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Abstract: One of modern biology’s great surprises is that the human genome encodes only ~20,000
protein-coding genes, which represents less than 2% of the total genome sequence, and the majority of
them are transcribed into non-coding RNAs (ncRNAs). Increasing evidence has shown that ncRNAs,
including miRNAs, long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), play important
roles in regulating a wide range of biological processes of the human brain. They not only regulate
the pathogenesis of brain tumors, but also the development of neuropsychiatric diseases. This review
provides an integrated overview of the roles of ncRNAs in normal human brain function, brain tumor
development, and neuropsychiatric disease. We discussed the functions and molecular mechanisms
of miRNAs, lncRNAs, and circRNAs in normal brain function and glioma, respectively, including
those in exosome vesicles that can act as a molecular information carrier. We also discussed the
regulatory roles of ncRNAs in the development of neuropsychiatric diseases. Lastly, we summarized
the currently available platforms and tools that can be used for ncRNA identification and functional
exploration in human diseases. This study will provide comprehensive insights for the roles of
ncRNAs in human brain function and disease.

Keywords: non-coding RNA; glioma; brain function; neuropsychiatric disease; miRNA; lncRNA;
circRNA

1. Introduction

The human brain is a huge complex organ, composed of many different functional areas.
The functions of each specific brain area are governed strictly by the appropriate expression of certain
regulatory genes [1–3]. The alterations of these genes may not only result in psychiatric conditions,
but also neurological disorders. Exploring the dysregulations of gene transcription and expression as
well as the associated signaling pathways in the human brain in an integrated way, therefore, will help
understand the complex regulating mechanisms of brain function and disease.

Gliomas account for the great majority of primary brain tumors [4]. They can be further
categorized into low-grade and high-grade (also called malignant tumor) tumors based on their
malignancy degree [5]. Despite the development of multimodal and aggressive treatments that
include surgical resection, local radiotherapy, and systemic chemotherapy, patient outcomes for the
malignant glioma remain unsatisfactory in past decades [6,7]. To improve the treatment efficacy,
a better understanding of glioma pathogenesis at molecular levels is urgently needed.

It is very clear that non-coding RNAs (ncRNAs), including miRNAs, lnRNAs, and circRNAs, play
important roles in brain function and disease [8–10]. They take the major part of human transcriptome,
and engage in diverse structural, functional, and regulatory activities in the human brain. It has been
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reported that ncRNAs are dynamically expressed in the human brain with precisely regulated temporal
and spatial expression patterns and mediate a broad spectrum of biological processes [1–3,8–11].
The dysregulation of ncRNAs may not only lead to disorders in brain function, but also tumorigenesis
and neuropsychiatric diseases.

While there have already been excellent reviews on each topic that will be discussed below,
this review aimed to provide a general picture of the roles of non-coding RNAs in the human brain
by summarizing the current available progress. We reviewed the growing evidence for the acting of
miRNAs, lncRNAs, and circRNAs in normal human brain development, brain tumor development,
and neuropsychiatric disease, respectively. We especially highlighted the regulatory mechanisms of
ncRNAs that have been repeatedly reported in multiple independent studies. We also discussed the
roles of extracellular ncRNAs in transferring regulatory information in glioma. Lastly, we summarized
the publicly available tools and platforms that may help us explore the mechanism and regulatory
functions of ncRNAs in human disease.

2. Types and Functions of ncRNAs

NcRNAs contain multiple sub-classes, which mainly include transfer RNAs (tRNAs), ribosomal
RNAs (rRNAs), miRNAs, piRNAs, snoRNAs, lncRNAs and the newly emerging circRNAs (Table 1).
However, the functionally important types in human diseases usually refer to three types of them
including miRNAs, lncRNAs, and circRNAs. They are also the focus of this current review. These
three types of ncRNAs may not only work independently, but also interact with each other (Figure 1).

Table 1. Non-coding RNA classes and their functions.

Non-Coding RNA Classes Functions

Transfer RNAs (tRNAs) Function at specific sites in the ribosome during translation, help translate
mRNA into protein

Ribosomal RNAs (rRNAs) Act as the RNA component of the ribosome, help the mRNA translation
MicroRNAs (miRNAs) Function in RNA silencing, post-transcriptional regulation of gene expression

Piwi-interacting RNAs (piRNAs) Regulate DNA methylation, main function in germ line cells
Small nucleolar RNAs (snoRNAs) Guide modification of other RNAs (e.g., rRNA), rRNA processing

Long non-coding RNAs (lncRNAs) Non-protein coding transcripts longer than 200 nucleotides, heterogeneous
class of RNAs, regulation of gene transcription

Circular RNAs (circRNAs) Covalently closed RNA rings, some have coding functions, potential gene
regulators and miRNA spongesNon-Coding RNA 2019, 5, 36 3 of 18 
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[19–21]. They were found to be involved in diverse biological processes through various mechanisms 
[19–21], and had especially abundant expression in the brain, which suggests their important and 
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2.1. miRNAs

An miRNA is a small ncRNA molecule containing about 22 nucleotides. It mainly functions in
RNA silencing and post-transcriptional repression of targeted gene expression [12,13]. However, it
also has a “surprise” role that, under specific conditions, it can activate the translation of targeted
mRNAs [14]. MiRNA has now been a well-studied ncRNA class and it can inhibit target mRNA or
lncRNA gene expression by recognizing the complementary sequence in target RNA molecules, which
are then silenced by cleavage into pieces [12,13]. The roles of miRNAs as key regulators of a wide
variety of fundamental cellular processes, such as apoptosis, differentiation, proliferation, and cell
cycle, and even clinical trials are increasingly recognized [13,15–18].

2.2. lncRNAs

LncRNAs are a class of linear mRNA-like RNA transcripts with at least 200 nucleotides in
length, but cannot translate into protein. While the number of lncRNAs is much larger than that of
miRNAs, their mechanisms for regulating gene expression and cellular function are not completely
understood [19–21]. They were found to be involved in diverse biological processes through various
mechanisms [19–21], and had especially abundant expression in the brain, which suggests their
important and specific roles in brain function and disease [9,22]. The functional study for a small
part of lncRNAs revealed that they had a broad range of functions, including roles in transcriptional
and epigenetic mechanisms by recruiting transcription factors and chromatin-modifying complexes
to specific genomic sites. This regulates alternative splicing and other post-transcriptional RNA
modifications, nuclear–cytoplasmic shuttling, and translational control [19–21]. They can also act
as competing endogenous RNAs (ceRNAs), which regulate other lncRNA or mRNA genes by
competing for shared miRNAs, and form an lncRNA–miRNA–mRNA competing endogenous RNA
network [14,23].

2.3. circRNAs

Different from miRNAs and lncRNAs with linear structure, circRNAs are a group of ncRNAs
with a covalently closed continuous loop. Because of their loop structure, circRNAs are resistant
to exonuclease-mediated degradation, and, therefore, are more stable as a biomarker than the
linear lncRNAs and miRNAs [24,25]. Computationally identifying circRNAs from RNA-sequencing
data and then validating by divergent-primer PCR are primary strategies for studying circRNA
expression [24]. Currently, massive circRNAs have been detected in various tissue types including
the human brain [24,26]. It has now been found that circRNAs are highly abundant, conserved, and
dynamically expressed in the mammalian brain [26,27], which indicates their important roles in brain
function and disease. Functionally, circRNAs have been found to be able to act as miRNA sponges,
which contain multiple complementary binding sites to one or several different miRNAs, and play a
general role in post-transcriptional gene regulation [28,29]. However, for the majority of circRNAs,
their functions remain to be determined.

3. NcRNAs in Normal Brain Function

NcRNAs are expressed in precise regional, cellular, subcellular, and temporal patterns in
developing and adult brains, which reflects their widespread and diverse influences in normal
brain function. While most studies have focused on defining neurobiological roles for miRNAs, recent
studies have also begun to characterize the expression and function of lncRNAs and circRNAs.

3.1. miRNAs in Brain Development and Function

The deletion of Dicer in the developing cerebral cortex led to the reduction of specific miRNA,
which caused apoptosis in newborn neurons, a thinner cerebral cortex, and a reduction of the dendritic
branch, which suggests the important roles of miRNAs in brain development. For example, the
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brain-enriched miR-124 was initiated at embryo day 13 (E13) and remained highly expressed throughout
adulthood. It could promote the differentiation of neural progenitor cells into neurons, and be inhibited
by a repressor element 1-silencing transcription factor (REST) [30]. Therefore, the REST-miR-124 axis
played an important role in controlling the neuronal phenotype. More in-depth and comprehensive
discussions of miRNAs on brain development can be found in previous papers [23,24].

3.2. lncRNAs in Brain Development and Function

The role of lncRNAs in brain development and function has been extensively studied [9,27].
Among the research, the well-studied functional lncRNA in regulating brain development included
Rhabdomyosarcoma 2-associated transcript (RMST), which was regulated by the transcription factor
REST and indispensable for neurogenesis. RMST was specific to the brain, and highly expressed during
dopaminergic neuronal differentiation [31]. At the same time, RMST could physically interact with
SOX2, which is a transcription factor known to regulate neural fate, and was required for the binding
of SOX2 to promoter regions of neurogenic transcription factors. RMST and SOX2 co-regulated a large
pool of downstream genes implicated in neurogenesis [32]. These findings support the role of RMST
as a transcriptional co-regulator of SOX2 and a key player in the regulation of the neural stem cell fate.

3.3. circRNAs in Brain Development and Function

Massive studies have found that circRNAs were not only enriched in the brain, but also differentially
expressed in various brain regions, which indicates their potential role in brain development [33–35].
The most well studied functional circRNA in the brain was CDR1as. It could serve as a trans-regulator
of CDR1 mRNA through AGO2-mediated and miR-67-mediated cleavage [36]. At the same time,
CDR1as could act as the sponge of miR-7, and, hence, regulated neural gene expression [37]. Another
well-studied circRNA in the brain was circHomer1_a, which was derived from a linear transcript of
the Homer1 gene, and could compete with the biogenesis of Homer1b/c mRNA [38]. circHomer1_a
was found to regulate the synapse, the presynaptic active zone, the presynaptic membrane, and
postsynaptic density [39]. For the majority of circRNAs identified, however, their functions and diverse
mechanisms are not well understood yet.

