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1  | INTRODUC TION

Parkinson's disease (PD) is the second major neurodegenerative 
disease affecting the health of middle-aged and elderly people.1 
The main pathological feature of PD is the progressive loss of do-
paminergic neurons in the substantia nigra of the brain, leading to a 
lack of dopamine in the striatum which subsequently causes motor 
dysfunction.1-3 The main PD-associated motor symptoms include 
resting tremor, rigidity, posture instability and bradykinesia.4 Motor 
impairment can also be preceded by a range of nonmotor symptoms, 
including anxiety, dysosmia, autonomic nervous dysfunction, and 
emotional and memory disorders.5 With an increase in the society's 
aged population, the number of PD patients is rising year after year, 
which greatly affects the quality of life of the patients and their fam-
ilies, representing a heavy burden on the society. Therefore, more 
effective treatments for PD are urgently required.

The pathogenesis of PD is not yet completely clear, although ge-
netic susceptibility and environmental factors are generally thought 
to play a role.6 The formation of lewy bodies (LBs) in the cytoplasm 
of the residual neurons and the accumulation of α-synuclein have 
been implicated as major factors involved in the mechanism of PD.7 
Multiple studies have shown that the degeneration and apoptosis of 
the dopaminergic neurons in the substantia nigra are closely related 
to an abnormal proteasome function, mitochondrial dysfunction, oxi-
dative stress, neuroinflammation, and transcriptional signal changes.8 
In recent years, in-depth studies of various aspects of PD have grad-
ually clarified the pathogenesis of this condition. Transcriptome stud-
ies of PD have revealed alterations in a variety of genes, pathways, 
and biological processes in the samples of brain tissue, blood, and ce-
rebrospinal fluid.9 Studies of PD in brain tissues have shown changes 
in pathways involving biological processes such as synaptic trans-
mission, dopamine metabolism, vesicular transport, neuroinflamma-
tion, mitochondrial function, protein degradation, oxidative stress, 
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Abstract
Long noncoding RNAs (lncRNAs) are RNA molecules comprising more than 200 nu-
cleotides, which are not translated into proteins. Many studies have shown that lncR-
NAs are involved in regulating a variety of biological processes, including immune, 
cancer, stress, development and differentiation at the transcriptional, epigenetic or 
post-transcriptional levels. Here, we review the role of lncRNAs in the process of 
neurodevelopment, neural differentiation, synaptic function, and pathogenesis of 
Parkinson's disease (PD). These pathomechanisms include protein misfolding and 
aggregation, disordered protein degradation, mitochondrial dysfunction, oxidative 
stress, autophagy, apoptosis, and neuroinflammation. This information will provide 
the basis of lncRNA-based disease diagnosis and drug treatment for PD.
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autophagy and apoptosis.10 Similarly, studies of PD patients' blood 
samples have shown alterations in biological pathways such as pro-
grammed cell death, immune function, inflammation, mitochondrial 
function, RNA processing and protein chaperones.11 It is worth men-
tioning that the consistency of changes in several pathways, such as 
inflammatory immunity, protein degradation and mitochondrial func-
tion, identified in the brain tissue and blood samples from PD patients 
suggests that the process of PD is comprehensive and systematic.9

The protein-coding region accounts for only a small proportion 
(approximately 1.5%-2%) of the human genome, while the remaining 
sequence has no protein-coding capacity and is transcribed to form 
noncoding RNAs (ncRNAs). These molecules are considered to play an 
important role in normal physiological activities as well as the patho-
logical mechanisms of different diseases.12 In recent years, the roles of 
ncRNAs in the process of neural development, regeneration and neu-
rodegenerative diseases have become a research hotspot. Generally, 
long non-coding RNA (lncRNA) is a type of ncRNA, which is longer than 
200 nucleotides (nt),13 and is structurally similar to mRNA (capped, 
spliced, poly a tail), but some do not exhibits these characteristics.14 
Long noncoding RNAs (lncRNAs) are transcribed by RNA polymerase 
II and III at several loci of the eukaryotic genome.14 Structurally, ln-
cRNAs belong to regulatory ncRNAs, acting as decoys, signals, guides, 
scaffolds, and so on.14 They regulate the gene expression patterns by 
changing the accessibility of the DNA and the chromatin structure.15 
Unlike protein-coding mRNAs, lncRNAs perform unique functions by 
regulating various cell biological processes, such as cell transcription, 
histone modification, and DNA methylation.16 Accumulating evidence 
demonstrates the important roles of lncRNAs in many biological pro-
cesses, affecting the pathogenesis of various neurodegenerative dis-
eases including PD. Hence, this review aims to summarize the currently 
identified neural lncRNAs with a focus on the roles of lncRNAs in PD.

2  | BIOLOGIC AL CHAR AC TERISTIC S AND 
FUNC TIONS OF THE LONG NONCODING 
RNA S

2.1 | Biological characteristics of lncRNAs

LncRNAs are a class of ncRNAs that consist of more than 200 nt in 
length and represent one of the largest fraction in the genome.17 
LncRNAs are usually 5'-capped, spliced and 3'-polyadenylated, and 
transcribed by RNA polymerase II.18 In many aspects, lncRNAs are 
similar to the mRNAs that encode proteins, but have lower tran-
scription numbers, mostly existing in the nucleus, with poor inter-
specific sequence conservation.19 Based on the relative positions 
of the lncRNA’s coding sequences and protein-coding genes, they 
are categorized as (Figure 1): (a) sense lncRNAs: lncRNA sequences 
overlapping with the protein-coding genes; (b) antisense lncRNAs: 
lncRNA sequences overlapping with the antisense strands of pro-
tein-coding genes; (c) bidirectional lncRNAs: lncRNA sequences 
transcribed from the divergent bidirectional promoters relative to 
the protein-coding genes; (d) intronic lncRNAs: lncRNA sequences 

derived entirely from the introns of transcripts, which may be truly 
independent transcripts or processing products of the mRNA pre-
cursor; (e) intergenic lncRNAs: lncRNA sequences located between 
but not overlapping with the protein-coding genes.

