, C. Shaw, X. Zhou, 
S. T. Wong, J. Qin and H. Y. Zoghbi: MeCP2, 
a key contributor to neurological disease, 
activates and represses transcription. 
Science, 320(5880), 1224-9 (2008) 

  DOI: 10.1126/science.1153252 

140. M. C. Maj, I. Tkachyova, P. Patel, J. B. Addis, 
N. Mackay, V. Levandovskiy, J. Lee, A. E. 
Lang, J. M. Cameron and B. H. Robinson: 
Oxidative stress alters the regulatory control 
of p66Shc and Akt in PINK1 deficient cells. 
Biochem Biophys Res Commun, 399(3), 
331-5 (2010) 

  DOI: 10.1016/j.bbrc.2010.07.033 

141. V. Dias, E. Junn and M. M. Mouradian: 
The role of oxidative stress in Parkinson’s 
disease. J Parkinsons Dis, 3(4), 461-91 
(2013) 

  DOI: 10.3233/JPD-130230 

142. K. Okatsu, F. Koyano, M. Kimura, H. 
Kosako, Y. Saeki, K. Tanaka and N. 
Matsuda: Phosphorylated ubiquitin chain 
is the genuine Parkin receptor. J Cell Biol, 
209(1), 111-28 (2015) 

  DOI: 10.1083/jcb.201410050 

143. K. Shiba-Fukushima, Y. Imai, S. Yoshida, 
Y. Ishihama, T. Kanao, S. Sato and N. 
Hattori: PINK1-mediated phosphorylation 
of the Parkin ubiquitin-like domain primes 
mitochondrial translocation of Parkin and 
regulates mitophagy. Sci Rep, 2, 1002 
(2012) 

  DOI: 10.1038/srep01002 

144. D. P. Narendra, S. M. Jin, A. Tanaka, D. F. 
Suen, C. A. Gautier, J. Shen, M. R. Cookson 
and R. J. Youle: PINK1 is selectively stabilized 
on impaired mitochondria to activate Parkin. 
PLoS Biol, 8(1), e1000298 (2010) 

  DOI: 10.1371/journal.pbio.1000298 

https://doi:10.2353/ajpath.2009.090462
https://doi:10.1093/hmg/ddl429
https://doi:10.1086/424492
https://doi:10.4161/epi.25865
https://doi:10.1016/j.molcel.2014.10.001
https://doi:10.1523/JNEUROSCI.0169-11.2011
https://doi:10.4161/epi.7.3.1.9265
https://doi:10.1126/science.1086446
https://doi:10.1074/jbc.M408284200
https://doi:10.1126/science.1153252
https://doi:10.1016/j.bbrc.2010.07.033
https://doi:10.3233/JPD-130230
https://doi:10.1083/jcb.201410050
https://doi:10.1038/srep01002
https://doi:10.1371/journal.pbio.1000298


Regulatory non-coding RNAs in nervous system development and disease

1237 © 1996-2019

145. T. Kitada, S. Asakawa, N. Hattori, H. 
Matsumine, Y. Yamamura, S. Minoshima, 
M. Yokochi, Y. Mizuno and N. Shimizu: 
Mutations in the parkin gene cause 
autosomal recessive juvenile parkinsonism. 
Nature, 392(6676), 605-8 (1998) 

  DOI: 10.1038/33416 

146. E. M. Valente, P. M. Abou-Sleiman, V. 
Caputo, M. M. Muqit, K. Harvey, S. Gispert, 
Z. Ali, D. Del Turco, A. R. Bentivoglio, D. 
G. Healy, A. Albanese, R. Nussbaum, R. 
González-Maldonado, T. Deller, S. Salvi, 
P. Cortelli, W. P. Gilks, D. S. Latchman, 
R. J. Harvey, B. Dallapiccola, G. Auburger 
and N. W. Wood: Hereditary early-onset 
Parkinson’s disease caused by mutations in 
PINK1. Science, 304(5674), 1158-60 (2004) 