4. NcRNAs in the Brain Tumor

There has been increasing evidence showing that ncRNAs, including miRNAs, lncRNAs, and
circRNAs, play important roles in regulating almost every aspect of tumor malignancy in glioma,
including tumor cell apoptosis, migration, and invasion. They may also be clinically exploited for
diagnostic, prognostic, and therapeutic biomarkers.

4.1. miRNAs in Glioma

A large number of oncogenic or tumor-suppressive miRNAs have been discovered and reviewed
in malignant glioma during the past decade [40–43]. Among them, miR-21 was the first identified and
also the most well-studied candidate [44,45]. MiR-21 was an oncogenic miRNA and had a significant
upregulation in glioma when compared with the normal brain tissues. Knocking down miR-21 in
malignant glioma cells would lead to inhibited cell growth, decreased invasiveness, suppressed
tumorigenicity, and enhanced apoptosis both in vitro and in vivo [46–49]. Regarding the mechanism
of action, miR-21 could effect a variety of cellular and molecular pathways such as insulin-like growth
factor (IGF)-binding protein-3 (IGFBP3) RECK, TIMP3, MMP, and PDCD4 [46,47,49]. It was also
found to be associated with stemness regulator Sox2, and can delineate glioblastoma subtypes with a
prognostic impact [50]. The illustration of the functional mechanism of miR-21 in glioma is depicted in
Figure 2A.
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(A) Functional role of miR-21 in glioma; (B) Functional role of lncRNA CRNDE in glioma.

As illustrated in Figure 2A, miR-21 has multiple target genes, e.g., MMP, TIMP3, and SOX2
(depicted in a green quadrilateral). Together with these target genes, miR-21 has been reported to
play key roles in regulating various traits of glioma, such as the glioma chemotherapy response,
the radiotherapy response, tumor invasion, and growth (depicted in a yellow quadrilateral).
As illustrated in Figure 2B, lncRNA CRNDE can interact with multiple miRNAs (depicted in a blue
quadrilateral). Together with the target genes of these miRNAs (depicted in an orange quadrilateral),
they are involved in various signaling pathways in glioma (depicted in a green quadrilateral).

For some other prominent miRNAs in glioma, miR-124 and miR-137 were found to be expressed at
significantly lower levels in GBM tumors relative to non-neoplastic brain tissue, and were up-regulated
during brain tumor stem cells differentiation [51]. Further analysis revealed that miR-124 and miR-137
could inhibit proliferation of glioblastoma multiform cells and induce differentiation of brain tumor
stem cells by targeting CDK6 [51]. Moreover, miR-137 could also inhibit growth of glioblastoma
through EGFR suppression [52]. For miR-124, it could act as a tumor suppressor in malignant glioma
by inhibiting cell migration, invasion, stemness, and re-sensitized glioma cells to radiotherapy through
various pathways. For example, miR-124 could inhibit the growth of glioblastoma by downregulating
SOS1 [43], radio-sensitizing human glioma cells by targeting CDK4 [53], and suppressing the migration
and invasion of glioma cells via Capn4 [54] and ROCK1 [55]. A summary of the prominent miRNA
candidates in glioma is listed in Table 2.

Table 2. Key functional ncRNAs (miRNA, lncRNA, and circRNA) in glioma.

NcRNA Action Reference

MiRNA

miR-21 Acts as an oncogene in glioma by targeting IGFBP3, RECK, TIMP3, MMP,
and PDCD4. [46,47,49,50]

miR-124 Acts as a tumor suppressor in glioma via targeting CDK6, SOS1, CDK4, Capn4,
and ROCK1. [51,53–55]

miR-137 Acts as a tumor suppressor in glioma by targeting CDK6 and EGFR. [51,52]
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Table 2. Cont.

NcRNA Action Reference

LncRNA

CRNDE Acts as an oncogene in glioma via multi-faced way. [56–59]

H19 Can be directly induced by c-Myc. Serves as precursor of miR-675. Knockdown
of H19 suppresses tumorigenicity and stemness in U251 and U87MG glioma cells. [60–62]

XIST
An oncogenic lncRNA in glioma, which can promote glioma tumorigenicity and
angiogenesis by acting as a molecular sponge of miR-429. Maintenance of GSCs
via miR-152.

[63,64]

GAS5 Exerts tumor-suppressive roles in glioma cells by targeting miR-222. [65]

MALAT1 Correlates with the malignant status and poor prognosis in glioma. Induces
chemo-resistance by suppressing miR-203. [66,67]

Hotair An oncogenic factor in glioma. Correlates with a poor prognosis. Critical
regulator of the cell cycle. [68,69]

SOX2ot
Knockdown of SOX2OT inhibits the malignant biological behaviors of
glioblastoma stem cells by up-regulating the expression of miR-194-5p
and miR-122.

[70]

CircRNA

circBRAF Negatively correlates with tumor malignancy grade; Protective effect for survival. [71]

circFBXW7 Encodes a protein FBXW7-185aa; the upregulation of FBXW7-185aa inhibited
proliferation and cell cycle acceleration of glioma cells. [72,73]

circSMARCA5 Inhibits malignant glioma cell migration. [74]

circTTBK2 Up regulated in glioma, and can act as an miR-217 sponge and promote cell
proliferation, migration, and invasion. [75]

cZNF292 Regulates glioma angiogenesis through a Wnt/β-catenin signaling pathway. [76]

circSHKBP1 Regulates the angiogenesis of malignant glioma by interacting with miR-544a
and miR-379. [77]

circNT5E Acts as a sponge of miR-422a and controls multiple pathologic processes in
glioblastoma tumorigenesis, including cell proliferation, migration, and invasion. [78]

circNFIX Regulates the Notch signaling pathway to promote glioma progression by
sponging miR-34a-5p. [79]

Exosome ncRNA

miR-21 The exosome levels of miR-21 from cerebrospinal fluids are associated with a
poor prognosis and tumor recurrence of glioma patients. [80]

miR-148a miR-148a delivered by exosomes may promote cancer cell proliferation and
metastasis by targeting CADM1 to activate the STAT3 pathway. [81]

lncRNA PU03F3
Exosomes from A172 glioma cell lines express a high level of PU03F3, which can
lead to increased cell proliferation, migration, tube formation, and in vivo
angiogenesis in glioma.

[82]

lncRNA CCAT2 Released by glioma cells, this exosome ncRNA can enhance angiogenesis and
inhibit endothelial cell apoptosis. [83]

4.2. lncRNAs in Glioma

Multiple lncRNAs have been reported to be involved in the initiation and progression of
glioma [26,29], which include CRNDE, H19 and XIST, GAS, Malat1, Hotair, and SOX2ot. Their aberrant
expression, regulatory function, and mechanism in glioma have been repeatedly revealed. Furthermore,
CRNDE was extremely highly expressed in glioma as compared with normal brain tissue, and positively
correlated with the tumor malignancy grade [56]. Further study revealed that CRNDE played an
oncogenic role in glioma by regulating the proliferative, migratory, and invasive capacities of glioma
cells. For example, CRNDE can promote glioma progression by attenuating the miR-384/PIWIL4/STAT3
axis [57].
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There was a binding region between CRNDE and miR-384, and the restoration of miR-384 could
suppress CRNDE expression and exert tumor-suppressive functions in glioma [57]. CRNDE could
also affect the malignant biological characteristics of human glioma stem cells (GSCs) by negatively
regulating miR-186 [58]. It was found that CRNDE expression was relatively down-regulated in GSCs.
Overexpression of CRNDE could promote the cellular proliferation, migration, invasion, and inhibit
the apoptosis of GSCs. Further investigation revealed that CRNDE decreased the expression levels
of XIAP and PAK7 by binding and regulating miR-186 [58]. More recently, it was interesting to find
that CRNDE actually could act as a ceRNA and regulate the interaction between miRNA and mRNA.
For example, Li et al. reported that CRNDE could function as a ceRNA that bound to and negatively
regulated miR-136-5p, which protected Bcl-2 and Wnt2 from miR-136-5p-mediated inhibition in glioma.
This underlay the pro-tumoral actions of CRNDE [59]. All these results together suggest that CRNDE
may be a key and fundamental oncogenic lncRNA in glioma. Its reported functional mechanisms in
glioma is summarized and depicted in Figure 2B.

Another featured lncRNA in glioma is H19. It could be directly induced by the c-Myc oncogene
to potentiate tumorigenesis [60]. Furthermore, H19 could serve as a miRNA precursor and modulate
glioma progression by generating miR-675 [61], which could regulate the proliferation and migration of
glioma cells by inhibiting the expression of CDK6. The knockdown of H19 suppressed tumorigenicity
and stemness in U251 and U87MG glioma cells [62]. XIST was also an oncogenic lncRNA in glioma,
which could promote glioma tumorigenicity and angiogenesis by acting as a molecular sponge
of miR-429 [63] and maintenance of GSCs via miR-152 [64]. For the GAS5 [65], Malat1 [66,67],
Hotair [68,69], and SOX2ot [70], their reported functions and mechanisms are listed in Table 2.

