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Abstract
Parkinson’s disease (PD) is a progressive neurodegenerative disorder that is diagnosed largely on clinical grounds due to charac-
teristic motor manifestations that result from the loss of nigrostriatal dopaminergic neurons. While traditional pharmacological
approaches to enhance dopamine levels, such as with L-dopa, can be very effective initially, the chronic use of this dopamine
precursor is commonly plagued with motor response complications. Additionally, with advancing disease, non-motor manifesta-
tions emerge, including psychosis and dementia that compound patient disability. The pathology includes hallmark intraneuronal
inclusions known as Lewy bodies and Lewy neurites that contain fibrillar α-synuclein aggregates. Evidence has also accumulated
that these aggregates can propagate across synaptically connected brain regions, a phenomenon that can explain the progressive
nature of the disease and the emergence of additional symptoms over time. The level ofα-synuclein is believed to play a critical role
in its fibrillization and aggregation. Accordingly, nucleic acid–based therapeutics for PD include strategies to deliver dopamine
biosynthetic enzymes to boost dopamine production or modulate the basal ganglia circuitry in order to improve motor symptoms.
Delivery of trophic factors that might enhance the survival of dopamine neurons is another strategy that has been attempted. These
gene therapy approaches utilize viral vectors and are delivered stereotaxically in the brain. Alternative disease-modifying strategies
focus on downregulating the expression of the α-synuclein gene using various techniques, including modified antisense oligonu-
cleotides, short hairpin RNA, short interfering RNA, and microRNA. The latter approaches also have implications for dementia
with Lewy bodies. Other PD genes can also be targeted using nucleic acids. In this review, we detail these various strategies that are
still experimental, and discuss the challenges and opportunities of nucleic acid–based therapeutics for PD.
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Introduction

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease after Alzheimer’s disease, affecting 1%
of the population over the age of 60. In addition to classic
motor symptoms of resting tremor, rigidity, bradykinesia, gait
disturbances, and postural instability, PD patients often pres-
ent with non-motor symptoms, including autonomic nervous

system disorders such as constipation, bladder dysfunction,
and orthostatic hypotension; REM sleep behavior disorder
(RBD); and olfactory impairment [1]. The abnormal accumu-
lation of the protein α-synuclein in fibrillar form is associated
with neuronal damage, particularly degeneration of dopami-
nergic neurons projecting from the substantia nigra pars
compacta to the striatum, leading to dopamine deficiency
and motor symptoms. In early-stage disease, the motor symp-
toms can be relieved by oral intake of L-dopa, the precursor of
dopamine, or dopamine receptor agonists. However, as neu-
rodegeneration progresses, the effects of the drugs become
short lived as in L-dopa, or less effective as in dopamine ago-
nists, and wearing-off and on-off phenomena as well as ad-
verse motor and psychiatric effects appear. All these compli-
cate the pharmacological management of patients as the dis-
ease advances. Braak’s hypothesis supports the emergence of
various symptoms of PD at different stages of the disease,
with premotor symptoms such as RBD, hyposmia, and con-
stipation early on, and cognitive and psychiatric manifesta-
tions in later stages of the disease. This hypothesis suggests
that abnormal or excessive accumulation/aggregation of α-
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synuclein—which is an abundant component of the hallmark
pathologic lesions (Lewy bodies and Lewy neurites), and its
mutations and multiplication are linked to dominantly
inherited PD—spreads from the dorsal nucleus of the vagus
nerve and olfactory bulb and perhaps even the periphery from
the myenteric plexus to the lower brainstem [2]. As the disease
progresses, α-synuclein spreads further to the diencephalon
and cerebrum via cell-to-cell transmission. Therefore, a strat-
egy that targets α-synuclein is believed to be a fundamental
treatment for blocking the progression of neurodegeneration.
In the present article, we discuss the potential of treating PD
by regulating α-synuclein expression with a focus on nucleic
acid medicine, a strategy that is being incorporated into clin-
ical practice for the treatment of other neurodegenerative dis-
eases. In addition to targeting α-synuclein, we discuss nucleic
acid–based therapeutics aimed at controlling motor symptoms
or improving the response to L-dopa using gene therapy to
deliver dopamine biosynthetic enzymes.