  DOI: 10.1126/science.1096284 

147. D. T. Dexter, J. Sian, S. Rose, J. G. 
Hindmarsh, V. M. Mann, J. M. Cooper, F. 
R. Wells, S. E. Daniel, A. J. Lees and A. H. 
Schapira: Indices of oxidative stress and 
mitochondrial function in individuals with 
incidental Lewy body disease. Ann Neurol, 
35(1), 38-44 (1994) 

  DOI: 10.1002/ana.410350107 

148. W. Yan, Z. Y. Chen, J. Q. Chen and H. M. 
Chen: LncRNA NEAT1 promotes autophagy 
in MPTP-induced Parkinson’s disease 
through stabilizing PINK1 protein. Biochem 
Biophys Res Commun, 496(4), 1019-1024 
(2018) 

  DOI: 10.1016/j.bbrc.2017.12.149 

149. S. Kawajiri, S. Saiki, S. Sato, F. Sato, T. 
Hatano, H. Eguchi and N. Hattori: PINK1 
is recruited to mitochondria with parkin and 
associates with LC3 in mitophagy. FEBS 
Lett, 584(6), 1073-9 (2010) 

  DOI: 10.1016/j.febslet.2010.02.016 

150. T. Naganuma, S. Nakagawa, A. Tanigawa, 
Y. F. Sasaki, N. Goshima and T. Hirose: 
Alternative 3’-end processing of long 
noncoding RNA initiates construction of 
nuclear paraspeckles. EMBO J, 31(20), 
4020-34 (2012) 

  DOI: 10.1038/emboj.2012.251 

151. J. Chen, R. M. McKay and L. F. Parada: 
Malignant glioma: lessons from genomics, 
mouse models, and stem cells. Cell, 149(1), 
36-47 (2012) 

  DOI: 10.1016/j.cell.2012.03.009 

152. D. N. Louis, H. Ohgaki, O. D. Wiestler, W. 
K. Cavenee, P. C. Burger, A. Jouvet, B. 

W. Scheithauer and P. Kleihues: The 2007 
WHO classification of tumours of the central 
nervous system. Acta Neuropathol, 114(2), 
97-109 (2007) 

  DOI: 10.1007/s00401-007-0243-4 

153. D. Hanahan and R. A. Weinberg: Hallmarks 
of cancer: the next generation. Cell, 144(5), 
646-74 (2011) 

  DOI: 10.1016/j.cell.2011.02.013 

154. T. Gutschner and S. Diederichs: The 
hallmarks of cancer: a long non-coding RNA 
point of view. RNA Biol, 9(6), 703-19 (2012) 

  DOI: 10.4161/rna.20481 

155. B. Qiu, D. Zhang, Y. Wang, S. Ou, J. Wang 
and J. Tao: Interleukin-6 is overexpressed 
and augments invasiveness of human glioma 
stem cells in vitro. Clin Exp Metastasis, 
30(8), 1009-18 (2013) 

  DOI: 10.1007/s10585-013-9599-0 

156. H. Miao, N. W. Gale, H. Guo, J. Qian, A. Petty, 
J. Kaspar, A. J. Murphy, D. M. Valenzuela, 
G. Yancopoulos, D. Hambardzumyan, J. 
D. Lathia, J. N. Rich, J. Lee and B. Wang: 
EphA2 promotes infiltrative invasion of 
glioma stem cells in vivo through cross-talk 
with Akt and regulates stem cell properties. 
Oncogene, 34(5), 558-67 (2015) 

  DOI: 10.1038/onc.2013.590 

157. D. M. Brantley-Sieders, G. Zhuang, D. Hicks, 
W. B. Fang, Y. Hwang, J. M. Cates, K. Coffman, 
D. Jackson, E. Bruckheimer, R. S. Muraoka-
Cook and J. Chen: The receptor tyrosine kinase 
EphA2 promotes mammary adenocarcinoma 
tumorigenesis and metastatic progression 
in mice by amplifying ErbB2 signaling. J Clin 
Invest, 118(1), 64-78 (2008) 

  DOI: 10.1172/JCI33154 

158. A. B. Larsen, M. W. Pedersen, M. T. 
Stockhausen, M. V. Grandal, B. van Deurs 
and H. S. Poulsen: Activation of the EGFR 
gene target EphA2 inhibits epidermal 
growth factor-induced cancer cell motility. 
Mol Cancer Res, 5(3), 283-93 (2007) 