4.3. Circular RNAs in Glioma

As a newly emerging regulatory RNA class, an increasing number of studies have found that
circRNAs were aberrantly expressed in gliomas, and regulated the occurrence, proliferation, migration,
and invasion of the tumor [71–76]. They were also reported as potential biomarkers for the diagnosis
and prognosis of glioma [71] (Table 1). For example, circRNA cZNF292 was recently identified as an
angiogenesis circRNA in glioma cells. Silencing the expression of cZNF292 would arrest the cell cycle
at the S/G2/M phase via the Wnt/β-catenin signaling pathway, which suppressed the glioblastoma cell
proliferation and tube formation [76]. CircSMARCA5 inhibited the migration of malignant glioma
cells by regulating a molecular axis involving splicing factors SRSF1/SRSF3/PTB [74]. Mechanically,
circRNAs may also serve as a ceRNA or a molecular sponge to interact with miRNA, and then regulated
the associated signaling pathways. For example, circTTBK2 was found to be up-regulated in glioma,
and could act as the miR-217 sponge and promote cell proliferation, migration, and invasion by
the miR-217/HNF1β/Derlin-1 pathway [75]. CircSHKBP1 regulated the angiogenesis of malignant
glioma by interacting with miR-544a and miR-379 pathways [77]. CircNT5E could act as a sponge of
miR-422a and controlled multiple pathologic processes in glioblastoma tumorigenesis, including cell
proliferation, migration, and invasion [78]. CircNFIX could regulate the Notch signaling pathway to
promote glioma progression by sponging miR-34a-5p [79]. Recent advances revealed that circRNA
could not only act as an ncRNA, but also work like mRNA and encode protein to regulate the cellular
processes in normal brain tissue and glioma. For example, circFBXW7 could encode a novel protein
FBXW7-185aa, which could functionally inhibit cell proliferation. This suggests the multifaceted
function of circRNAs in human cancer [73]. All these results warrant the further investigation of
circRNAs in human function and disease.

5. NcRNAs in Exosomes and Extracellular Vesicles in Glioma

Exosomes, which are nano-sized extracellular vesicles that are secreted by most host cells, contain
an abundant cargo of different RNA species and other bioactive molecules [84]. Recent advances in
extracellular vesicles related to glioma revealed that exosomes secreted by tumor cells were critical
mediators of intercellular communication in tumor microenvironments, and could even be used as
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circulating biomarkers for disease diagnosis and prognostication [85,86]. For example, the exosome
levels of miR-21 from cerebrospinal fluids were associated with poor prognosis and tumor recurrence
of glioma patients [80]. Furthermore, miR-148a delivered by exosomes may promote cancer cell
proliferation and metastasis by targeting CADM1 to activate STAT3 pathway, which suggests a
predictor and therapeutic target role of exosomal miR-148a in glioma patients [81]. For lncRNAs,
exosomes from A172 glioma cell lines expressed a high level of PU03F3, which could lead to an
increase in cell proliferation, migration, tube formation, and in vivo angiogenesis [82]. Using similar
methods, the same research group demonstrated that the exosomal lncRNA CCAT2 released by
glioma cells could enhance angiogenesis and inhibit endothelial cell apoptosis [83]. For the exosome
circRNAs, it has now been revealed that circRNAs were enriched and stable in human serum exosomes.
Additionally, circRNAs originated from human cancer xenografts could enter the circulation and be
readily measured in the serum. Moreover, the expression levels of serum exosomal circRNAs were
able to distinguish patients with colon cancer from healthy controls [87], which suggests circRNAs as a
promising biomarker for cancer diagnosis. However, in glioma, no exosomal circRNAs were reported
so far. The exosomal ncRNAs reported in glioma are summarized in Table 2.

6. NcRNAs in Neuropsychiatric Disorders

6.1. ncRNAs in Alzheimer’s Disease (AD)

A series of ncRNAs have been reported to be involved in the pathogenesis of AD. They played
important roles in amyloid beta deposition and Tau phosphorylation, which are two key pathological
characters in the pathological progression of AD. For example, miR-107 may accelerate AD progression
by regulating a β-Site amyloid precursor protein-cleaving enzyme (BACE) [88]. Loss of miR-29a/b-1
cluster in sporadic AD correlated with increased BACE1/beta-secretase expression [89]. miR-9 and
-181c could be down-regulated by Aβ in hippocampal cultures [90], miR-16 regulated cell death in
AD by targeting amyloid precursor protein (APP) [91], and miR-124 acted as a target for BACE1 [92].
It was even found that the circulating miR-125b in patient serum could act as a diagnostic biomarker
for AD [93]. As for lncRNAs, the best-studied lncRNAs in AD were BACE1-AS and BC200. BACE1-AS
(β-secretase-1 antisense RNA) was implicated in a positive feedback loop that drove the amyloid
cascade progression [94]. It could increase BACE1 expression by increasing BACE1 mRNA stability and
generating additional BACE1 through a post-transcriptional feed-forward mechanism, and thus raised
concentrations of amyloid beta and deposition of senile plaques. BC200 expression was upregulated
in AD brains, and was indicated as a biomarker of AD progression [95]. Knockdown of BC200
significantly suppressed BACE1 expression, increased cell viability, and reduced cell apoptosis in the
AD model, which indicates the positive relationship of BC200 with disease severity [96]. For circRNAs,
it was found that ciRS-7 could promote APP and BACE1 degradation in AD by acting as the sponge of
miR-7 [97].

6.2. ncRNAs in Parkinson’s Disease (PD)

As a high prevalence neurodegenerative disorder worldwide as AD, impacts of ncRNAs on the
pathogenesis and/or progression of PD have been repeatedly highlighted [28]. A series of miRNAs
associated with PD-related gene regulation, including SNCA, PRKN, and PARK7, PARK8 and genes
involved in neuro-inflammation, have been identified [98]. They were also regarded as biomarkers for
PD diagnosis, and could be detected in peripheral blood samples and cerebrospinal fluids (CSFs) [98].
However, the results between different study teams were usually with great discrepancy and failed to
prove each other, which suggests that these data need meta-analysis or further validation. For lncRNAs,
NEAT1 was reported to promote autophagy in an MPTP-induced PD model by stabilizing the
PINK1 protein [99], and NEAT1 knockdown could effectively alleviate dopaminergic neuronal injury
in vivo [99]. LncRNA Hotair promoted the onset of PD in the MPTP-mice model by upregulating
LRRK2 expression [100]. In addition, Hotair knockdown provided protection against DA neuronal
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apoptosis by repressing caspase 3 activity. These findings suggested that inhibition of Hotair levels was
an effective disease-modifying strategy in PD [100]. LncRNA Malat1 contributed to cell apoptosis in
PD by sponging miR-124 [101]. For circRNAs, there was no direct evidence supporting the regulatory
role of circRNAs in PD pathogenesis at present. However, because of the importance of miR-7 in
PD [102], and the significant sponging role of ciRS-7 on miR-7, it is possible that ciRS-7 may exert a
regulatory role in PD as well.

6.3. ncRNAs in Autism

Autism is a developmental disorder that is characterized by difficulty in social interaction
and communication. The role of ncRNAs in autism pathological regulation has been explored
in a series of studies [103]. For miRNAs, among the various miRNA candidates reported to be
associated with autism, three of them were identified in more than three independent studies (miR-23a,
miR-146a, and miR-106b) [104]. The networks of genes targeted by these miRNAs have significant
roles in neurotrophin signaling in autism. Genome-wide changes in lncRNAs in autism were also
investigated [105]. By performing RNA sequencing for 251 post-mortem samples of frontal and
temporal cortex and cerebellum from 48 individuals with autism and 49 control subjects, Neelroop N.
et al. identified 60 differentially expressed lncRNAs. Furthermore, 20 of these lncRNAs (including
LINC00693 and LINC00689) have been shown to interact with miRNA–protein complexes, and nine
with the fragile X mental retardation protein (FMRP), whose mRNA targets were enriched in autism
risk genes [105]. As for the relationship between circRNA and autism, there is no direct evidence
supporting the circRNA regulation on ASD at present. However, it has been reported that the RBFOX1
splicing factor, which is a gene consistently dysregulated in the brain of autism patients, might affect
transcript abundance by regulating the formation of circRNA molecules [106]. This evidence suggests
the potential role of circRNAs in autism, and warrants further study.

7. Publicly Available Tools and Platforms for ncRNA and Human Disease Study

A series of computational tools and platforms that can be used to explore the disease-related
miRNAs, lncRNAs, and circRNAs, as well as their functional mechanisms, have been reported. In order
to facilitate the ncRNA study in human brain function and disease, we have made a brief summarization
and description of these databases here (Table 3). Several representative ones are introduced below.

Table 3. An overview of main human disease-associated ncRNA databases.

Name Description Link

miRNA

DeepBase A database for annotating and discovering small and long
ncRNAs from high-throughput deep sequencing data.

https://www.webcitation.org/
5tyh2Lsae?url=http:
//deepbase.sysu.edu.cn/

starBase Decoding miRNA-ceRNA, miRNA-ncRNA, and protein-RNA
interaction networks from large-scale CLIP-Seq data.

http://starbase.sysu.edu.cn/

microRNA.org A database for experimentally observed miRNA expression
patterns and predicts miRNA targets and target
downregulation scores.

http://www.microrna.org/
microrna/getExprForm.do

miRTarBase The experimentally validated miRNA-target
interaction database.

http://mirtarbase.mbc.nctu.edu.
tw/php/index.php

MSDD A manually curated database that provides comprehensive
experimentally supported associations among miRNAs, SNPs,
and human diseases.

http:
//www.bio-bigdata.com/msdd/

mirTrans A repository that provides comprehensive information of
miRNA transcription for different cell lines.

http://mcube.nju.edu.cn/jwang/
lab/soft/mirtrans/

https://www.webcitation.org/5tyh2Lsae?url=http://deepbase.sysu.edu.cn/
https://www.webcitation.org/5tyh2Lsae?url=http://deepbase.sysu.edu.cn/
https://www.webcitation.org/5tyh2Lsae?url=http://deepbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
http://www.microrna.org/microrna/getExprForm.do
http://www.microrna.org/microrna/getExprForm.do
http://mirtarbase.mbc.nctu.edu.tw/php/index.php
http://mirtarbase.mbc.nctu.edu.tw/php/index.php
http://www.bio-bigdata.com/msdd/
http://www.bio-bigdata.com/msdd/
http://mcube.nju.edu.cn/jwang/lab/soft/mirtrans/
http://mcube.nju.edu.cn/jwang/lab/soft/mirtrans/
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Table 3. Cont.