Treatment of PD with Nucleic Acid Medicine
Using Antisense Oligonucleotides and RNA
Interference

Strategies to Downregulate α-Synuclein Expression

Neurodegeneration in PD can be induced by abnormal or ex-
cessive levels of α-synuclein protein, suggesting that sup-
pressing the expression of its gene SNCAmay prevent further
neurodegeneration, thereby slowing disease progression. And
in particular, nucleic acid medicine aimed at reducing α-
synuclein protein levels is theoretically an ideal treatment for
PARK4, a type of autosomal dominantly inherited PD caused
by SNCA gene multiplication with clinical features that in-
clude cognitive impairment [3]. In healthy individuals, there is
one copy of the SNCA gene on each chromosome, while in
PARK4 patients, three (1 + 2) or four (1 + 3) copies are
expressed as a result of duplication or triplication (Fig. 1).
This results in excessive levels of α-synuclein protein, and

its accumulation/aggregation is believed to have an adverse
effect on neurons in these patients. Therefore, a strategy to
reduce SNCAmessenger RNA (mRNA) expression to normal
levels by degrading excessive SNCAmRNA in these individ-
uals may lead to suppression ofα-synuclein protein levels and
prevention of neurodegeneration (Figs. 1 and 2C).

Repression of SNCA expression by reducing its mRNA
level through the use of nucleic acid medicine has been tested
experimentally using various approaches in preclinical models
with the aim of developing a disease-modifying treatment for
PD (Table 1). For example, a therapeutic approach using ribo-
zyme expressed by adeno-associated virus (AAV) has been
attempted to degrade SNCA mRNA and allowed the survival
of tyrosine hydroxylase (TH)–positive neurons in the
substantia nigra of rats challenged with the dopaminergic tox-
in 1-methyl-4-phenylpyridinium (MPP+) [4]. In addition, oth-
er methods that use short hairpin RNA (shRNA) and short
interfering RNA (siRNA) to suppress SNCA expression have
been tested [5–13]. For example, partial silencing of α-
synuclein expression in striatal neurons can be achieved using
a lentiviral vector expressing SNCA-targeting shRNA [5]. In
addition, AAV-mediated expression of shRNA targeting
SNCA in the substantia nigra in rats with ectopically
expressed α-synuclein also ameliorated behavioral deficits
[7, 8]. And, infusion of AAV-shRNA targeting SNCA into
the substantia nigra of wild-type rats can knockdown α-
synuclein protein levels by about 35% and protect against
the mitochondrial toxin rotenone [9]. Direct injection of
siRNA targeting SNCA into the mouse hippocampus can also
result in moderate reduction of SNCA expression [10].
Infusion of siRNA targeting SNCA into the substantia nigra
of non-human primates achieved a 40 to 50% reduction of α-
synuclein expression [13]. Additionally, new techniques of
drug delivery have been attempted to downregulate α-
synuclein expression in the brain. Systemic injection of mod-
ified exosomes expressing Rabies virus glycoprotein loaded
with siRNA targeting SNCA into the mouse tail vein resulted
in widespread distribution of siRNA in the brain and around
50% reduction of SNCAmRNA and protein expression in the

Fig. 1 SNCA duplication/
triplication in PARK4. PARK4 is
a dominantly inherited
Parkinson’s disease due to multi-
plication of the SNCA gene locus.
In PARK4 patients, α-synuclein
protein is produced in excess,
leading to its accumulation/
aggregation and
neurodegeneration
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midbrain and striatum [11]. More recently using α-synuclein
transgenic mice, intracerebroventricular infusion of
polyethylenimine (PEI)/siRNA complex against α-synuclein
resulted in 65% suppression of SNCA mRNA expression ac-
companied by a 50% reduction of α-synuclein protein in the
striatum [12].

However, none of these approaches has produced ideal
outcomes, and achieving long-term effects has proven
challenging due to intracellular instability of these
RNA-based nucleic acid compounds. Additionally,
AAV-mediated expression of shRNA-SNCA can have
negative effects such as increased inflammatory response,
reduced TH expression, and nigrostriatal degeneration
[6–8]. Thus, AAV-mediated shRNA-SNCA expression
requires further optimization before it can be exploited
for potential therapeutic use. Certain AAV serotypes ap-
pear to contribute to this inflammatory response.