Studies have shown that lncRNAs interact with DNA, RNA or pro-
tein molecules to regulate gene expression and exert effects through a 
variety of mechanisms. As regulators of gene expression, lncRNAs can 
be roughly divided into three categories according to the mode of reg-
ulation: transcriptional, epigenetic and post-transcriptional (Figure 2). 
Firstly, lncRNAs can regulate gene expression levels by acting as a scaf-
fold or bridge to regulate the related chromatin-modifying enzymes 
during transcription. For example, snRNA 7SK forms scaffolds for the 
HEXIM1, HEXIM2, LARP7, and P-TEFb protein complexes during tran-
scription in the embryonic stem cells. The complexes inactivate P-TEFb 
kinase, which affects the transcription of related genes.20 Secondly, 
lncRNAs affect epigenetic modifications by inducing DNA and histone 
methylation, histone acetylation and sumoylation. LncRNA HOTAIR 
at the HOXC site inhibits transcription of the HOXD by changing 
the methylation state of the chromatin.21 Thirdly, lncRNAs regulate 
post-transcriptional gene expression through various mechanisms, 
including indirect regulation of miRNA or direct regulation of mRNA. 
Binding of the linc-MD1 to its corresponding microRNAs (miRNAs), 
blocks the binding of its target genes to miRNAs and thereby prevents 
the transcriptional inhibition of the target genes.22 The complemen-
tary lncRNA and mRNA form the RNA double-stranded bodies, which 
mask the key components of mRNA needed to bind the reaction factor, 
thus potentially affecting gene expression at the post-transcriptional 
level via mechanisms such as mRNA precursor processing, splicing, 
transport, translation, and degradation.23

2.2 | Biological functions of lncRNAs

Although studies on the functions of lncRNAs are still in the prelimi-
nary stage, these molecules are known to be involved in regulation of a 
variety of biological processes in the nucleus and cytoplasm, including 
immune, cancer, stress, development and differentiation. Studies have 
shown that lncRNAs are involved in many aspects of immune responses 
and play important roles in the differentiation and activation of immune 
cells, including T cells, B cells, macrophages and NK cells. The lncRNA 
NeST expressed in Th1 CD4+ T cells, CD8+ T cells and NK cells, regulates 
the production of IFN-gamma to control the microbial susceptibility of 
mice.24 LncRNAs are closely related to the occurrence, development 
and migration of cancer. Furthermore, as a relatively large and hetero-
geneous group of ncRNAs, lncRNAs have been identified as suitable 
biomarkers for cancer diagnosis and prognosis. Increased lncRNA PVT1 
expression is significantly correlated with positive lymph node metasta-
sis, positive distant metastasis, advanced tumor-lymph node metasta-
sis stage and poor differentiation.25 In terms of functional enrichment, 
lncRNAs in lung cancer with significantly changed expression levels 
were associated with more comprehensive damage than mRNAs, sug-
gesting that lncRNAs represent valuable markers for the development 
of effective diagnosis and development of prevention strategies.26
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LncRNAs are closely related to the occurrence and development 
of stress conditions. LncRNAs respond to stress to maintain cellular 
homeostasis by enabling signals associated with the process of cell 
survival or apoptosis. Studies have shown that lncRNAs can be used 
as alternative indicators of chemical stress responses in the human in-
duced pluripotent stem cells.27 LncRNAs undergo expression changes 
to mediate cell defense during the course of genotoxic induction of 
human glioma cell death.28 LncRNAs play an important role during 
embryogenesis and organ differentiation, affecting not only the intra-
cellular signal transduction pathways, but also those involved in the de-
velopment of organisms. For example, the lateral mesodermal specific 
lncRNA Fendrr is required for the normal development of the mouse 
hearts and body wall.29 Studies have confirmed that lncRNAs function 
as active regulators of cell pluripotency and lineage differentiation.

Recently, studies on the underlying mechanism of lncRNAs in dif-
ferent biological funtions are constantly emerging. LncRNAs play a reg-
ulatory role in the process of disease apoptosis. LncRNA FTX is notably 
reduced in the hippocampus of status epilepticus (SE) rat models.30 
Overexpression of lncRNA FTX can inhibit apoptosis of the hippocam-
pus neuron in the SE rat models by targeting the 3′-UTR of miR-21-5p 
to inhibit the miR-21-5p/SOX7 axis.30 Studies have shown that lncRNA 
can help to determine the identity code of cells. Antisense lncRNA 
transcription can drive stochastic activation of Protocadherin (Pcdh) α 
promoter choice that generates cell-surface identity code in functional 
neurons participating in the neural circuit assembly.31 Pcdhα choice 
involves the activation of an antisense promoter located in the first 
exon.31 Antisense lncRNA transcribes from the antisense promoter and 

extends through the sense promoter, regulating DNA demethylation at 
the CTCF sites that can bind to both promoters, looping cohesin-medi-
ated DNA with distal enhancer (HS5-1), locking the Pcdhα gene in the 
transcriptional state.31 LncRNA is also essential to maintain the stability 
of the genome, such as the NORAD lncRNA, a specific lncRNA localized 
to the nucleus upon activation of the replication stress or DNA damage. 
NORAD interacts with RBMX which is the component of the DNA-
damage, controls the ability of RBMX to assemble a ribonucleoprotein 
complex, referred as the NORAD-activated ribonucleoprotein complex 
1 (NARC1), involved in maintaining the stability of the genome.32 More 
lncRNAs await more extensive and in-depth studies.