Name Description Link

miRNA

TransmiR A database for transcription factor (TF)-miRNA regulations,
through which one can find regulatory relations between TFs
and miRNAs.

http://www.cuilab.cn/transmir

Cupid A method for simultaneous prediction of miRNA-target
interactions and their mediated competing endogenous RNA
(ceRNA) interactions.

http://cupidtool.sourceforge.net/

miRwalk Aggregates and compares results from other
miRNA-to-mRNA databases.

http://zmf.umm.uni-heidelberg.
de/apps/zmf/mirwalk2/

IMOTA An interactive multi-omics-tissue atlas that helps you to find
out more about relationships between miRNAs, proteins, and
mRNAs by using charts as filters.

https://ccb-web.cs.uni-saarland.
de/imota/.

LncRNA

DeepBase2.0 A platform for annotating and discovering miRNAs, lncRNAs,
and circRNAs from next generation sequencing data.

http://rna.sysu.edu.cn/deepBase/

lncRNdb The reference database for functional lncRNAs. http://lncrnadb.com/

LncRNAWiki A wiki-based, publicly editable, and open-content platform for
community curation of human lncRNAs.

http://lncrna.big.ac.cn

NONCODE An integrated knowledge database dedicated to ncRNAs,
especially lncRNAs.

http://www.noncode.org

lncRNome A comprehensive searchable biologically oriented
knowledgebase for lncRNAs in humans.

http:
//genome.igib.res.in/lncRNome/

NONCODE A systematic database that is dedicated to present the most
complete collection and annotation of ncRNAs,
especially lncRNAs.

http://www.bioinfo.org/noncode/

RISE A comprehensive repository of RNA-RNA interactions
involving mRNA and lncRNAs.

http://rise.life.tsinghua.edu.cn/

Lnc2Meth A comprehensive resource and web tool for clarifying the
regulatory relationships between human lncRNAs and
associated DNA methylation in diverse diseases.

http://bio-bigdata.hrbmu.edu.cn/
Lnc2Meth/

circRNA

circRNABase Decodes miRNA-circRNA interaction network from
CLIP-Seq data.

http://starbase.sysu.edu.cn/
mirCircRNA.php

circBase Explores public circRNA datasets or discover circRNAs in
your own RNA-Seq data.

http://www.circbase.org/

CircNet A database of circRNAs derived from transcriptome
sequencing data.

http://circnet.mbc.nctu.edu.tw/

Circ2Traits A comprehensive collection for circRNAs is potentially
associated with diseases and traits.

http://gyanxet-beta.com/circdb/

CSCD A database for cancer-specific circRNAs. http://gb.whu.edu.cn/CSCD/

Database for Circulating ncRNAs

miRandola A comprehensive manually curated classification of different
extracellular circulating ncRNA types.

http://mirandola.iit.cnr.it/

ExoRBase A repository of circRNA, lncRNA, and mRNA derived from
RNA-Sequence data analyses of human blood exosomes.

http://wwww.exorbase.org

7.1. DeepBase

DeepBase is a platform for annotating and discovering miRNAs, lncRNAs, circRNAs, and also
other ncRNA classes from next generation sequencing data (http://rna.sysu.edu.cn/deepBase/) [107,108].
It provides a set of useful tools to decode the expression patterns of various ncRNA types in 19 species
including humans, and to predict their functions. It also provides functional annotations for lncRNAs
based on their co-expression network with protein-coding genes. Moreover, the database provides an

http://www.cuilab.cn/transmir
http://cupidtool.sourceforge.net/
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
https://ccb-web.cs.uni-saarland.de/imota/
https://ccb-web.cs.uni-saarland.de/imota/
http://rna.sysu.edu.cn/deepBase/
http://lncrnadb.com/
http://lncrna.big.ac.cn
http://www.noncode.org
http://genome.igib.res.in/lncRNome/
http://genome.igib.res.in/lncRNome/
http://www.bioinfo.org/noncode/
http://rise.life.tsinghua.edu.cn/
http://bio-bigdata.hrbmu.edu.cn/Lnc2Meth/
http://bio-bigdata.hrbmu.edu.cn/Lnc2Meth/
http://starbase.sysu.edu.cn/mirCircRNA.php
http://starbase.sysu.edu.cn/mirCircRNA.php
http://www.circbase.org/
http://circnet.mbc.nctu.edu.tw/
http://gyanxet-beta.com/circdb/
http://gb.whu.edu.cn/CSCD/
http://mirandola.iit.cnr.it/
http://wwww.exorbase.org
http://rna.sysu.edu.cn/deepBase/


Non-coding RNA 2019, 5, 36 11 of 17

integrative and interactive web graphical interface to display the multidimensional data, which will
facilitate the transcriptional investigation and functional discovery of ncRNAs.

7.2. StarBase

StarBase is an open-source platform for studying the miRNA-circRNA, miRNA-lncRNA,
miRNA-mRNA, miRNA-ceRNA, and protein-RNA interaction networks from large-scale CLIP-Seq
data (http://starbase.sysu.edu.cn/) [109]. It can systematically identify the RNA–RNA and
protein–RNA interaction networks from 108 CLIP-Seq data sets generated by 37 independent studies.
By analyzing these data, the platform can characterize and include ∼9000 miRNA-circRNA, 16,000
miRNA-pseudogenes, and 285,000 protein–RNA regulatory relationships, and provides the most
comprehensive CLIP-Seq experimentally supported miRNA-mRNA and miRNA-lncRNA interaction
networks to date. This platform provides a very useful tool for the exploration of ncRNA functions
and their coordinated regulatory networks.

7.3. Circ2Traits

Circ2Traits is a comprehensive database for circRNAs potentially associated with disease and
traits (http://gyanxet-beta.com/circdb/) [110]. The database identifies the interactions of circRNAs
with disease-associated miRNAs, and the likelihood of a circRNA being associated with a disease is
calculated. Moreover, the interaction networks between circRNA and miRNA as well as mRNA and
lncRNA are constructed. Following that, gene ontology (GO) enrichment analysis on the set of mRNA
genes in the miRNA-circRNA interactome of individual diseases is performed to check the enrichment
of genes associated with particular biological processes. It is the first comprehensive knowledge base
of potential association of circRNAs with diseases in humans.

7.4. ExoRBase

ExoRBase is a repository of circRNA, lncRNA, and mRNA derived from RNA-Sequence data
analyses of human blood exosomes (http://www.exorbase.org/) [111]. Experimental validations from
the published literature are also included. ExoRBase features the integration and visualization of
RNA expression profiles based on normalized RNA-Sequence data spanning both normal individuals
and patients with different diseases. The first release of exoRBase contains 58,330 circRNAs, 15,501
lncRNAs, and 18,333 mRNAs. The annotation, expression level, and possible original tissues are also
provided. It will aid researchers in identifying molecular signatures in blood exosomes, and will
trigger new exosomal biomarker discovery and functional implication for human diseases.

8. Conclusions and Future Perspectives

Since ncRNAs are increasingly recognized as critical regulators in human brain function and
disease, the existing studies, as reviewed and discussed above, not only provide comprehensive insights
into the function of the brain, but also help us understand how molecular dysregulation at multiple
levels may lead to tumoral and neuropsychiatric disorders in the human brain. These current findings
raise hope for uncovering translating ncRNAs in diagnosis, prognostication, and therapy. However,
due to the high complexity of human brain function, further studies are still needed. For example, while
the scope of this current review is to provide a comprehensive summary of the key findings in this area,
a more in-depth discussion is needed in a future review for each of these topics. Moreover, a deeper
and more advanced understanding of interactions between different classes of ncRNAs, as well as their
interactions with transcription factors, chromatin-modifying enzymes, and other protein effectors are
also needed, to provide essential insights into the molecular mechanisms of brain function and disease.

http://starbase.sysu.edu.cn/
http://gyanxet-beta.com/circdb/
http://www.exorbase.org/


Non-coding RNA 2019, 5, 36 12 of 17

Funding: The National Natural Science Foundation of China (No. 81702945, 81450016, and 30971038), the
funds from Guangdong Province (No. 2017A030313483, 2017A030313106), Fundamental Research Funds for the
Central Universities (No.16lgjc73), Research Fund for PhD supervisors from National Education Department of
China (20122105110005) and Student Research Project (SRP, No.9762) from South China University of Technology
supported this research.

Acknowledgments: We thank Le Xiong, Xiao-Min Zhang and Na Zhong for their kind support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kang, H.J.; Kawasawa, Y.I.; Cheng, F.; Zhu, Y.; Xu, X.; Li, M.; Sousa, A.M.; Pletikos, M.; Meyer, K.A.;
Sedmak, G.; et al. Spatio-temporal transcriptome of the human brain. Nature 2011, 478, 483–489. [CrossRef]
[PubMed]

2. Zhang, X.Q.; Wang, Z.L.; Poon, M.W.; Yang, J.H. Spatial-temporal transcriptional dynamics of long non-coding
RNAs in human brain. Hum. Mol. Genet. 2017, 26, 3202–3211. [CrossRef] [PubMed]

3. Hawrylycz, M.J.; Lein, E.S.; Guillozet-Bongaarts, A.L.; Shen, E.H.; Ng, L.; Miller, J.A.; van de Lagemaat, L.N.;
Smith, K.A.; Ebbert, A.; Riley, Z.L.; et al. An anatomically comprehensive atlas of the adult human brain
transcriptome. Nature 2012, 489, 391–399. [CrossRef]

4. Wen, P.Y.; Kesari, S. Malignant gliomas in adults. N. Engl. J. Med. 2008, 359, 492–507. [CrossRef]
5. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P.