With recent advances in nucleic acid modification technol-
ogy, dramatic improvements have been made to develop
nucleic acid medicines with enhanced binding affinity, in-
creased in vivo stability, and reduced toxicity [14]. In particu-
lar, specifically designed antisense oligonucleotides (ASOs)
that lead to target mRNA degradation are drawing increasing
attention. These ASOs have unique configurations, such as the
Gapmer structure, with modified nucleic acids at both ends of
a linear single-stranded oligonucleotide and normal DNA lo-
cated in the center (gap) (Fig. 2A). When a Gapmer-type an-
tisense nucleic acid with this structure binds to its target
mRNA, the RNA-degrading enzyme RNase H recognizes
the DNA:RNA hybrid structure formed by the DNA portion
of the ASOs and the mRNA target (Fig. 2B). Additionally, the
target binding affinity of the ASOs is enhanced by the modi-
fied nucleic acids placed at both ends, while also improving
resistance to DNA-degrading enzymes present in the cell.

a

b

c

Fig. 2 Treatment strategy for
PARK4 by Gapmer-ASOs. (A)
Structure of Gapmer-ASOs. The
Gapmer design includes two
chemically modified nucleotide
sequences at the two ends,
flanking a central stretch of DNA
sequence. The central gap can
activate RNase H, whereas the
flanking sequence provides high
stability and affinity. (B)
Mechanism of action of Gapmer-
ASOs. When Gapmer-ASOs bind
to the target mRNA, RNase H
recognizes the DNA:RNA
heteroduplex and cleaves the
RNA strand. (C) Gapmer-type
antisense nucleic acid degradesα-
synuclein mRNA, thereby
preventing the pathological
accumulation of α-synuclein in
PARK4
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After degrading the initial target mRNA, these Gapmer-type
ASOs can continue to degrade other target mRNA molecules,
further increasing their potency. Furthermore, because of their
high resistance to nucleolytic enzymes, Gapmers can theoret-
ically produce long-term effects at a low dose once they reach
the nucleus of target cells. Notably, the effects of Gapmer-type
ASOs with target degradation properties have been shown to
last for a year following systemic administration in an animal
model of myotonic dystrophy type 1 [15]. Clinical trials are
underway for the use of Gapmer-type ASOs for the treatment
of myotonic dystrophy type 1 (cl inical t r ial .gov;
NCT02312011), Huntington’s disease (clinicaltrial.gov;
NCT02519036), as well as various other disorders.

As another strategy to overcome the obstacles is associated
with the stability of nucleic acid medicines in vivo and their
delivery into the brain, we introduced a novel technology of
nucleotide modification called amido-bridged nucleic acid
(AmNA), a locked nucleic acid (LNA/BNA) analog, with
increased target binding affinity and reduced toxicity [16]
(Fig. 3). We have completed the optimization of the nucleic
acid sequence and Gapmer-ASO structure for effective degra-
dation of SNCA mRNA. We are currently conducting trans-
lational research to reveal the efficacy and safety in animal
models for future clinical trials.

In addition to ASOs, advances in CRISPR-based technol-
ogy allow a novel therapeutic approach for fine-tuned down-
regulation of α-synuclein levels by inducing DNA methyla-
tion at the SNCA gene. A recent publication demonstrated that
CRISPR-deactivated Cas9 (dCas9) fused with the catalytic
domain of DNA-methyltransferase 3A (DNMT3A) reduces
expression levels of SNCA mRNA and protein mediated by

targeted DNA methylation at intron 1 in human-induced plu-
ripotent stem cell (hiPSC)–derived dopaminergic neurons
from a PD patient with SNCA triplication [17].