Further, the relationship between the structure and function of 
lncRNAs has yet to be clarified. This information is critical for the 
development of new strategies and methods for the treatment of 
human diseases.

3  | LONG NONCODING RNA S IN 
NEURODE VELOPMENT, NEUR AL 
DIFFERENTIATION AND SYNAPSES

3.1 | LncRNAs in neural development and 
differentiation

Brain development and neurogenesis are complex and precisely reg-
ulated processes, in which the dynamic and spatiotemporal expres-
sion of specific lncRNAs plays an important role. High-throughput 

F I G U R E  1   Classification of the lncRNAs on the basis of the relative positions of their coding sequences (in green) and the protein-coding 
genes (in orange). Arrows indicate the direction of transcription. (A) Sense lncRNAs: lncRNA sequences overlapping with the protein-coding 
genes; (B) antisense lncRNAs: lncRNA sequences overlapping with the antisense strands of the protein-coding genes; (C) bidirectional 
lncRNAs: lncRNA sequences transcribed from the divergent bidirectional promoters relative to the protein-coding genes; (D) intronic 
lncRNAs: lncRNA sequences derived entirely from introns of the transcripts, which may be truly independent transcripts or processing 
products of the precursor mRNA; (E) intergenic lncRNAs: lncRNA sequences located between but not overlapping the protein-coding genes
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studies have shown that lncRNAs are spatially and temporally 
expressed in different brain regions and at different ages. Whole-
transcriptome sequencing data showed different expression pat-
terns of 66 lncRNAs in six adjacent layers of the somatosensory 
cortex of mice, and the enrichment of these 66 lncRNAs was related 
to their activity.33 In a RNA-seq study of the temporal cortical region 
of the neocortices surgically resected from 36 human donors of vari-
ous ages, different patterns of lncRNA expression were detected in 
samples ranging from infancy to adulthood.34 Thus, it can be specu-
lated that these changes are related to maturation and aging in this 
region of the brain.34

Neurogenesis, which is strictly regulated during the process 
of brain development, occurs in the subgranular zone (SGZ) of 
the hippocampus dentate gyrus (DG) and the subventricular zone 
(SVZ) lined by the lateral ventricle (LV). It is a dynamic process in 
which the neural stem cells (NSCs) and the neural progenitor cells 
develop into neurons. The newly generated granulosa cells in the 
DG area eventually integrate into the local neural network, while 
neuroblasts formed in the LV area differentiate into neurons and mi-
grate to the olfactory bulb through the rostral migration stream.35 
Stratified cluster correlation analysis showed differential expres-
sion of lncRNAs in the three brain regions (SVZ, OB and DG), with 
higher levels of expression in a time-specific manner compared with 
mRNAs.36 LncRNA Pnky is enriched in the nucleus and transcribed 
from the developmental transcription factor.37 The absence of the 
cortical Pnky in the developmental cortex leads to the production of 
the projection neuron from NSCs in a cell-autonomous mode, chang-
ing the cortical stratification after birth to transcriptionally regulate 

the process of neural development.37 As a specialized part of the 
central nervous system (CNS), the retina is an easy organ to study 
in vivo, and some lncRNAs are shown to be related to the process of 
development of retinal. For example, lncRNA Vax2os1 is specifically 
expressed in the ventral retina of mice, where it regulates cell cycle 
progression of mouse retinal photoreceptor progenitor cells.38

The dynamic expression of lncRNAs in the CNS reveals their 
potential role in determining the neural cell fate. The differentia-
tion of NSCs into different types of nerve cells (including neurons 
and glial cells) is the result of many complex and comprehensive 
interactions between lncRNAs and other factors. Neurons, the 
most important structures in the CNS are divided according to 
their function as motor and sensory neurons. It is known that the 
number of GABAergic interneurons in the hippocampus and DG 
of Evf2 mutant mice decreased in the early postnatal period.39 
Although the number of GABAergic interneurons returned to 
normal in the adult hippocampus, their synaptic inhibition was re-
duced.39 Another study showed that the long intergenic noncod-
ing (linc)RNA TUNA promotes neural differentiation.40 LncRNAs 
also regulate the differentiation of NSCs into glial cells. For exam-
ple, the expression levels of lncRNA Dlx1as and Six3os affect the 
differentiation direction of NSCs, with high expression directing 
the neuronal pathway, while low expression leads to the gener-
ation of astrocytes.36 Nkx2.2AS and NEAT1 have been shown to 
play regulatory roles in the process of differentiation of NSCs into 
oligodendrocytes.41,42 Neurodegenerative diseases (including PD) 
are intimately related to the process of neural development and 
differentiation. Recent advances in research and the continuous 

F I G U R E  2   Functions of lncRNAs. I) Transcriptional regulation: lncRNAs can (1) induce chromatin remodeling and modification, and 
(2) act as a scaffold or bridge for proteins or chromatin. II) Post-transcriptional regulation: lncRNAs can be combined with mRNA by base 
complementary pairs, to block the splice sites of the spliceosome, resulting in (3) alternatively spliced transcripts, (4) mRNA degeneration, 
(5) translation inhibition, or (6) the generation of endo-siRNAs. III) Interaction with other biological molecules: lncRNAs can (7) bind to 
the specific protein partners to modulate protein activity, (8) act as a decoy to alter protein localization, (9) serve as scaffolds to allow the 
formation of larger RNA–protein complexes, or (10) interact with miRNA as a miRNA sponge
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discovery of the functional lncRNAs have provided a more com-
prehensive understanding of the regulation of neural development 
and differentiation by lncRNAs and the association with the neu-
rodegenerative diseases, in addition to highlighting potential new 
strategies for the treatment of diseases.