The 2007 WHO classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109.
[CrossRef] [PubMed]

6. Omuro, A.; DeAngelis, L.M. Glioblastoma and other malignant gliomas: A clinical review. JAMA 2013,
310, 1842–1850. [CrossRef] [PubMed]

7. Taylor, L.P. Diagnosis, treatment, and prognosis of glioma: Five new things. Neurology 2010, 75, S28–S32.
[CrossRef]

8. Chen, W.; Qin, C. General hallmarks of microRNAs in brain evolution and development. RNA Biol. 2015,
12, 701–708. [CrossRef]

9. Andersen, R.E.; Lim, D.A. Forging our understanding of lncRNAs in the brain. Cell Tissue Res. 2018,
371, 55–71. [CrossRef]

10. Hanan, M.; Soreq, H.; Kadener, S. CircRNAs in the brain. RNA Biol. 2017, 14, 1028–1034. [CrossRef]
11. Guennewig, B.; Cooper, A.A. The central role of noncoding RNA in the brain. Int. Rev. Neurobiol. 2014,

116, 153–194. [CrossRef] [PubMed]
12. Valinezhad Orang, A.; Safaralizadeh, R.; Kazemzadeh-Bavili, M. Mechanisms of miRNA-Mediated Gene

Regulation from Common Downregulation to mRNA-Specific Upregulation. Int. J. Genom. 2014, 2014, 970607.
[CrossRef]

13. Wahid, F.; Shehzad, A.; Khan, T.; Kim, Y.Y. MicroRNAs: Synthesis, mechanism, function, and recent clinical
trials. Biochim. Et Biophys. Acta 2010, 1803, 1231–1243. [CrossRef] [PubMed]

14. Buchan, J.R.; Parker, R. Molecular biology. The two faces of miRNA. Science 2007, 318, 1877–1878. [CrossRef]
[PubMed]

15. Jansson, M.D.; Lund, A.H. MicroRNA and cancer. Mol. Oncol. 2012, 6, 590–610. [CrossRef] [PubMed]
16. Rupaimoole, R.; Slack, F.J. MicroRNA therapeutics: Towards a new era for the management of cancer and

other diseases. Nat. Rev. Drug Discov. 2017, 16, 203–222. [CrossRef]
17. Pillai, R.S. MicroRNA function: Multiple mechanisms for a tiny RNA? RNA 2005, 11, 1753–1761. [CrossRef]
18. Iorio, M.V.; Croce, C.M. MicroRNA dysregulation in cancer: Diagnostics, monitoring and therapeutics.

A comprehensive review. EMBO Mol. Med. 2012, 4, 143–159. [CrossRef]
19. Fang, Y.; Fullwood, M.J. Roles, Functions, and Mechanisms of Long Non-coding RNAs in Cancer. Genom.

Proteom. Bioinform. 2016, 14, 42–54. [CrossRef]
20. Jarroux, J.; Morillon, A.; Pinskaya, M. History, Discovery, and Classification of lncRNAs. Adv. Exp. Med. Biol.

2017, 1008, 1–46. [CrossRef]
21. Goff, L.A.; Rinn, J.L. Linking RNA biology to lncRNAs. Genome Res. 2015, 25, 1456–1465. [CrossRef]
22. Roberts, T.C.; Morris, K.V.; Wood, M.J. The role of long non-coding RNAs in neurodevelopment, brain

function and neurological disease. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 2014, 369. [CrossRef]

http://dx.doi.org/10.1038/nature10523
http://www.ncbi.nlm.nih.gov/pubmed/22031440
http://dx.doi.org/10.1093/hmg/ddx203
http://www.ncbi.nlm.nih.gov/pubmed/28575308
http://dx.doi.org/10.1038/nature11405
http://dx.doi.org/10.1056/NEJMra0708126
http://dx.doi.org/10.1007/s00401-007-0243-4
http://www.ncbi.nlm.nih.gov/pubmed/17618441
http://dx.doi.org/10.1001/jama.2013.280319
http://www.ncbi.nlm.nih.gov/pubmed/24193082
http://dx.doi.org/10.1212/WNL.0b013e3181fb3661
http://dx.doi.org/10.1080/15476286.2015.1048954
http://dx.doi.org/10.1007/s00441-017-2711-z
http://dx.doi.org/10.1080/15476286.2016.1255398
http://dx.doi.org/10.1016/B978-0-12-801105-8.00007-2
http://www.ncbi.nlm.nih.gov/pubmed/25172475
http://dx.doi.org/10.1155/2014/970607
http://dx.doi.org/10.1016/j.bbamcr.2010.06.013
http://www.ncbi.nlm.nih.gov/pubmed/20619301
http://dx.doi.org/10.1126/science.1152623
http://www.ncbi.nlm.nih.gov/pubmed/18096794
http://dx.doi.org/10.1016/j.molonc.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23102669
http://dx.doi.org/10.1038/nrd.2016.246
http://dx.doi.org/10.1261/rna.2248605
http://dx.doi.org/10.1002/emmm.201100209
http://dx.doi.org/10.1016/j.gpb.2015.09.006
http://dx.doi.org/10.1007/978-981-10-5203-3_1
http://dx.doi.org/10.1101/gr.191122.115
http://dx.doi.org/10.1098/rstb.2013.0507


Non-coding RNA 2019, 5, 36 13 of 17

23. Follert, P.; Cremer, H.; Beclin, C. MicroRNAs in brain development and function: A matter of flexibility and
stability. Front. Mol. Neurosci. 2014, 7, 5. [CrossRef]

24. Petri, R.; Malmevik, J.; Fasching, L.; Akerblom, M.; Jakobsson, J. miRNAs in brain development. Exp. Cell Res.
2014, 321, 84–89. [CrossRef]

25. Qureshi, I.A.; Mehler, M.F. Emerging roles of non-coding RNAs in brain evolution, development, plasticity
and disease. Nat. Rev. Neurosci. 2012, 13, 528–541. [CrossRef]

26. Yan, Y.L.; Xu, Z.J.; Li, Z.; Sun, L.Q.; Gong, Z.C. An Insight into the Increasing Role of LncRNAs in the
Pathogenesis of Gliomas. Front. Mol. Neurosci. 2017, 10, 53. [CrossRef]

27. Quan, Z.; Zheng, D.; Qing, H. Regulatory Roles of Long Non-Coding RNAs in the Central Nervous System
and Associated Neurodegenerative Diseases. Front. Cell. Neurosci. 2017, 11, 175. [CrossRef]

28. Majidinia, M.; Mihanfar, A.; Rahbarghazi, R.; Nourazarian, A.; Bagca, B.; Avci, C.B. The roles of non-coding
RNAs in Parkinson’s disease. Mol. Biol. Rep. 2016, 43, 1193–1204. [CrossRef]

29. Zhang, X.Q.; Leung, G.K. Long non-coding RNAs in glioma: Functional roles and clinical perspectives.
Neurochem. Int. 2014, 77, 78–85. [CrossRef]

30. Smirnova, L.; Grafe, A.; Seiler, A.; Schumacher, S.; Nitsch, R.; Wulczyn, F.G. Regulation of miRNA expression
during neural cell specification. Eur. J. Neurosci. 2005, 21, 1469–1477. [CrossRef]

31. Uhde, C.W.; Vives, J.; Jaeger, I.; Li, M. Rmst is a novel marker for the mouse ventral mesencephalic floor
plate and the anterior dorsal midline cells. PLoS ONE 2010, 5, e8641. [CrossRef]

32. Ng, S.Y.; Johnson, R.; Stanton, L.W. Human long non-coding RNAs promote pluripotency and neuronal
differentiation by association with chromatin modifiers and transcription factors. EMBO J. 2012, 31, 522–533.
[CrossRef]

33. Rybak-Wolf, A.; Stottmeister, C.; Glazar, P.; Jens, M.; Pino, N.; Giusti, S.; Hanan, M.; Behm, M.; Bartok, O.;
Ashwal-Fluss, R.; et al. Circular RNAs in the Mammalian Brain Are Highly Abundant, Conserved, and
Dynamically Expressed. Mol. Cell 2015, 58, 870–885. [CrossRef]

34. Veno, M.T.; Hansen, T.B.; Veno, S.T.; Clausen, B.H.; Grebing, M.; Finsen, B.; Holm, I.E.; Kjems, J.
Spatio-temporal regulation of circular RNA expression during porcine embryonic brain development.
Genome Biol. 2015, 16, 245. [CrossRef]

35. Chen, W.; Schuman, E. Circular RNAs in Brain and Other Tissues: A Functional Enigma. Trends Neurosci.
2016, 39, 597–604. [CrossRef]

36. Hansen, T.B.; Wiklund, E.D.; Bramsen, J.B.; Villadsen, S.B.; Statham, A.L.; Clark, S.J.; Kjems, J.
miRNA-dependent gene silencing involving Ago2-mediated cleavage of a circular antisense RNA. EMBO J.
2011, 30, 4414–4422. [CrossRef]

37. Memczak, S.; Jens, M.; Elefsinioti, A.; Torti, F.; Krueger, J.; Rybak, A.; Maier, L.; Mackowiak, S.D.;
Gregersen, L.H.; Munschauer, M.; et al. Circular RNAs are a large class of animal RNAs with regulatory
potency. Nature 2013, 495, 333–338. [CrossRef]

38. Meyer, D.; Bonhoeffer, T.; Scheuss, V. Balance and stability of synaptic structures during synaptic plasticity.
Neuron 2014, 82, 430–443. [CrossRef]

39. You, X.; Vlatkovic, I.; Babic, A.; Will, T.; Epstein, I.; Tushev, G.; Akbalik, G.; Wang, M.; Glock, C.; Quedenau, C.;
et al. Neural circular RNAs are derived from synaptic genes and regulated by development and plasticity.
Nat. Neurosci. 2015, 18, 603–610. [CrossRef]

40. Banelli, B.; Forlani, A.; Allemanni, G.; Morabito, A.; Pistillo, M.P.; Romani, M. MicroRNA in Glioblastoma:
An Overview. Int. J. Genom. 2017, 2017, 7639084. [CrossRef]

41. Wang, B.C.; Ma, J. Role of MicroRNAs in Malignant Glioma. Chin. Med. J. 2015, 128, 1238–1244. [CrossRef]
42. Silber, J.; James, C.D.; Hodgson, J.G. microRNAs in gliomas: Small regulators of a big problem. Neuromolecular

Med. 2009, 11, 208–222. [CrossRef]
43. Moore, L.M.; Zhang, W. Targeting miR-21 in glioma: A small RNA with big potential. Expert Opin.