Because PARK4 is a hereditary condition, it is possible to
identify patients in these families with early and mild disease.
It is hypothesized that preventing progression with early treat-
ment using nucleic acid medicine for mild PARK4 will allow
these patients to maintain a good level of activities of daily
living (ADLs) as well as cognitive function throughout life.
Additionally, establishing the efficacy of treatment using
nucleic acid medicine in PARK4 patients may allow us to
apply this treatment to sporadic PD as well, which is associ-
ated with abnormal accumulation of α-synuclein. This strate-
gy may also be applied to dementia with Lewy bodies (DLB),
which is characterized clinically by cognitive decline and hal-
lucinations, and pathologically by diffuse Lewy bodies and
Lewy neurites containing abundant α-synuclein fibrils across
various brain regions. If abnormal accumulation of α-
synuclein and the spread of the proteinopathy are key in the
progression of PD, as proposed in Braak’s hypothesis, this

Table 1 Preclinical experimental studies to knock down SNCA expression using nucleic acid medicine

Reference Oligonucleotides Model Outcome

Hayashita-Kinoh et al.
(2006) [4]

AAV-ribozyme MPP+-treated PD model rat Survival of TH-positive neurons in the SN

Sapru et al. (2006) [5] Lenti-shRNA Rat overexpressing hSNCA in the striatum
by lentivirus vector

Silencing SNCA protein in striatal neurons

Gorbatyuk et al. (2010) [6] AAV-shRNA WT rat Neurodegeneration in the SN

Khodr et al. (2011) [7] AAV-shRNA Rat overexpressing hSNCA in the
SN by AAV

Amelioration of behavioral deficit and
DA neuron loss

Kohdr et al. (2014) [8] miRNA Rat overexpressing hSNCA in the
SN by AAV

Amelioration of behavioral deficit and
inflammation

Zharikov et al. (2015) [9] AAV-shRNA WT rat/rotenone-exposed rat 35% SNCA knockdown in the SN, improvement
of motor function, and protection of DA neurons

Lewis et al. (2008) [10] siRNA WT mouse Moderate reduction of SNCA in the hippocampus

Cooper et al. (2014) [11] Exosomal siRNA WT mouse/hSNCA transgenic mouse 50% reduction of SNCA in the midbrain and
striatum

Helmschrodt et al. (2017) [12] PEI/siRNA complex hSNCA transgenic mouse 65% SNCA knockdown in the striatum

McCormack et al. (2010) [13] siRNA WT monkey 40 to 50% SNCA knockdown in SN

AAV = adeno-associated virus; DA = dopaminergic; MPP+ = 1-methyl-4-phenylpyridinium; PEI = polyethylenimine; SN = substantia nigra; TH =
tyrosine hydroxylase; WT = wild-type

Fig. 3 Antisense oligonucleotide (ASO) chemical structures. Schematic
of locked nucleic acid (LNA/BNA, left) and amido-bridged nucleic acid
(AmNA, right)
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treatment strategy may be able to prevent the onset of motor
symptoms if initiated early when pre-motor symptoms appear,
by preventing abnormalα-synuclein propagation to substantia
nigra dopaminergic neurons. Thus, treatment with ASOs that
reduce α-synuclein may possibly be extended to all α-
synucleinopathies even when α-synuclein mutation is not
the cause of the disease.

Since a near-complete loss of SNCA may have adverse
effects on neuronal function or integrity, the extent of down-
regulating SNCA should be carefully controlled. This is be-
cause α-synuclein is abundantly expressed in the normal cen-
tral nervous system, especially at presynaptic terminals.
Although its exact physiologic function remains to be fully
understood, previous reports have suggested that α-synuclein
is involved in synaptic vesicle pool maintenance, neuronal
plasticity, dopamine metabolism, and insoluble N-
ethylmaleimide–sensitive factor attachment protein receptor
(SNARE) complex assembly critical for neurotransmitter re-
lease, vesicle recycling, and synaptic integrity [18].