3.2 | Roles of lncRNAs in synapses

Synapse formation, neurite growth and synaptic plasticity involve 
complex signal transduction pathways and are tightly regulated. 
Nerve cells in the brain develop axons and dendrites to form syn-
apses and functional links. The number and strength of these synap-
tic connections are altered in response to an increase or decrease in 
nerve activity.43 Synaptic plasticity is the biological basis of the cel-
lular level of synaptic development, transmission and morphological 
plasticity. LncRNAs play a role in these biological processes through 
different mechanisms, including RNA interference-mediated inhi-
bition of mRNA expression, ribosomal RNA modification, selective 
splicing, and regulatory mechanisms mediated by miRNA-mRNA 
interactions.43-52

Among the lncRNAs, lncRNA BC1/BC200 and Malat1 have 
been extensively investigated. LncRNA BC1 and lncRNA BC200, 
expressed in rodents and primates respectively, are essential for 
maintaining the process of synaptic plasticity, inhibiting local 
translation and regulating protein synthesis within the syn-
apse.43-45 The destruction of lncRNA BC1 and lncRNA BC200 in 
synapses results in abnormal neuronal activity and multiple be-
havioral deficits.43-45 For example, decreased BC1 expression 
increases the lateral branch synapses that deliver glutamatergic 
transmission.44 Mice without BC1 show increased intrasynaptic 
glutamate receptors and greater excitatory postsynaptic current 
in the cortex, leading to excessive excitability of neurons, and 
resulting in anxiety, twitching and abnormal exploration behav-
iors.44,45 Malat1, which is highly expressed in neurons and located 
in nuclear speckles, may maintain the survival and synaptic forma-
tion of neurocytoma cells by activating the ERK/MAPK signaling 
pathway.46 Malat1-deficient neuroblastoma cells affect the ex-
pression of genes related not only to nuclear processes, but also 
to dendritic development and synaptic function.46 In cultured hip-
pocampal neurons, Malat1 interacts with the serine/arginine-rich 
family of the splicing proteins to regulate synapse formation.47 
Overexpression of Malat1 increases synaptic density, while its 
knockdown has the opposite effect.47 However, adult Malat1 
knockout mice showed no changes in either the behavior or the 
brain tissue morphology.48

In addition, numerous lncRNAs have been found to play reg-
ulatory roles in synapses. The nucleolar enriched lncRNA LoNA 
is negatively regulated by neuronal activation and memory, in-
hibiting the formation of ribosome-assembled rRNA and synaptic 
transport in the hippocampus.49 Brain-enriched lncRNA, Paupar 
interacts with the nearby Pax6 to regulate the transcription of 
many distal genes involved in synaptic plasticity, such as Camk2a, 

Syn3, and Ank3.50 LncRNA Ube3a1 is selectively cleaved by E3 
ubiquitin ligase Ube3a to inhibit the process of dendritic growth 
by inhibiting miR-134 and promoting spinal maturation of hip-
pocampal neurons.51 Antisense lncRNAs are also involved in the 
regulation of many important proteins related to the processes of 
neuron differentiation and synaptic growth, such as BDNF, GDNF, 
and EPHB2.52 Inhibiting lncRNA BDNF-AS, which is the antisense 
transcript of BDNF, improves BDNF expression and promotes 
neuron survival and neurite growth.52

LncRNAs are exclusively expressed across specific regions of 
the brain in certain developmental time points to perform specific 
functions (Table 1).53 For example, there are 806 of 5195 lncRNAs 
that are differentially expressed between the cortical pyramidal and 
neural cells, performing their functions of maintenance and iden-
tification of the neural cell type.54 A study on the spatiotemporal 
transcriptome of embryonic neurogenesis in Drosophila melano-
gaster, that absolutely requires accurate regulation of gene in space 
and time during early nervous system development, reveals a highly 
complex dynamic and spatiotemporal regulation of lncRNAs.55 
LncRNA Riken-201 and Riken-203 can regulate Sox6 by seques-
tering both miR-96 and miR-467a-3p to modulate neural devel-
opment.56 A number of lncRNAs that determine the pluripotency 
or neural cell fate in neurogenesis are shown in Table 1. LncRNA 
NTAB expressed in the developing and adult rat brain is involved in 
the regulation of neuronal processes.57 LncRNA Rmst, exclusively 
expressed in the brain is implicated in the differentiation of neural 
cells, supporting the role of RMST in neurogenesis, binding to SOX2 
and modulating a number of neurogenic genes including NEUROG2, 
ASCL1, HEY2, and DLX1.58 Moreover, absence of Rmst is known 
to promote the process of neural differentiation.58 LncKdm2b acti-
vates Kdm2b in cis to regulate the process of cortical neuronal dif-
ferentiation.59 Recently, many studies have reported that lncRNAs 
and miRNAs are involved in different biological processes including 
neurodevelopment, neural differentiation and maturation, associ-
ating with the development of neurodegenerative diseases (such 
as AD, Alzheimer's disease and PD), particularly gene expression, 
introduced as possible biomarkers for diagnosis and prognosis.60 
In addition, lncRNAs can also play important roles in neurologi-
cal impairment. For example, repression of the lncRNA MEG3 re-
stores nerve growth in rat models of cerebral ischemia-reperfusion 
injury,61 while lncRNA H19 regulates the p53/Notch1 pathway to 
inhibit neurogenesis in ischemic stroke.62 A summary of regulated 
lncRNAs, their corresponding functions and mechanisms in neuro-
development is shown in Table 1.36-42,50,56,58,59,63-72