Ther. Targets 2010, 14, 1247–1257. [CrossRef]
44. Masoudi, M.S.; Mehrabian, E.; Mirzaei, H. MiR-21: A key player in glioblastoma pathogenesis. J. Cell. Biochem.

2018, 119, 1285–1290. [CrossRef]
45. Krichevsky, A.M.; Gabriely, G. miR-21: A small multi-faceted RNA. J. Cell. Mol. Med. 2009, 13, 39–53.

[CrossRef]

http://dx.doi.org/10.3389/fnmol.2014.00005
http://dx.doi.org/10.1016/j.yexcr.2013.09.022
http://dx.doi.org/10.1038/nrn3234
http://dx.doi.org/10.3389/fnmol.2017.00053
http://dx.doi.org/10.3389/fncel.2017.00175
http://dx.doi.org/10.1007/s11033-016-4054-3
http://dx.doi.org/10.1016/j.neuint.2014.05.008
http://dx.doi.org/10.1111/j.1460-9568.2005.03978.x
http://dx.doi.org/10.1371/journal.pone.0008641
http://dx.doi.org/10.1038/emboj.2011.459
http://dx.doi.org/10.1016/j.molcel.2015.03.027
http://dx.doi.org/10.1186/s13059-015-0801-3
http://dx.doi.org/10.1016/j.tins.2016.06.006
http://dx.doi.org/10.1038/emboj.2011.359
http://dx.doi.org/10.1038/nature11928
http://dx.doi.org/10.1016/j.neuron.2014.02.031
http://dx.doi.org/10.1038/nn.3975
http://dx.doi.org/10.1155/2017/7639084
http://dx.doi.org/10.4103/0366-6999.156141
http://dx.doi.org/10.1007/s12017-009-8087-9
http://dx.doi.org/10.1517/14728222.2010.527334
http://dx.doi.org/10.1002/jcb.26300
http://dx.doi.org/10.1111/j.1582-4934.2008.00556.x


Non-coding RNA 2019, 5, 36 14 of 17

46. Yang, C.H.; Yue, J.; Pfeffer, S.R.; Fan, M.; Paulus, E.; Hosni-Ahmed, A.; Sims, M.; Qayyum, S.; Davidoff, A.M.;
Handorf, C.R.; et al. MicroRNA-21 promotes glioblastoma tumorigenesis by down-regulating insulin-like
growth factor-binding protein-3 (IGFBP3). J. Biol. Chem. 2014, 289, 25079–25087. [CrossRef]

47. Gabriely, G.; Wurdinger, T.; Kesari, S.; Esau, C.C.; Burchard, J.; Linsley, P.S.; Krichevsky, A.M. MicroRNA
21 promotes glioma invasion by targeting matrix metalloproteinase regulators. Mol. Cell. Biol. 2008,
28, 5369–5380. [CrossRef]

48. Wong, S.T.; Zhang, X.Q.; Zhuang, J.T.; Chan, H.L.; Li, C.H.; Leung, G.K. MicroRNA-21 inhibition enhances
in vitro chemosensitivity of temozolomide-resistant glioblastoma cells. Anticancer Res. 2012, 32, 2835–2841.

49. Papagiannakopoulos, T.; Shapiro, A.; Kosik, K.S. MicroRNA-21 targets a network of key tumor-suppressive
pathways in glioblastoma cells. Cancer Res. 2008, 68, 8164–8172. [CrossRef]

50. Sathyan, P.; Zinn, P.O.; Marisetty, A.L.; Liu, B.; Kamal, M.M.; Singh, S.K.; Bady, P.; Lu, L.; Wani, K.M.;
Veo, B.L.; et al. Mir-21-Sox2 Axis Delineates Glioblastoma Subtypes with Prognostic Impact. J. Neurosci. Off.
J. Soc. Neurosci. 2015, 35, 15097–15112. [CrossRef]

51. Silber, J.; Lim, D.A.; Petritsch, C.; Persson, A.I.; Maunakea, A.K.; Yu, M.; Vandenberg, S.R.; Ginzinger, D.G.;
James, C.D.; Costello, J.F.; et al. miR-124 and miR-137 inhibit proliferation of glioblastoma multiforme cells
and induce differentiation of brain tumor stem cells. BMC Med. 2008, 6, 14. [CrossRef]

52. Zhang, Z.X.; Song, X.F.; Tian, H.; Miao, Y.; Feng, X.; Li, Y.; Wang, H.L. MicroRNA-137 inhibits growth of
glioblastoma through EGFR suppression. Am. J. Transl. Res. 2017, 9, 1492–1499.

53. Deng, X.; Ma, L.; Wu, M.; Zhang, G.; Jin, C.; Guo, Y.; Liu, R. miR-124 radiosensitizes human glioma cells by
targeting CDK4. J. Neuro-Oncol. 2013, 114, 263–274. [CrossRef]

54. Cai, J.J.; Qi, Z.X.; Chen, L.C.; Yao, Y.; Gong, Y.; Mao, Y. miR-124 suppresses the migration and invasion of
glioma cells in vitro via Capn4. Oncol. Rep. 2016, 35, 284–290. [CrossRef]

55. An, L.; Liu, Y.; Wu, A.; Guan, Y. microRNA-124 inhibits migration and invasion by down-regulating ROCK1
in glioma. PLoS ONE 2013, 8, e69478. [CrossRef]

56. Zhang, X.; Sun, S.; Pu, J.K.; Tsang, A.C.; Lee, D.; Man, V.O.; Lui, W.M.; Wong, S.T.; Leung, G.K. Long
non-coding RNA expression profiles predict clinical phenotypes in glioma. Neurobiol. Dis. 2012, 48, 1–8.
[CrossRef]

57. Zheng, J.; Liu, X.; Wang, P.; Xue, Y.; Ma, J.; Qu, C.; Liu, Y. CRNDE Promotes Malignant Progression of
Glioma by Attenuating miR-384/PIWIL4/STAT3 Axis. Mol. Ther. J. Am. Soc. Gene Ther. 2016, 24, 1199–1215.
[CrossRef]

58. Zheng, J.; Li, X.D.; Wang, P.; Liu, X.B.; Xue, Y.X.; Hu, Y.; Li, Z.; Li, Z.Q.; Wang, Z.H.; Liu, Y.H. CRNDE
affects the malignant biological characteristics of human glioma stem cells by negatively regulating miR-186.
Oncotarget 2015, 6, 25339–25355. [CrossRef]

59. Li, D.X.; Fei, X.R.; Dong, Y.F.; Cheng, C.D.; Yang, Y.; Deng, X.F.; Huang, H.L.; Niu, W.X.; Zhou, C.X.; Xia, C.Y.;
et al. 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 2017, 8, 88163–88178. [CrossRef]

60. Barsyte-Lovejoy, D.; Lau, S.K.; Boutros, P.C.; Khosravi, F.; Jurisica, I.; Andrulis, I.L.; Tsao, M.S.; Penn, L.Z.
The c-Myc oncogene directly induces the H19 noncoding RNA by allele-specific binding to potentiate
tumorigenesis. Cancer Res. 2006, 66, 5330–5337. [CrossRef]

61. Shi, Y.; Wang, Y.; Luan, W.; Wang, P.; Tao, T.; Zhang, J.; Qian, J.; Liu, N.; You, Y. Long non-coding RNA H19
promotes glioma cell invasion by deriving miR-675. PLoS ONE 2014, 9, e86295. [CrossRef]

62. Li, W.; Jiang, P.; Sun, X.; Xu, S.; Ma, X.; Zhan, R. Suppressing H19 Modulates Tumorigenicity and Stemness in
U251 and U87MG Glioma Cells. Cell. Mol. Neurobiol. 2016, 36, 1219–1227. [CrossRef]

63. Cheng, Z.H.; Li, Z.S.N.; Ma, K.; Li, X.Y.; Tian, N.; Duan, J.Y.; Xiao, X.; Wang, Y. Long Non-coding RNA XIST
Promotes Glioma Tumorigenicity and Angiogenesis by Acting as a Molecular Sponge of miR-429. J. Cancer
2017, 8, 4106–4116. [CrossRef]

64. Yao, Y.; Ma, J.; Xue, Y.; Wang, P.; Li, Z.; Liu, J.; Chen, L.; Xi, Z.; Teng, H.; Wang, Z.; et al. Knockdown
of long non-coding RNA XIST exerts tumor-suppressive functions in human glioblastoma stem cells by
up-regulating miR-152. Cancer Lett. 2015, 359, 75–86. [CrossRef]

65. Zhao, X.; Wang, P.; Liu, J.; Zheng, J.; Liu, Y.; Chen, J.; Xue, Y. Gas5 Exerts Tumor-suppressive Functions in
Human Glioma Cells by Targeting miR-222. Mol. Ther. J. Am. Soc. Gene Ther. 2015, 23, 1899–1911. [CrossRef]

http://dx.doi.org/10.1074/jbc.M114.593863
http://dx.doi.org/10.1128/MCB.00479-08
http://dx.doi.org/10.1158/0008-5472.CAN-08-1305
http://dx.doi.org/10.1523/JNEUROSCI.1265-15.2015
http://dx.doi.org/10.1186/1741-7015-6-14
http://dx.doi.org/10.1007/s11060-013-1179-2
http://dx.doi.org/10.3892/or.2015.4355
http://dx.doi.org/10.1371/journal.pone.0069478
http://dx.doi.org/10.1016/j.nbd.2012.06.004
http://dx.doi.org/10.1038/mt.2016.71
http://dx.doi.org/10.18632/oncotarget.4509
http://dx.doi.org/10.18632/oncotarget.21513
http://dx.doi.org/10.1158/0008-5472.CAN-06-0037
http://dx.doi.org/10.1371/journal.pone.0086295
http://dx.doi.org/10.1007/s10571-015-0320-5
http://dx.doi.org/10.7150/jca.21024
http://dx.doi.org/10.1016/j.canlet.2014.12.051
http://dx.doi.org/10.1038/mt.2015.170