  DOI: 10.1158/1541-7786.MCR-06-0321 

159. D. Kesanakurti, C. Chetty, D. H. Dinh, M. 
Gujrati and J. S. Rao: Role of MMP-2 in the 
regulation of IL-6/Stat3 survival signaling 
via interaction with alpha5beta1 integrin in 
glioma. Oncogene, 32(3), 327-40 (2013) 

  DOI: 10.1038/onc.2012.52 

160. X. Li, C. Wu, N. Chen, H. Gu, A. Yen, L. Cao, 
E. Wang and L. Wang: PI3K/Akt/mTOR 

https://doi:10.1038/33416
https://doi:10.1126/science.1096284
https://doi:10.1002/ana.410350107
https://doi:10.1016/j.bbrc.2017.12.149
https://doi:10.1016/j.febslet.2010.02.016
https://doi:10.1038/emboj.2012.251
https://doi:10.1016/j.cell.2012.03.009
https://doi:10.1007/s00401-007-0243-4
https://doi:10.1016/j.cell.2011.02.013
https://doi:10.4161/rna.20481
https://doi:10.1007/s10585-013-9599-0
https://doi:10.1038/onc.2013.590
https://doi:10.1172/JCI33154
https://doi:10.1158/1541-7786.MCR-06-0321
https://doi:10.1038/onc.2012.52


Regulatory non-coding RNAs in nervous system development and disease

1238 © 1996-2019

signaling pathway and targeted therapy for 
glioblastoma. Oncotarget, 7(22), 33440-50 
(2016) 

  DOI: 10.18632/oncotarget.7961 

161. C. Senft, M. Priester, M. Polacin, K. Schröder, 
V. Seifert, D. Kögel and J. Weissenberger: 
Inhibition of the JAK-2/STAT3 signaling 
pathway impedes the migratory and invasive 
potential of human glioblastoma cells. J 
Neurooncol, 101(3), 393-403 (2011) 

  DOI: 10.1007/s11060-010-0273-y 

162. V. R. Dasari, K. K. Velpula, K. Kaur, D. 
Fassett, J. D. Klopfenstein, D. H. Dinh, M. 
Gujrati and J. S. Rao: Cord blood stem 
cell-mediated induction of apoptosis in 
glioma downregulates X-linked inhibitor of 
apoptosis protein (XIAP). PLoS One, 5(7), 
e11813 (2010) 

  DOI: 10.1371/journal.pone.0011813 

163. L. Li, C. Yu, H. Gao and Y. Li: Argonaute 
proteins: potential biomarkers for human 
colon cancer. BMC Cancer, 10, 38 (2010) 

  DOI: 10.1186/1471-2407-10-38 

164. O. Coqueret: Linking cyclins to transcriptional 
control. Gene, 299(1-2), 35-55 (2002)

165. N. Coleman and J. Kissil: Recent advances 
in the development of p21-activated 
kinase inhibitors. Cell Logist, 2(2), 132-
135 (2012) 

  DOI: 10.4161/cl.21667 

166. L. D. Graham, S. K. Pedersen, G. S. Brown, 
T. Ho, Z. Kassir, A. T. Moynihan, E. K. 
Vizgoft, R. Dunne, L. Pimlott, G. P. Young, 
L. C. Lapointe and P. L. Molloy: Colorectal 
Neoplasia Differentially Expressed 
(CRNDE), a Novel Gene with Elevated 
Expression in Colorectal Adenomas and 
Adenocarcinomas. Genes Cancer, 2(8), 
829-40 (2011) 

  DOI: 10.1177/1947601911431081 

167. B. D. Hopkins, C. Hodakoski, D. Barrows, 
S. M. Mense and R. E. Parsons: PTEN 
function: the long and the short of it. Trends 
Biochem Sci, 39(4), 183-90 (2014) 

  DOI: 10.1016/j.tibs.2014.02.006 

168. J. Brognard, M. Niederst, G. Reyes, 
N. Warfel and A. C. Newton: Common 
polymorphism in the phosphatase PHLPP2 
results in reduced regulation of Akt and 
protein kinase C. J Biol Chem, 284(22), 
15215-23 (2009) 