4 | ROLES OF LONG NONCODING RNAS IN PD

Accumulating evidence shows that lncRNAs play an important role 
in PDs (Table 2). Changes in lncRNAs may be the key factors in the 
pathogenesis of diseases and represent disease-specific markers. 
Studies have shown that lncRNAs are closely related to PD. Compared 
to the normal tissues, significant changes in the expression of 87 
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lncRNAs were identified in the substantia nigra of PD patients.73 
Among these, lncRNA AL049437 and lncRNA AK021630 showed 
the most significant changes.73 Based on experimental verification, 

it is speculated that lncRNA AL049437 and lncRNA AK021630 func-
tion to promote and inhibit the occurrence of PD, respectively.73 
Interestingly, abnormal lncRNA expression was detected not only in 

TA B L E  1   A summary of regulated lncRNAs, their corresponding functions and mechanisms in neurodevelopment

Long noncoding RNAs Regions Mechanisms Functions References

Dlx1as, Six3os NSCs Recruits EZH2 and EYA Glial-neuronal lineage 
specification

36

Pnky Nucleus of NSCs Interacts with Pou3f2 Neurogenesis and neural 
proliferation

37

Vax2os1 Retina Cell cycle regulator Cell cycle progression of mouse 
retinal photoreceptor progeni-
tor cells

38

Evf2 Hippocampus and dentate gyrus Recruits DLX and MECP2 Differentiation of GABAergic 
neurons

39

TUNA NSCs Recruits NCL, PTBP1, and 
hnRNP-K

Neural differentiation 40

Nkx2.2AS Nucleus of NSCs — Oligodendrocyte lineage 
differentiation

41

NEAT1 Nucleus of NSCs Paraspeckle integrity Oligodendrocyte lineage 
differentiation

42

Paupar Glioma Interacts with PAX6 and 
localize to SOX2, NANOG 
and HES1

Neuroblastoma differentiation 50

LncRNA Riken-201 and 
Riken-203

Neural differentiation of mouse 
embryonic stem cells

Regulate Sox6 by se-
questering miR-96 and 
miR-467a-3p

Neural development and 
differentiation

56

Rmst NSCs Recruits SOX2 Neural differentiation 58

LncKdm2b Cortical projection neurons Activates Kdm2b in cis Cortical neuronal differentiation 59

LncND Radial glia cells of the ventricular 
and subventricular zones of 
developing brain

Targets Notch signaling 
by binding and release of 
miR-143-3p

Neural development and 
differentiation

63

LncR492 Murine embryonic stem cells Interacts with the mRNA 
binding protein HuR and 
facilitates inhibitory func-
tion by activating Wnt 
signaling

Inhibits neural differentiation of 
murine embryonic stem cells

64

Sox2ot Pluripotent stem cells and NSCs Regulates Sox2 by an allele-
specific mechanism

Neural development 65

LncRNA-1604 Cytoplasm Regulates lncRNA-1604/
miR-200c/ZEB axis

Neural differentiation 66

LincRNA1230 Embryonic stem (ES) cells Modulation of bivalent mod-
ifications at the promot-
ers of early neural genes; 
interacts with Wdr5 and 
inhibits the enrichment of 
H3K4me3 modifications

Neural differentiation 67

Dali Glioma Interacts with POU3F and 
DNMT1

Neuroblastoma differentiation 68

Brn1b Neocortex Regulates BRN1 protein Migration and differentiation of 
cortex

69

HAR1F Cortex Upregulates reelin Neural development 70

Pou3f2 NSCs — Neural stem cell proliferation 71

HOTAIR Glioma Recruits EZH2 Neural differentiation/neuro-
blastoma differentiation

72
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brain tissues, but also in the peripheral blood and cerebrospinal fluid 
of PD patients. Amongst the greater than 6000 lncRNAs detected in 
the peripheral white blood cells of PD patients, 13 lncRNAs showed 
decreased expression and selective PD-induced changes, and four 
lncRNAs were reversed after deep brain stimulation treatment.74 
Comparisons of the peripheral white blood cells and brain tissue 
samples of the PD patients and healthy individuals reveal common 
differences in lncRNAs, with the same expression trends.74 Studies 
have shown that there is decreased expression of the neurodegener-
ative gene-related lncRNAs in PD patients; six in the substantia nigra 
and three in the cerebellum.75 Furthermore, all disorders of lncR-
NAs were detected in the peripheral blood mononuclear cells, with 
four in the cerebrospinal fluid-derived exosomes.75 Thus, lncRNAs 
are implicated as potential diagnostic markers or novel therapeutic 
targets in PD.

Both animal and cell models are commonly used in PD re-
search. The 6-hydroxydopamine (6-OHDA) rat model of PD sim-
ulates the pathological features of the disease, characterized by 
the loss of numerous dopaminergic neurons in substantia nigra 
and decreased levels of dopamine in the striatum. Transcriptome 
sequencing of the striatum tissue revealed 512 differentially ex-
pressed lncRNAs associated with the biological processes of in-
nate immune response, GTPase activity, and 2′-5′-oligoadenylate 
synthase activity, and with a possible regulatory role in the patho-
genesis of PD.76 Abnormal expression of approximately 756 ln-
cRNAs was detected in the substantia nigra pars compacta (SNpc) 
of the presymptomatic mice overexpressing human A30P*A53T 
α-synuclein.77 The mRNAs coexpressed with lncRNAs are mainly 
concentrated in the axon-guided signaling pathway.77 The func-
tion of these abnormally expressed lncRNAs may provide new 
targets for the treatment of early PD.77 SH-SY5Y cells are treated 
with methyl-4-phenylpyridinium (MPP+) to generate the cellular 
model of PD which has been extensively used to study the role of 
lncRNAs in cell injury.78,79 Although animal and cell models can-
not fully replicate the pathological changes occurring in human 
PD, these experimental tools provide important insights into the 
mechanism of the PD pathogenesis and the role of lncRNAs in the 
process, thus offering new insights into strategies for the diagno-
sis and treatment of PD.