Non-coding RNA 2019, 5, 36 15 of 17

66. Ma, K.X.; Wang, H.J.; Li, X.R.; Li, T.; Su, G.; Yang, P.; Wu, J.W. Long noncoding RNA MALAT1 associates
with the malignant status and poor prognosis in glioma. Tumour Biol. J. Int. Soc. Oncodev. Biol. Med. 2015,
36, 3355–3359. [CrossRef]

67. Chen, W.; Xu, X.K.; Li, J.L.; Kong, K.K.; Li, H.; Chen, C.; He, J.; Wang, F.; Li, P.; Ge, X.S.; et al. MALAT1
is a prognostic factor in glioblastoma multiforme and induces chemoresistance to temozolomide through
suppressing miR-203 and promoting thymidylate synthase expression. Oncotarget 2017, 8, 22783–22799.
[CrossRef]

68. Zhou, X.; Ren, Y.; Zhang, J.; Zhang, C.; Zhang, K.; Han, L.; Kong, L.; Wei, J.; Chen, L.; Yang, J.; et al. HOTAIR
is a therapeutic target in glioblastoma. Oncotarget 2015, 6, 8353–8365. [CrossRef]

69. Zhang, J.X.; Han, L.; Bao, Z.S.; Wang, Y.Y.; Chen, L.Y.; Yan, W.; Yu, S.Z.; Pu, P.Y.; Liu, N.; You, Y.P.; et al.
HOTAIR, a cell cycle-associated long noncoding RNA and a strong predictor of survival, is preferentially
expressed in classical and mesenchymal glioma. Neuro-Oncol. 2013, 15, 1595–1603. [CrossRef]

70. Su, R.; Cao, S.; Ma, J.; Liu, Y.; Liu, X.; Zheng, J.; Chen, J.; Liu, L.; Cai, H.; Li, Z.; et al. Knockdown of SOX2OT
inhibits the malignant biological behaviors of glioblastoma stem cells via up-regulating the expression of
miR-194-5p and miR-122. Mol. Cancer 2017, 16, 171. [CrossRef]

71. Zhu, J.; Ye, J.; Zhang, L.; Xia, L.; Hu, H.; Jiang, H.; Wan, Z.; Sheng, F.; Ma, Y.; Li, W.; et al. Differential
Expression of Circular RNAs in Glioblastoma Multiforme and Its Correlation with Prognosis. Transl. Oncol.
2017, 10, 271–279. [CrossRef]

72. Luka Bolha, D.G. Circular RNA FBXW7: Implication in glioma tumorigenesis. Transl. Cancer Res. 2018,
7, 521–524. [CrossRef]

73. Yang, Y.; Gao, X.; Zhang, M.; Yan, S.; Sun, C.; Xiao, F.; Huang, N.; Yang, X.; Zhao, K.; Zhou, H.; et al. Novel
Role of FBXW7 Circular RNA in Repressing Glioma Tumorigenesis. J. Natl. Cancer Inst. 2018, 110, 304–315.
[CrossRef]

74. Barbagallo, D.; Caponnetto, A.; Cirnigliaro, M.; Brex, D.; Barbagallo, C.; D’Angeli, F.; Morrone, A.;
Caltabiano, R.; Barbagallo, G.M.; Ragusa, M.; et al. CircSMARCA5 Inhibits Migration of Glioblastoma
Multiforme Cells by Regulating a Molecular Axis Involving Splicing Factors SRSF1/SRSF3/PTB. Int. J. Mol. Sci.
2018, 19, 480. [CrossRef]

75. Zheng, J.; Liu, X.; Xue, Y.; Gong, W.; Ma, J.; Xi, Z.; Que, Z.; Liu, Y. TTBK2 circular RNA promotes glioma
malignancy by regulating miR-217/HNF1beta/Derlin-1 pathway. J. Hematol. Oncol. 2017, 10, 52. [CrossRef]

76. Yang, P.; Qiu, Z.; Jiang, Y.; Dong, L.; Yang, W.; Gu, C.; Li, G.; Zhu, Y. Silencing of cZNF292 circular RNA
suppresses human glioma tube formation via the Wnt/beta-catenin signaling pathway. Oncotarget 2016,
7, 63449–63455. [CrossRef]

77. He, Q.; Zhao, L.; Liu, Y.; Liu, X.; Zheng, J.; Yu, H.; Cai, H.; Ma, J.; Liu, L.; Wang, P.; et al. circ-SHKBP1 Regulates
the Angiogenesis of U87 Glioma-Exposed Endothelial Cells through miR-544a/FOXP1 and miR-379/FOXP2
Pathways. Mol. Ther. Nucleic Acids 2018, 10, 331–348. [CrossRef]

78. Wang, R.; Zhang, S.; Chen, X.; Li, N.; Li, J.; Jia, R.; Pan, Y.; Liang, H. CircNT5E Acts as a Sponge of miR-422a
to Promote Glioblastoma Tumorigenesis. Cancer Res. 2018, 78, 4812–4825. [CrossRef]

79. Xu, H.; Zhang, Y.; Qi, L.; Ding, L.; Jiang, H.; Yu, H. NFIX Circular RNA Promotes Glioma Progression by
Regulating miR-34a-5p via Notch Signaling Pathway. Front. Mol. Neurosci. 2018, 11, 225. [CrossRef]

80. Shi, R.; Wang, P.Y.; Li, X.Y.; Chen, J.X.; Li, Y.; Zhang, X.Z.; Zhang, C.G.; Jiang, T.; Li, W.B.; Ding, W.; et al.
Exosomal levels of miRNA-21 from cerebrospinal fluids associated with poor prognosis and tumor recurrence
of glioma patients. Oncotarget 2015, 6, 26971–26981. [CrossRef]

81. Cai, Q.; Zhu, A.; Gong, L. Exosomes of glioma cells deliver miR-148a to promote proliferation and metastasis
of glioblastoma via targeting CADM1. Bull. Du Cancer 2018, 105, 643–651. [CrossRef]

82. Lang, H.L.; Hu, G.W.; Chen, Y.; Liu, Y.; Tu, W.; Lu, Y.M.; Wu, L.; Xu, G.H. Glioma cells promote angiogenesis
through the release of exosomes containing long non-coding RNA POU3F3. Eur. Rev. Med. Pharmacol. Sci.
2017, 21, 959–972.

83. Lang, H.L.; Hu, G.W.; Zhang, B.; Kuang, W.; Chen, Y.; Wu, L.; Xu, G.H. Glioma cells enhance angiogenesis
and inhibit endothelial cell apoptosis through the release of exosomes that contain long non-coding RNA
CCAT2. Oncol. Rep. 2017, 38, 785–798. [CrossRef]

84. Azmi, A.S.; Bao, B.; Sarkar, F.H. Exosomes in cancer development, metastasis, and drug resistance:
A comprehensive review. Cancer Metastasis Rev. 2013, 32, 623–642. [CrossRef]

http://dx.doi.org/10.1007/s13277-014-2969-7
http://dx.doi.org/10.18632/oncotarget.15199
http://dx.doi.org/10.18632/oncotarget.3229
http://dx.doi.org/10.1093/neuonc/not131
http://dx.doi.org/10.1186/s12943-017-0737-1
http://dx.doi.org/10.1016/j.tranon.2016.12.006
http://dx.doi.org/10.21037/tcr.2018.04.06
http://dx.doi.org/10.1093/jnci/djx166
http://dx.doi.org/10.3390/ijms19020480
http://dx.doi.org/10.1186/s13045-017-0422-2
http://dx.doi.org/10.18632/oncotarget.11523
http://dx.doi.org/10.1016/j.omtn.2017.12.014
http://dx.doi.org/10.1158/0008-5472.CAN-18-0532
http://dx.doi.org/10.3389/fnmol.2018.00225
http://dx.doi.org/10.18632/oncotarget.4699
http://dx.doi.org/10.1016/j.bulcan.2018.05.003
http://dx.doi.org/10.3892/or.2017.5742
http://dx.doi.org/10.1007/s10555-013-9441-9


Non-coding RNA 2019, 5, 36 16 of 17

85. Gourlay, J.; Morokoff, A.P.; Luwor, R.B.; Zhu, H.J.; Kaye, A.H.; Stylli, S.S. The emergent role of exosomes in
glioma. J. Clin. Neurosci. Off. J. Neurosurg. Soc. Australas. 2017, 35, 13–23. [CrossRef]

86. Saadatpour, L.; Fadaee, E.; Fadaei, S.; Nassiri Mansour, R.; Mohammadi, M.; Mousavi, S.M.; Goodarzi, M.;
Verdi, J.; Mirzaei, H. Glioblastoma: Exosome and microRNA as novel diagnosis biomarkers. Cancer Gene
Ther. 2016, 23, 415–418. [CrossRef]

87. Li, Y.; Zheng, Q.; Bao, C.; Li, S.; Guo, W.; Zhao, J.; Chen, D.; Gu, J.; He, X.; Huang, S. Circular RNA is enriched
and stable in exosomes: A promising biomarker for cancer diagnosis. Cell Res. 2015, 25, 981–984. [CrossRef]

88. Wang, W.X.; Rajeev, B.W.; Stromberg, A.J.; Ren, N.; Tang, G.; Huang, Q.; Rigoutsos, I.; Nelson, P.T. The
expression of microRNA miR-107 decreases early in Alzheimer’s disease and may accelerate disease
progression through regulation of beta-site amyloid precursor protein-cleaving enzyme 1. J. Neurosci. Off. J.
Soc. Neurosci. 2008, 28, 1213–1223. [CrossRef]

89. Hebert, S.S.; Horre, K.; Nicolai, L.; Papadopoulou, A.S.; Mandemakers, W.; Silahtaroglu, A.N.; Kauppinen, S.;
Delacourte, A.; De Strooper, B. Loss of microRNA cluster miR-29a/b-1 in sporadic Alzheimer’s disease
correlates with increased BACE1/beta-secretase expression. Proc. Natl. Acad. Sci. USA 2008, 105, 6415–6420.
[CrossRef]

90. Schonrock, N.; Humphreys, D.T.; Preiss, T.; Gotz, J. Target gene repression mediated by miRNAs miR-181c
and miR-9 both of which are down-regulated by amyloid-beta. J. Mol. Neurosci. 2012, 46, 324–335. [CrossRef]

91. Zhang, B.; Chen, C.F.; Wang, A.H.; Lin, Q.F. MiR-16 regulates cell death in Alzheimer’s disease by targeting
amyloid precursor protein. Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 4020–4027.