Targeting Other PD Genes with Nucleic Acids

Target knockdown by nucleic acid medicine can also be ap-
plied to other gain-of-function genetic mutations that cause
dominantly inherited PD. Mutations in leucine-rich repeat ki-
nase 2 (LRRK2) are linked to the most common familial form
of PD (PARK8) [19, 20]. shRNAs specifically targeting mu-
tations in LRRK2were shown to lead to mutant allele-specific
knockdown in human embryonic kidney (HEK)–derived
293FT or 293 cells [21, 22]. In addition, an artificial mirtron,
a short hairpin intron that serves as a Drosha-independent
Dicer substrate for microRNA biogenesis, targeting LRRK2
reduced endogenous LRRK2 transcripts in human dopaminer-
gic SH-SY5Y cell line [23]. Furthermore, intracerebroventric-
ular injection in mice of ASOs targeting LRRK2 reduced
mRNA and protein levels of LRRK2 as well as decreased
α-synuclein inclusions in the substantia nigra induced by
intrastriatal injection of preformed α-synuclein fibrils [24].

The clinical application of ASOs to various diseases is
advancing rapidly due to the high target specificity and long-
lasting therapeutic effects of this strategy. Research and clin-
ical trials are underway to investigate their use in treating
neurodegenerative diseases as intrathecal administration
shows favorable entry to the central nervous system. Routes
of administration other than intrathecal administration, such as
oral, intravenous, and transdermal, are desirable when consid-
ering their use as therapeutic drugs for chronic progressive
diseases such as PD, as repeated administration of nucleic acid
medicines is required. With recent advances in modified
nucleic acid technology and improvements in delivery sys-
tems to enhance drug delivery to target organs [25], it is hoped
that a fundamental treatment for PD and DLB using nucleic
acid medicine will become available in the near future.

Pathogenetic Role of MicroRNAs and Their
Therapeutic Potential for PD

MicroRNAs (miRNAs) are small (20–25-nt) noncoding
RNAs in the eukaryotic transcriptome that can regulate gene
expression post-transcriptionally by binding to the 3′-untrans-
lated region (UTR) of their target mRNAs [26]. miRNAs reg-
ulate the expression of their mRNA targets either by cleavage/
degradation of mRNA or inhibition of translation. Altered
expression of certain miRNAs in the brains of patients with
neurodegenerative diseases including PD suggests that
miRNAs could have a pivotal role in the pathogenesis of these
diseases [27, 28]. The pathogenetic role of miRNAs in PD and
their therapeutic potential are the subject of increasing interest
in recent years.

Genetic Models with Dicer Mutants

miRNAs are derived from long primary transcripts through
sequential processing by the Drosha ribonuclease and the
Dicer enzyme. Dicer expression is reduced in the ventral mid-
brain of aged mice [29]. In addition, targeted deletion of the
Dicer gene in the dopaminergic (DA) neurons of mice report-
edly led to a progressive loss of DA neurons with severe
locomotor deficits [30]. The latter finding suggests that
Dicer is essential for DA neuron survival, and that loss of
mature miRNAs due to deletion of the Dicer gene may be
involved in the development and/or progression of PD.

miRNA Profiling Studies

Identifying miRNAs that are differentially expressed in post-
mortem brain tissue from PD brains and nonaffected controls
helps in understanding the role of miRNAs in the pathogene-
sis of PD and may lead to recognizing potential therapeutic
opportunities. Several studies of this nature have been carried
out, and dysregulated miRNAs identified from these studies
are listed in Table 2 [30–37]. Initially, profiling miRNAs ob-
tained from the midbrains of PD and control subjects showed
that miR-133b is highly enriched in the midbrain but found to
be low in PD brains [30]. However, this finding was later
challenged by another report showing that miR-133b levels
were unaltered in midbrain tissue from PD brains [38].
Another miRNA profiling study identified miR-34b and
miR-34c to be decreased in PD brains [37], but this finding
too was not replicated in another report [34]. Subsequent stud-
ies revealed multiple miRNAs are dysregulated in PD, but few
are common among the list of dysregulated miRNAs in PD
across all the studies (Table 2). Discrepancies among such
studies may result from a number of biological as well as
technical differences. For example, differences in the analyzed
brain region (e.g., midbrain vs frontal cortex) can yield dispa-
rate results. Even when the substantia nigra is analyzed, the
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relative numbers of DA neurons in the nigra differ significant-
ly among individual PD brains as well as between PD brains
and controls. Another factor that can critically affect outcomes
using human postmortem material is variation in RNA
quality/integrity due to end-of-life conditions, autolysis time,
and tissue harvesting and preservation [39–41].