4.1 | LncRNAs in the ubiquitin-proteasome system, 
protein decomposition, protein misfolding and 
aggregation

The ubiquitin-proteasome system (UPS) is a nonlysosomal pathway 
of protein degradation, which removes mutant, damaged and aber-
rant proteins in the cells, regulates cell cycle DNA damage and re-
pairs apoptosis. UPS dysfunction results in abnormal accumulation 
of protein within the cell and plays an important role in the patho-
genesis of PD, acting synergistically with mitochondrial dysfunction, 
oxidative stress and other factors.80,81 Ubiquitin carboxy-terminal 
hydrolase L1 (Uchl1) is a gene involved in the UPS of PD.82 Antisense 

Uchl1 (UCHL1-AS1), a new functional class of lncRNAs, increases 
synthesis of the UCHL1 protein.82 UCHL1-AS1 contains 5′ overlap-
ping sequence of UCHL1 mRNA and an embedded inverted SINEB2 
element, which is necessary for protein translation.82 LncRNA 
UCHL1-AS1 directly affects the translation of the UCHL1 protein, 
leading to disruption of the UPS.80

Lewy body formation is a typical pathological change associ-
ated with PD. α-synuclein, which is the main component of LBs, 
is related to dopamine synthesis, neuronal remodeling, signal 
transduction, synaptic vesicle transport and is degraded by UPS. 
The abnormal folding, aggregation and diffusion of α-synuclein 
under the influence of various factors play an important role in the 
pathogenesis of PD. LncRNA HOTAIR has been shown to affect 
the progression of PD.83 A recent study showed that HOTAIR reg-
ulates miR-126-5p and RAB3IP in a ceRNA-dependent manner to 
promote progression of PD.83 In vivo knockout of HOTAIR reduces 
the number of α-synuclein-positive cells and reduces apoptosis of 
dopaminergic neurons.83 LncRNA SNHG1 combines directly with 
miR-15-5p to inhibit its expression, thereby promoting the α-synu-
clein polymerization and α-synuclein-induced apoptosis, in a pro-
cess that is implicated in the mechanism of LB formation and its 
role in neuron loss in PD.84 In the 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP) mouse model of PD, β-asarone increases 
the number of tyrosine hydroxylase-positive cells and simulta-
neously reduces the expression of lncRNA MALAT1 and α-synu-
clein, thereby playing a neuroprotective function.85 Microarray 
expression analysis showed that during the inhibition of α-synu-
clein toxicity by the commonly used traditional Chinese medicine 
Acanthopanax senticosus (AS), 341 lncRNAs were differentially 
expressed under the stimulation of α-synuclein.86 Among these, 
29 lncRNAs were involved in the AS mediated inhibition of the 
α-synuclein neurotoxicity mechanism, and 19 were found to be 
potentially related to the α-synuclein neurotoxicity.86 Elucidation 
of the lncRNA-mediated regulation of the α-synuclein associated 
mechanisms (including abnormal modification of α-synuclein after 
translation, aggregation of α-synuclein, toxic effects, and degra-
dation) is important for clarification of the pathogenesis of PD and 
the discovery of new therapeutic targets and methods.

4.2 | LncRNAs in mitochondrial dysfunction, 
oxidative stress, autophagy and apoptosis

Mitochondrial dysfunction and oxidative stress can damage cells 
and lead to PD.87,88 Mitochondrial electron transfer is a major 
source of intracellular free radicals. Reduced mitochondrial com-
plex I activity promotes free radical formation and enhances the 
susceptibility of tissues to oxidative stress, resulting in damage 
to cellular DNA, lipids and proteins.89 Furthermore, studies have 
shown that the neurotoxicity associated with PD is due to inhibi-
tion of respiratory chain complex Ι activity, leading to dysfunc-
tion of ATP synthesis, cell degeneration and death.89 Oxidative 
stress occurs when the oxidation and antioxidant systems are 
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unbalanced, resulting in cell destruction caused by changes in 
membrane fluidity and the lipid peroxidation chain reaction. 
Under normal circumstances, multiple antioxidant systems exist in 
cells to clear reactive oxygen species (ROS).87 The main free radi-
cal scavenging system in the brain is the glutathione system.87 PD 
patients show high oxidative stress in the brain, while dopaminer-
gic neurons lack the ability to control oxidative stress.87 6-OHDA 
can produce iron-mediated free radicals and inhibit the activity of 
mitochondrial complex Ι.90 MPTP also blocks mitochondrial elec-
tron transfer by inhibiting mitochondrial complex Ι.91

Studies have reported that mice lacking the lncRNA Norad ex-
hibit genomic instability and mitochondrial dysfunction, leading 
to a multi-system degenerative phenotype similar to premature 
aging.92 This suggests that mitochondrial-related lncRNAs may 
play important roles in the pathophysiology of neurodegenerative 
diseases.92 Recently, it has been shown that the lncRNA NEAT1, 
which is overexpressed in the substantia nigra of PD, plays a neu-
roprotective role against drug-induced oxidative stress.93 In the 
6-OHDA rat model of PD, downregulation of lncRNA UCA1 in-
hibits the PI3K/Akt signaling pathway, with a resultant reduction 

in the damage of the dopaminergic neurons, as well as the ox-
idative stress and inflammatory response associated with PD.94 
In the MPP+-induced SH-SY5Y cell model of PD, lncRNA-p21 
knockdown weakens the cytotoxicity and apoptosis induced by 
MPP+ and reduces the production of ROS, oxidative stress and 
neuroinflammation.95 Nrf2 is an important cell signaling mol-
ecule that protects against oxidative stress. During oxidative 
stress, Nrf2 dissociates and translocates from the cytoplasm to 
the nucleus, upregulates the expression of the antioxidant protein 
genes, and enhances the ability of cells to survive from oxidative 
stress. Using microarray technology, Nrf2-related lncRNAs have 
been shown to be present in the substantia nigra of the paraquat 
and MPTP mouse models of PD.96