92. An, F.; Gong, G.; Wang, Y.; Bian, M.; Yu, L.; Wei, C. MiR-124 acts as a target for Alzheimer’s disease by
regulating BACE1. Oncotarget 2017, 8, 114065–114071. [CrossRef]

93. Tan, L.; Yu, J.T.; Liu, Q.Y.; Tan, M.S.; Zhang, W.; Hu, N.; Wang, Y.L.; Sun, L.; Jiang, T.; Tan, L. Circulating
miR-125b as a biomarker of Alzheimer’s disease. J. Neurol. Sci. 2014, 336, 52–56. [CrossRef]

94. Faghihi, M.A.; Modarresi, F.; Khalil, A.M.; Wood, D.E.; Sahagan, B.G.; Morgan, T.E.; Finch, C.E.; St.
Laurent, G., 3rd; Kenny, P.J.; Wahlestedt, C. Expression of a noncoding RNA is elevated in Alzheimer’s
disease and drives rapid feed-forward regulation of beta-secretase. Nat. Med. 2008, 14, 723–730. [CrossRef]

95. Mus, E.; Hof, P.R.; Tiedge, H. Dendritic BC200 RNA in aging and in Alzheimer’s disease. Proc. Natl. Acad.
Sci. USA 2007, 104, 10679–10684. [CrossRef]

96. Li, H.; Zheng, L.; Jiang, A.; Mo, Y.; Gong, Q. Identification of the biological affection of long noncoding RNA
BC200 in Alzheimer’s disease. Neuroreport 2018, 29, 1061–1067. [CrossRef]

97. Shi, Z.; Chen, T.; Yao, Q.; Zheng, L.; Zhang, Z.; Wang, J.; Hu, Z.; Cui, H.; Han, Y.; Han, X.; et al. The circular
RNA ciRS-7 promotes APP and BACE1 degradation in an NF-kappaB-dependent manner. FEBS J. 2017,
284, 1096–1109. [CrossRef]

98. Leggio, L.; Vivarelli, S.; L’Episcopo, F.; Tirolo, C.; Caniglia, S.; Testa, N.; Marchetti, B.; Iraci, N. microRNAs in
Parkinson’s Disease: From Pathogenesis to Novel Diagnostic and Therapeutic Approaches. Int. J. Mol. Sci.
2017, 18, 2698. [CrossRef]

99. Yan, W.; Chen, Z.Y.; Chen, J.Q.; Chen, H.M. LncRNA NEAT1 promotes autophagy in MPTP-induced
Parkinson’s disease through stabilizing PINK1 protein. Biochem. Biophys. Res. Commun. 2018, 496, 1019–1024.
[CrossRef]

100. Wang, S.; Zhang, X.; Guo, Y.; Rong, H.; Liu, T. The long noncoding RNA HOTAIR promotes Parkinson’s
disease by upregulating LRRK2 expression. Oncotarget 2017, 8, 24449–24456. [CrossRef]

101. Liu, W.; Zhang, Q.; Zhang, J.; Pan, W.; Zhao, J.; Xu, Y. Long non-coding RNA MALAT1 contributes to cell
apoptosis by sponging miR-124 in Parkinson disease. Cell Biosci. 2017, 7, 19. [CrossRef] [PubMed]

102. Zhou, Y.; Lu, M.; Du, R.H.; Qiao, C.; Jiang, C.Y.; Zhang, K.Z.; Ding, J.H.; Hu, G. MicroRNA-7 targets Nod-like
receptor protein 3 inflammasome to modulate neuroinflammation in the pathogenesis of Parkinson’s disease.
Mol. Neurodegener. 2016, 11, 28. [CrossRef] [PubMed]

103. Wu, Y.E.; Parikshak, N.N.; Belgard, T.G.; Geschwind, D.H. Genome-wide, integrative analysis implicates
microRNA dysregulation in autism spectrum disorder. Nat. Neurosci. 2016, 19, 1463–1476. [CrossRef]
[PubMed]

104. Hicks, S.D.; Middleton, F.A. A Comparative Review of microRNA Expression Patterns in Autism Spectrum
Disorder. Front. Psychiatry 2016, 7, 176. [CrossRef]

http://dx.doi.org/10.1016/j.jocn.2016.09.021
http://dx.doi.org/10.1038/cgt.2016.48
http://dx.doi.org/10.1038/cr.2015.82
http://dx.doi.org/10.1523/JNEUROSCI.5065-07.2008
http://dx.doi.org/10.1073/pnas.0710263105
http://dx.doi.org/10.1007/s12031-011-9587-2
http://dx.doi.org/10.18632/oncotarget.23119
http://dx.doi.org/10.1016/j.jns.2013.10.002
http://dx.doi.org/10.1038/nm1784
http://dx.doi.org/10.1073/pnas.0701532104
http://dx.doi.org/10.1097/WNR.0000000000001057
http://dx.doi.org/10.1111/febs.14045
http://dx.doi.org/10.3390/ijms18122698
http://dx.doi.org/10.1016/j.bbrc.2017.12.149
http://dx.doi.org/10.18632/oncotarget.15511
http://dx.doi.org/10.1186/s13578-017-0147-5
http://www.ncbi.nlm.nih.gov/pubmed/28439401
http://dx.doi.org/10.1186/s13024-016-0094-3
http://www.ncbi.nlm.nih.gov/pubmed/27084336
http://dx.doi.org/10.1038/nn.4373
http://www.ncbi.nlm.nih.gov/pubmed/27571009
http://dx.doi.org/10.3389/fpsyt.2016.00176


Non-coding RNA 2019, 5, 36 17 of 17

105. Parikshak, N.N.; Swarup, V.; Belgard, T.G.; Irimia, M.; Ramaswami, G.; Gandal, M.J.; Hartl, C.; Leppa, V.;
Ubieta, L.T.; Huang, J.; et al. Genome-wide changes in lncRNA, splicing, and regional gene expression
patterns in autism. Nature 2016, 540, 423–427. [CrossRef] [PubMed]

106. Voineagu, I.; Gokoolparsadh, A.; Fang, Z. The Role Of The RBFOX1 Splicing Factor In Autism Spectrum
Disorders. In Proceedings of the 38th Annual Lorne Genome Conference 2017, Lorne, Australia, 12–14
February 2017.

107. Zheng, L.L.; Li, J.H.; Wu, J.; Sun, W.J.; Liu, S.; Wang, Z.L.; Zhou, H.; Yang, J.H.; Qu, L.H. deepBase
v2.0: Identification, expression, evolution and function of small RNAs, LncRNAs and circular RNAs from
deep-sequencing data. Nucleic Acids Res. 2016, 44, D196–D202. [CrossRef]

108. Yang, J.H.; Shao, P.; Zhou, H.; Chen, Y.Q.; Qu, L.H. deepBase: A database for deeply annotating and mining
deep sequencing data. Nucleic Acids Res. 2010, 38, D123–D130. [CrossRef]

109. Li, J.H.; Liu, S.; Zhou, H.; Qu, L.H.; Yang, J.H. starBase v2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and
protein-RNA interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 2014, 42, D92–D97.
[CrossRef]

110. Ghosal, S.; Das, S.; Sen, R.; Basak, P.; Chakrabarti, J. Circ2Traits: A comprehensive database for circular RNA
potentially associated with disease and traits. Front. Genet. 2013, 4, 283. [CrossRef]

111. Li, S.; Li, Y.; Chen, B.; Zhao, J.; Yu, S.; Tang, Y.; Zheng, Q.; Li, Y.; Wang, P.; He, X.; et al. exoRBase: A database of
circRNA, lncRNA and mRNA in human blood exosomes. Nucleic Acids Res. 2018, 46, D106–D112. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nature20612
http://www.ncbi.nlm.nih.gov/pubmed/27919067
http://dx.doi.org/10.1093/nar/gkv1273
http://dx.doi.org/10.1093/nar/gkp943
http://dx.doi.org/10.1093/nar/gkt1248
http://dx.doi.org/10.3389/fgene.2013.00283
http://dx.doi.org/10.1093/nar/gkx891
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Types and Functions of ncRNAs 
	miRNAs 
	lncRNAs 
	circRNAs 

	NcRNAs in Normal Brain Function 
	miRNAs in Brain Development and Function 
	lncRNAs in Brain Development and Function 
	circRNAs in Brain Development and Function 

	NcRNAs in the Brain Tumor 
	miRNAs in Glioma 
	lncRNAs in Glioma 
	Circular RNAs in Glioma 

	NcRNAs in Exosomes and Extracellular Vesicles in Glioma 
	NcRNAs in Neuropsychiatric Disorders 
	ncRNAs in Alzheimer’s Disease (AD) 
	ncRNAs in Parkinson’s Disease (PD) 
	ncRNAs in Autism 

	Publicly Available Tools and Platforms for ncRNA and Human Disease Study 
	DeepBase 
	StarBase 
	Circ2Traits 
	ExoRBase 

	Conclusions and Future Perspectives 
	References