PD-Causing Genes and miRNAs

Considering the critical role of α-synuclein in PD, under-
standing the mechanism(s) regulating its expression is helpful
in efforts to control it for therapeutic intent. Initially, we iden-
tified miRNA-7 to bind to the 3′-UTRs ofα-synuclein mRNA
and downregulate its expression [42]. Since then, five addi-
tional miRNAs, miR-153, miR-34b, miR-34c, miR-214, and
miR-1643, were also found to bind to the 3′-UTR of α-
synuclein mRNA and inhibit its expression [43–46]. Among
these, miR-7, miR-34b, and miR-34c were shown to be de-
creased in PD brains [31, 37], suggesting that decreased ex-
pression of these particular miRNAs in PD brains can result in
elevated α-synuclein levels and contribute to PD pathogene-
sis. Furthermore, we recently found that miR-7 also acceler-
ates the clearance of α-synuclein and its aggregates by pro-
moting autophagy and expedites the degradation of preformed
fibrils of α-synuclein endocytosed from outside the cells [47].
This additional mechanism for reducing α-synuclein levels

reinforces the notion that miR-7 is an important molecular
target for PD therapeutics.

LRRK2 is the commonest genetic cause of the disease and
is inherited in an autosomal dominant manner with reduced
penetrance [19, 20]. miRNA-205 has been reported to bind to
the 3′-UTR of LRRK2 mRNA and repress its expression [48].
The levels of miR-205 were found to be decreased in the
frontal cortex and striatum from PD patients, and the expres-
sion of LRRK2 was significantly upregulated in these brains
[48]. This observation suggests that downregulation of miR-
205 might contribute to the pathogenic increase of LRRK2 in
PD brains.

Genetic Variation of miRNAs and miRNA Target Sites

Variations in miRNAs and their binding sites on target
mRNAs can contribute to PD. For example, a significant as-
sociation has been reported in PD with SNP (rs12720208
[C/T]) located in the 3′-UTR of FGF20 mRNA. This genetic
variation lies within a predicted binding region for miR-433
[49]. The risk allele inhibits the binding of the mRNA with
miR-433 and enhances FGF20 expression. This variation ap-
pears to augment the vulnerability to PD through increasing
α-synuclein expression, which is mediated by FGF20.
However, other reports have failed to reproduce an association
between SNPs of FGF20 and PD risk, or the relationship

Table 2 MicroRNA profiling studies in PD patients

Reference Sample
number

Tissue Key findings

Upregulated Downregulated

Tatura et al. (2016) [31] 22 PD
10 controls

Anterior cingulate gyri miR-199b, miR-544a, miR-488,
miR-221, miR-144

miR-7, miR-145, miR-543

Nair and Ge (2016) [32] 12 PD
12 controls

Putamen miR-3195, miR-204-5p, 485-3p,
221-3p, miR-95, miR-425-5p

miR-155-5p, miR-219-2-3p,
miR-3200-3p, miR-423-5p,
miR-4421, miR-421, miR-382-5p

Hoss et al. (2016) [33] 29 PD
33 controls

Prefrontal cortex miR-16-5p let-7i-3p/5p, miR-184, miR-1224,
miR-127-5p

Briggs et al. (2015) [34] 8 PD
8 controls

DA neurons collected by
laser microdissection

miR-106a, miR-135a, miR-148a,
miR-223, miR-26a, miR-28-5p,
miR-335, miR-92a in male

(Up) let-7b, miR-106a, miR-95
in female

Cardo et al. (2014) [35] 8 PD
4 controls

Substantia nigra miR-549d miR-198, miR-485-5p, miR-339-5p,
miR-208b, miR-135b, miR-299-5p,
miR-330-5p, miR-542-3p, miR-379,
miR-337-5p

Thomas et al. (2012) [36] 8 PD
8 controls

Frontal cortex miR-200b*, miR-200a*, miR-195*,
miR-424*

miR-200a, miR-199a-3p, miR-148a,
miR-451, miR-144, miR-429,
miR-190

Minones-Moyano et al.
(2011) [37]

23 PD
28 controls

Amygdala, substantia nigra,
frontal cortex, cerebellum

miR-34b, miR-34c

Kim et al. (2007) [30] 3 PD
3 controls

Midbrain, cerebellum,
cerebral cortex

miR-133b
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between the variation at rs12720208 and α-synuclein protein
levels [50, 51].