  DOI: 10.1074/jbc.M901468200 

169. Y. Zhou, Y. Zhong, Y. Wang, X. Zhang, D. 
L. Batista, R. Gejman, P. J. Ansell, J. Zhao, 
C. Weng and A. Klibanski: Activation of p53 
by MEG3 non-coding RNA. J Biol Chem, 
282(34), 24731-42 (2007) 

  DOI: 10.1074/jbc.M702029200 

170. Y. Song, P. Wang, W. Zhao, Y. Yao, X. Liu, 
J. Ma, Y. Xue and Y. Liu: MiR-18a regulates 
the proliferation, migration and invasion 
of human glioblastoma cell by targeting 
neogenin. Exp Cell Res, 324(1), 54-64 
(2014) 

  DOI: 10.1016/j.yexcr.2014.03.009 

171. C. M. Smith and J. A. Steitz: Classification 
of gas5 as a multi-small-nucleolar-RNA 
(snoRNA) host gene and a member of the 
5’-terminal oligopyrimidine gene family 
reveals common features of snoRNA host 
genes. Mol Cell Biol, 18(12), 6897-909 
(1998) 

172. X. Zhang, S. Sun, J. K. Pu, A. C. Tsang, D. 
Lee, V. O. Man, W. M. Lui, S. T. Wong and G. 
K. Leung: Long non-coding RNA expression 
profiles predict clinical phenotypes in glioma. 
Neurobiol Dis, 48(1), 1-8 (2012) 

  DOI: 10.1016/j.nbd.2012.06.004 

173. T. Yoshida and E. B. Haura: The potential 
benefits of BIM in the further pursuit of 
biomarker discovery in cancer therapeutics. 
Cancer Discov, 1(4), 289-90 (2011) 

  DOI: 10.1158/2159-8290.CD-11-0193 

174. F. Grespi, C. Soratroi, G. Krumschnabel, B. 
Sohm, C. Ploner, S. Geley, L. Hengst, G. 
Häcker and A. Villunger: BH3-only protein 
Bmf mediates apoptosis upon inhibition 
of CAP-dependent protein synthesis. Cell 
Death Differ, 17(11), 1672-83 (2010) 

  DOI: 10.1038/cdd.2010.97 

175. U. Naumann, O. Bähr, H. Wolburg, S. 
Altenberend, W. Wick, P. Liston, A. Ashkenazi 
and M. Weller: Adenoviral expression of 
XIAP antisense RNA induces apoptosis in 
glioma cells and suppresses the growth of 
xenografts in nude mice. Gene Ther, 14(2), 
147-61 (2007) 

  DOI: 10.1038/sj.gt.3302845 

176. J. Li, E. B. Bian, X. J. He, C. C. Ma, G. 
Zong, H. L. Wang and B. Zhao: Epigenetic 
repression of long non-coding RNA MEG3 
mediated by DNMT1 represses the p53 
pathway in gliomas. Int J Oncol, 48(2), 723-
33 (2016) 

  DOI: 10.3892/ijo.2015.3285 

https://doi:10.18632/oncotarget.7961
https://doi:10.1007/s11060-010-0273-y
https://doi:10.1371/journal.pone.0011813
https://doi:10.1186/1471-2407-10-38
https://doi:10.4161/cl.21667
https://doi:10.1177/1947601911431081
https://doi:10.1016/j.tibs.2014.02.006
https://doi:10.1074/jbc.M901468200
https://doi:10.1074/jbc.M702029200
https://doi:10.1016/j.yexcr.2014.03.009
https://doi:10.1016/j.nbd.2012.06.004
https://doi:10.1158/2159-8290.CD-11-0193
https://doi:10.1038/cdd.2010.97
https://doi:10.1038/sj.gt.3302845
https://doi:10.3892/ijo.2015.3285


Regulatory non-coding RNAs in nervous system development and disease

1239 © 1996-2019

177. C. Pastori, P. Kapranov, C. Penas, V. 
Peschansky, C. H. Volmar, J. N. Sarkaria, 
A. Bregy, R. Komotar, G. St Laurent, N. G. 
Ayad and C. Wahlestedt: The Bromodomain 
protein BRD4 controls HOTAIR, a long 
noncoding RNA essential for glioblastoma 
proliferation. Proc Natl Acad Sci U S A, 
112(27), 8326-31 (2015) 