Protein degradation mediated by autophagy is a process in which 
the proteins are engulfed within vesicles which fuse with the lyso-
somes to degrade proteins. Autophagy consists of three pathways: 
endocytosis, macrovesicle autophagy and chaperone mediated auto-
phagy. Mitochondrial autophagy is a process of selective clearance of 
excessive or damaged mitochondria. Various neurodegenerative dis-
eases are associated with abnormalities in this process.97 Enhanced 

TA B L E  2   Long noncoding RNAs in Parkinson's disease

Long noncoding RNAs Regions Functions References

LncRNA NEAT1 MPTP mouse model and MPP+-
induced SH-SY5Y

Regulating neuronal injury by targeting miR-124; 
promoting autophagy through stabilizing PINK1 
protein

78,100

LncRNA HAGLROS MPTP mouse model and MPP+-
induced SH-SY5Y

Regulating apoptosis and autophagy via regulat-
ing miR-100/ATG10 axis and PI3K/Akt/mTOR 
pathway activation

79

LncRNA HOTAIR Midbrain tissue of MPTP induced PD 
mice and SH-SY5Y cells exposed to 
MPP+

Promoting PD by upregulating LRRK2 expres-
sion; targeting miR-126-5p to promote PD 
through RAB3IP

83,112

LncRNA SNHG1 SH-SY5Y cells Promoting α-synuclein aggregation and toxicity 
by targeting miR-15b-5p to activate SIAH1

84

LncRNA MALAT1 MPTP mouse model and MPP+-
induced SH-SY5Y; MN9D cells

α-synuclein protein expression; regulating cell 
apoptosis by directly targeting LRRK2 through 
lncRNA MALAT1/miR-205-5p axis

85,98

LncRNA UCA1 Substantia nigra striatum of 6-OHDA 
PD model; MPTP mouse model and 
MPP+-induced SH-SY5Y

The damage of dopaminergic neurons, oxidative 
stress and inflammation by the PI3K/Akt signal-
ing pathway; promoting PD development by 
upregulating SNCA

94,99

LncRNA-p21 SH-SY5Y cells Regulating MPP+-induced neuronal injury by 
targeting miR-625 and derepressing TRPM2

95

Nrf2-related lncRNAs Substantia nigra of paraquat and 
MPTP induced mouse model

Oxidative stress 96

LncRNA AS Uchl1 Dopaminergic cells' differentiation in 
vitro and in neurochemical models 
of PD

Expression is under the regulation of Nurr1 110

PINK1-AS, UCHL1-AS, 
BCYRN1, SOX2-OT, ANRIL and 
HAR1A

PD in the Hungarian population Interfering with the binding affinity of transcrip-
tion factor HNF4A, potentially resulting in 
abnormal expression of target genes, such as 
BCYRN1

111

Sox2OT Anti-NGF AD11 transgenic mouse Regulating cotranscribed Sox2 gene expression 
to down neurogenesis

113
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autophagy can effectively counter PD. In SH-SY5Y cell (MPP+-
induced cells) and mouse (MPTP-induced) models of PD, lncRNA 
HAGLROS regulates the apoptosis and autophagy processes by 
regulating the miR-100/ATG10 axis to activate the PI3K/Akt/mTOR 
pathway.79 Another study showed that the lncRNA NEAT1 promotes 
the MPTP-induced autophagy in PD by inhibiting the degradation of 
PINK1 protein.78

The process of apoptosis is closely related to mitochondrial dys-
function and oxidative stress and plays an important role in the death 
of the dopaminergic neurons in PD.98 Mitochondria is the site where 
the process of apoptosis takes place as it houses many apoptotic fac-
tors, such as caspases and cytochrome C. Oxidative stress results in 
the generation of ROS, which in turn act as second messengers to reg-
ulate the mitochondrial permeability transition pore and increase the 
mitochondrial membrane permeability. This leads to the release of cy-
tochrome C and apoptotic inducers into the cytoplasm, which bind with 
the caspase-9 precursor to form apoptotic corpuscular bodies. Under 
pathological conditions, prolonged increase in the levels of ROS leads 
to opening of the mitochondrial permeability transition pore, result-
ing in a series of reactions, including uncoupling of the mitochondrial 
electron transport chain from oxidative phosphorylation, reduced ATP 
synthesis, loss of mitochondrial membrane potential, Ca2+ outflow, 
glutathione reduction, increased levels of intracellular ROS, and re-
lease of cytochrome C and apoptosis-inducing factors, which eventu-
ally initiate the cell apoptosis process. LncRNA MALAT1 regulates the 
MPP+-induced apoptosis of the MN9D cells by inhibiting miR-205-5p 
targeting LRRK2.98 Knockdown of lncRNA-UCA1 inhibits caspase-3 
activity, thereby reducing MPP+-induced SH-SY5Y cell apoptosis.99 
LncRNA NEAT1 regulates MPP+-induced SH-SY5Y cell apoptosis by 
targeting miR-124.100