Genome-wide association studies (GWAS) have also iden-
tified variations in miR-4519 (rs897984) and miR-548at-5p
(rs11651671), which are associated with PD [52]. Mutant al-
leles of both miRNAs change the secondary structure and
result in a decrease in the level of each miRNA. Therefore,
it is predicted that increased expression of certain target
mRNAs resulting from decreased expression of these mutant
microRNA alleles somehow contributes to PD pathogenesis.
It remains to be discovered which proteins or cellular path-
ways regulated by these miRNAs could contribute to PD. In
addition, a number of PD-associated SNPs located in the 3′-
UTR of 13 genes such as α-synuclein, tau, diacylglycerol
kinase theta, and transmembrane protein 175, have been iden-
tified [52]. These SNPs are predicted to influence miRNA-
mediated regulation of their target genes by disrupting, gener-
ating, or modifying miRNA binding sites. Future studies are
needed to determine the relationship between identified SNPs
and miRNA-mediated gene regulation in the context of PD
pathogenesis.

miRNA-Based Therapeutics

With the emergence of miRNAs as crucial regulators of gene
expression involved in several diseases including PD,
targeting miRNAs provides a potential therapeutic opportuni-
ty for PD. Two miRNA-based therapeutic approaches are cur-
rently being explored in other diseases [53]: microRNA
mimics and anti-microRNAs. miRNA mimics, which are
small RNA molecules that resemble miRNA precursors, are
used to inhibit the expression of target proteins. The target
protein can be from any gene involved in disease pathogene-
sis, or the disease gene itself that harbors a gain-of-function
pathogenic mutation or multiplication of the gene locus. The
goal of this approach is based on the hypothesis that down-
regulating the level of the specific protein itself is a protective
therapeutic strategy. The second strategy of miRNA-based
therapeutics is to utilize anti-miRNA molecules to generate a
loss of function in the miRNA of interest [54]. In particular
circumstances in which miRNAs are overexpressed, the intent
would be to block these miRNAs by injecting a complemen-
tary RNA sequence that binds to and inactivates the target
miRNAs.

Although there is no established therapy or ongoing clini-
cal trials using miRNAs, targeting miRNAs seems to be a
potential therapeutic intervention for PD. Since elevated levels
of α-synuclein are toxic [55, 56], miRNAs that target and
repress α-synuclein expression can be exploited to develop
therapeutics for PD. Among α-synuclein targeting miRNAs,
miRNA-7 is unique in several respects. In addition to targeting
the 3′-UTR of α-synuclein mRNA [42], miRNA-7 facilitates
the clearance of preformed α-synuclein aggregates by

promoting autophagy [47]. Further, miRNA-7 displays pro-
tective effects against MPP+/1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced toxicity through α-
synuclein-independent mechanisms including targeting
RelA, which stimulates glycolysis, the Nrf2 pathway, and mi-
tochondrial health [57–60]. In addition, miRNA-124 has been
reported to be decreased in theMPTP-challenged mouse mod-
el, and the delivery of miR-124 to the right lateral ventricle
protected TH-positive neurons from this toxin [61].

Considering that neuroinflammation plays a key role in the
pathogenesis of PD [62], strategies to inhibit neuroinflamma-
tion can be exploited to impact PD as well. In this regard,
miRNA-155, a well-known modulator of inflammatory re-
sponse, is reportedly upregulated in the substantia nigra of
mice injected with AAV2-α-synuclein. On the other hand,
deletion of the miR-155 gene prevented microglial activation
and mitigated the loss of TH-positive nigral neurons in
AAV2-α-synuclein–injected mice [63]. Interestingly, in addi-
tion to modulating α-synuclein levels and processing, miR-7
plays a role in neuroinflammation as well. Stereotactic injec-
tion of miR-7 mimics into the mouse striatum has been shown
to reduce the neuroinflammation and exert neuroprotective
effects in MPTP-lesioned mice by targeting the 3′-UTR of
NOD-like receptor protein 3 (NLRP3) mRNA. The latter en-
codes a protein that is a key constituent of inflammasomes that
are highly expressed in microglial cells and are important in
neuroinflammation [64]. This finding suggests that miRNA-7
ameliorates NLRP3 inflammasome-mediated neuroinflamma-
tion and highlights the various neuroprotective mechanisms of
miRNA-7 and, therefore, its therapeutic potential for PD.