  DOI: 10.1073/pnas.1424220112 

178. L. Zhang, X. Liang and Y. Li: Long non-
coding RNA MEG3 inhibits cell growth of 
gliomas by targeting miR-93 and inactivating 
PI3K/AKT pathway. Oncol Rep, 38(4), 2408-
2416 (2017) 

  DOI: 10.3892/or.2017.5871 

179. R. Sanchez and M. M. Zhou: The role of 
human bromodomains in chromatin biology 
and gene transcription. Curr Opin Drug 
Discov Devel, 12(5), 659-65 (2009) 

180. C. Pastori, M. Daniel, C. Penas, C. H. 
Volmar, A. L. Johnstone, S. P. Brothers, R. 
M. Graham, B. Allen, J. N. Sarkaria, R. J. 
Komotar, C. Wahlestedt and N. G. Ayad: 
BET bromodomain proteins are required for 
glioblastoma cell proliferation. Epigenetics, 
9(4), 611-20 (2014) 

  DOI: 10.4161/epi.27906 

181. J. B. Zhong, X. Li, S. M. Zhong, J. D. Liu, C. 
B. Chen and X. Y. Wu: Knockdown of long 
noncoding antisense RNA brain-derived 
neurotrophic factor attenuates hypoxia/
reoxygenation-induced nerve cell apoptosis 
through the BDNF-TrkB-PI3K/Akt signaling 
pathway. Neurorepor t, 28(14), 910-916 
(2017) 

  DOI: 10.1097/WNR.0000000000000860 

182. M. Lin, E. Pedrosa, A. Shah, A. Hrabovsky, 
S. Maqbool, D. Zheng and H. M. Lachman: 
RNA-Seq of human neurons derived from 
iPS cells reveals candidate long non-
coding RNAs involved in neurogenesis and 
neuropsychiatric disorders. PLoS One, 6(9), 
e23356 (2011) 

  DOI: 10.1371/journal.pone.0023356 

183. E. Yoshigai, T. Hara, H. Inaba, I. Hashimoto, 
Y. Tanaka, M. Kaibori, T. Kimura, T. Okumura, 
A. H. Kwon and M. Nishizawa: Interleukin-
1beta induces tumor necrosis factor-alpha 
secretion from rat hepatocytes. Hepatol 
Res, 44(5), 571-83 (2014) 

  DOI: 10.1111/hepr.12157 

Abbreviations: ncRNA: non-coding RNA, 
lncRNA: long non-coding RNA, mRNA: messenger 