4.3 | LncRNAs and inflammation

Neuroinflammation is an important factor in PD. The inflammatory 
cytokines secreted by the glial cells participate in neuroinflamma-
tory responses to induce apoptosis of the dopaminergic neurons. 
Microglia belong to the mononuclear phagocyte lineage and are the 
primary innate immune cells of the CNS.101 When the neural micro-
environment is unbalanced, microglial cells are activated and release 
a variety of biological active molecules, including inflammatory cy-
tokines, chemokines and neuromodulins, which cause chronic and 
persistent inflammatory reactions and promote the injury and death 
of dopaminergic neurons resultant in the pathological process that 
leads to PD. The astrocytes are the supporting cells which provide 
nutrients to neurons, but can also cause neuroinflammation. Long-
term dysfunction of astrocytes causes lack of neuronutrients and in-
creased secretion of inflammatory cytokines, affecting the integrity 
of the blood-brain barrier and synaptic plasticity, which accelerates 
the aging and degeneration of dopaminergic neurons. Microarray 
technology used to detect the PD-associated differentially expressed 
genes and lncRNAs in the human blood revealed that the downregu-
lated differentially expressed genes in the regulatory network were 
enriched in the immune response.102 In the 6-OHDA rat PD model, 
downregulating lncRNA UCA1 inhibits the PI3K/Akt signaling path-
way, alleviating the damage of the dopaminergic neuron, oxidative 
stress and inflammatory response associated with PD.94 Study has 
shown that in the SH-SY5Y of AD cell model, lncRNA RP11-543N12.1 
targets miR-324-3p to modify microglia-induced cell apoptosis of SH-
SY5Y.101 In the hippocampus tissues of AD rats, lncRNA MEG3 al-
leviates neuronal damage and inhibits the activation of astrocytes by 
inactivating the PI3K/Akt signaling pathway.103 In addition, lncRNA 

F I G U R E  3   Regulatory role of 
lncRNAs in Parkinson's disease. A 
variety of lncRNAs are associated 
with different mechanisms like protein 
misfolding and aggregation, dysregulated 
protein degradation, mitochondrial 
dysfunction, oxidative stress, autophagy, 
apoptosis, neuroinflammation, and other 
pathomechanisms (including dopamine 
metabolism, neurotrophic factors, and 
PD-related genes) that ultimately account 
for the pathological manifestations and 
clinical symptoms of PD
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TUG1 regulates the process of microglial polarization and production 
of inflammatory cytokines after oxygen-glucose deprivation through 
sponging miR-145a-5p, providing therapeutic hope from the inflam-
matory injury.104

4.4 | Other functions of lncRNAs in PD

During the process of dopamine metabolism, dopamine oxida-
tion intermediates bind to α-synuclein, which inhibits dopamine 
activity and selectively aggregates α-synuclein. This imbalance in 
dopamine anabolism leads to a vicious cycle of increased free dopa-
mine associated cytotoxicity, and the obstruction of the transport 
of the dopamine vesicles. LncRNAs are found in the nucleus and 
cytoplasm of dopaminergic neurons.105 Knockout of the lncRNA 
Gomafu/MIAT/Rncr2 enhances the effect of methamphetamine, 
which increases the release of dopamine into the nucleus accum-
bens.106 Neurotrophic factors, including BDNF, GDNF, and NT-3, 
can support the survival of neurons, induce the growth of nerve 
processes and maintain the functions of neurons. These neuro-
trophic factors, which play a neuroprotective role in providing nu-
trients and promoting the regeneration and repair of neurons play 
an important role in the pathogenesis and treatment of PD. Many 
lncRNAs have been shown to promote or inhibit the expression of 
these neurotrophic factors, thereby affecting neurons and the in-
tracerebral microenvironment.107,108 In addition, many lncRNAs act 
on PD-related genes. For example, the lncRNA NEAT1 promotes 
the MPTP-induced autophagy in PD by inhibiting degradation of 
the PINK1 protein.78 LncRNAs are also associated with PD-related 
genes such as LRRK2, DJ-1, Uchl1, and Nurr1.98,109,110 In addition, 
the roles of lncRNAs in neurodevelopment, neural differentiation 
and synapses may also affect the pathogenesis and treatment 
strategies of PD.

5  | CONCLUSION AND FUTURE 
PERSPEC TIVES

In summary, many studies have shown that lncRNAs have wide-
spread tissue expression with numerous biological functions. 
However, the mechanisms by which lncRNAs function in complex 
physiological and pathological conditions such as PD have not 
yet been fully elucidated. However, it is known that a variety of 
triggering factors work together leading to the protein misfolding 
and aggregation, dysregulated protein degradation, mitochondrial 
dysfunction, oxidative stress, autophagy, apoptosis, and neuroin-
flammation (Figure 3) that ultimately account for the pathological 
manifestations and clinical symptoms of PD. The spatiotemporal 
expression of specific lncRNAs play a role in the pathological pro-
cesses that lead to PD. In-depth studies of the functions of the 
lncRNAs in PD will provide significant information that can be used 
to develop early and effective diagnostic methods and therapeutic 
targets. Although the regulatory function of the lncRNAs has been 

demonstrated in the cell and animal models (Table 2),78,79,83-85,94-

96,98-100,110-113 this is only a snapshot of the dynamic changes that 
occur with the progression of the disease. Due to the complexity 
of diseases, different pathological processes are usually accompa-
nied by changes in multiple lncRNAs. Therefore, the selection of 
the most promising and critical lncRNAs for further investigation 
remains a significant challenge. Because PD involves a complex 
interaction of genes and their regulatory factors, with the lncR-
NAs mediating complex coexpression regulatory networks, the 
diagnostic value of a single biological marker is limited in the di-
agnosis and treatment of PD. Therefore, the combined application 
of multiple biological markers to improve the reliability and effec-
tiveness of diagnosis and treatment is now a focus of research. In 
conclusion, developing new strategies using lncRNAs for disease 
diagnosis and drug treatment holds promise towards tackling the 
pathogenesis of PD.
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