RNA, miRNA: microRNA, CNS: central nervous 
system, ENCODE: Encyclopedia of DNA 
elements, tRNA: transfer RNA, rRNA: ribosomal 
RNA, snRNA: small nuclear, RISC: RNA-
induced silencing complex, ceRNA: competing 
endogenous RNA, AD: Alzheimer’s disease, 
PD: Parkinson’s disease, NSC: neural stem cell, 
RSC: retinal stem cells, RPC: retinal progenitor 
cells, REST: RE1-silencing transcription factor, 
NRSE: neuron-restrictive silencer element, 
DGCR5: DiGeorge Critical Region 5, RMST: 
rhabdomyosarcoma 2 associated transcript, 
ESC: embryonic stem cell, GO: Gene Ontology, 
RT-PCR: reverse transcription-polymerase 
chain reaction, RT-qPCR: quantitative RT-
PCR, Six3OS1: sine oculis-related homeobox 
3 opposite strand 1, SVZ: subventricular zone, 
KD: knockdown, RIP: RNA immunoprecipitation, 
PTBP1: polypyrimidine tract-binding protein 1, 
Sox2: SRY-box 2, Pax6: paired box 6, TUBB3: 
class III beta-tubulin, TUNA: Tcl1 upstream 
neuron-associated lincRNA, shRNA: short hairpin 
RNA, siRNA: small interfering RNA, hnRNP: 
heterogeneous nuclear ribonucleoprotein, SP8: 
trans-acting transcription factor 8, NEUROG2: 
neurogenin 2, DLX: distal-less homeobox, 
ChIP: chromatin immunoprecipitation, GABA: 
gamma-aminobutyric acid, MeCP2: methyl-
CpG binding protein 2, GAD: glutamic acid 
decarboxylases, Tug1: taurine up-regulated 1, 
EZH2: enhancer of zeste 2 polycomb repressive 
complex 2 subunit, PRC2: polycomb-repressive 
complex 2, FMR4: fragile X mental retardation 
4, RNA-seq: RNA sequencing, FMR1: fragile X 
mental retardation 1, HOTAIR: HOX transcript 
antisense RNA, HEK: human embryonic kidney, 
LTP: long-term potentiation, LTD: long-term 
depression, BC1: brain cytoplasmic RNA 1, 
eIF: eukaryotic initiation factor, PABP: poly-A 
binding protein, PSD-95: post-synaptic density 
protein 95, FMRP: fragile-X retardation protein, 
mGluR: group I metabolic glutamate receptor, 
BDNF: brain-derived neurotrophic factor, BDNF-
AS: BDNF antisense RNA, DG: dentate gyrus, 
APP: amyloid beta precursor protein, BACE1: 
beta-secretase 1, SORL1: sortilin related 
receptor 1, Abeta: amyloid beta, BACE1-AS: 
BACE1 antisense RNA, HuD: Hu antigen D, 
NAT: natural antisense transcript, lincRNA: 
large intergenic non-coding RNA, SERPINE1: 
serpin family E member 1, PAI-1: plasminogen 
activator inhibitor type-1, HAO2: hydroxyacid 
oxidase 2, EBF3: early B cell factor 3, PSEN1: 
presenilin 1, MAPT: microtubule associated 
protein tau, GABBR2: gamma-aminobutyric acid 
type B receptor subunit 2, MPTP-HCl: 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine-hydrogen 
chloride, MPP+: 1-methyl-4-phenyl- pyridinium 
ion, DAT: dopamine transporter, SNCA: synuclein 
alpha, LRRK2: leucine rich repeat kinase 2, 
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PRKN: parkin RBR E3 ubiquitin protein ligase, 
PTEN: phosphatase and tensin homologue, 
PINK1: PTEN-induced putative kinase 1, 
DOPA: dihydrophenylalanine, DA: dopamine, 
BH3: BCL2 homology region 3, Bax: BCL2 
associated X, ERM: ezrin/radixin/moesin, ERK: 
extracellular signal regulated protein kinase, 
MAPK: mitogen activated protein kinase, WT: 
wild type, CDH1: cadherin 1, TG: transgenic, 
SNP: single nucleotide polymorphism, MBD: 
methyl-CpG-binding domain, CREB1: cAMP 
responsive element binding protein 1, Sin3A: 
SIN3 transcription regulator family member A, 
NEAT1: nuclear paraspeckle assembly transcript 
1, ROS: reactive oxygen species, CRNDE: 
colorectal neoplasia differentially expressed, 
MEG3: maternally expressed 3, GAS5: growth 
arrest specific 5, FGF1: fibroblast growth factor 
1, IL6: interleukin 6, EphA2: EPH receptor 
A2, PI3K: phosphoinositide-3-kinase, mTOR: 
mechanistic target of rapamycin kinase, JAK: Jak 
family tyrosine kinases, STAT: signal transducer 
and activator of transcription, EGFR: epidermal 
growth factor receptor, 4EBP1: 4E binding 
protein 1, ECM: extracellular matrix, MMP: matrix 
metallopeptidase, UTR: untranslated region, 
PIWIL4: Piwi-like 4, PAK7: p21-activated kinase, 
Sch B: Schisandrin B, PIP3: phosphatidylinositol-
3-phosphate, PHLPP2: PH domain and leucine 
rich repeat protein phosphatase 2, FOXO1: 
forkhead box O1, BMF: Bcl2 modifying factor, 
XIAP: X-linked inhibitor of apoptosis, DNMT1: 
DNA methyltransferase 1, BRD4: Bromodomain 
Containing 4, BET: bromodomain and 
extraterminal, iPS: induced pluripotent stem, 
NATRE: natural antisense transcript-targeted 
regulation 
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