Gene Therapy for PD

Delivery of Neurotransmitter Biosynthetic Enzymes

Gene therapy is a method to treat a disease by exogenously
delivering genetic material into cells with genetic abnormali-
ties or other biochemical deficiencies in order to recover nor-
mal function [65]. Viral vectors are primarily used as a means
of introducing genes to cells. Clinical research with viral vec-
tors made great headway in the early 1990s, and gene therapy
was tested in various disease targets. Unfortunately, a series of
some 2000 reports describing adverse effects, some of which
were serious including death, led to a stagnation period in the
field [66]. However, because of steady progress in basic re-
search resulting in increased safety and reliability, gene thera-
py is once again drawing attention. With the development of
viral vectors that effectively introduce therapeutic genes into
target neurons and myocytes, in vivo gene therapy, a technique
in which genes are directly introduced into the body using
vectors containing the therapeutic genes, is being tested in
neurodegenerative diseases and myopathies. AAV vectors
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are primarily used in gene therapy in these conditions. This is
because AAV vectors are safe, as they are derived from AAV,
which is a nonpathogenic virus. These vectors can deliver
genes to terminally differentiated nondividing cells such as
neurons and myocytes, and they are expected to enable
long-term expression of the introduced genes [65]. In addi-
tion, one of the advantages of AAV vectors is that integration
into chromosomal DNA occurs rarely, thus minimizing the
risk of inactivating tumor suppressor genes or activating
protooncogenes. Furthermore, numerous AAV serotypes are
available with different tissue tropisms, and serotypes 1, 2, 5,
8, and 9 show affinity for the nervous system.

The classic motor symptoms of PD are due to dopamine
deficiency in the striatum caused by degeneration of
nigrostriatal neurons. TH, the rate-limiting enzyme in dopa-
mine biosynthesis, converts the amino acid tyrosine to L-dopa
in axon terminals projecting from the substantia nigra pars
compacta to the striatum. Aromatic L-amino acid decarboxyl-
ase (AADC) further converts L-dopa into dopamine (Fig. 4).
In addition, guanosine triphosphate cyclohydrolase I (GCH)
plays an important role in the synthesis of tetrahydrobiopterin,
a coenzyme of TH. Therefore, strategies for enhancing dopa-
mine synthesis by delivering its synthetic enzymes using viral
vectors have been examined (Table 3). In an open-label phase
1 trial in PD patients conducted in the USA, delivery of
AADC-expressing AAV type 2 vector (AAV2-AADC) into
the putamen bilaterally resulted in a 36% improvement in
the motor score of the unified Parkinson’s disease rating scale
(UPDRS) in the off L-dopa state [67]. In another open-label
phase 1 trial conducted in Japan, the AAV2-AADC vector
delivered bilaterally into the putamen resulted in 46% im-
provement in the UPDRS score in the off state and increased
uptake of the AADC tracer 6-[18F]fluoro-L-m-tyrosine on pos-
itron emission tomography (PET) imaging [68]. Notably,
long-term follow-up of subjects in another phase 1 trial of
AAV2-AADC reported stable transgene expression for 4 years
or longer [69]. In addition, an open-label phase 1/2 trial, in
which not only AADC but also TH and GCH genes were
expressed simultaneously using equine infectious anemia vi-
rus, a putative lentivirus, and delivered into the putamen bi-
laterally, was attempted in Europe [70]. Motor function, as
measured by UPDRS part III scores off L-dopa, improved in
all patients at 6 months and 1 year after the administration of
this gene therapy drug named ProSavin®, and daily L-dopa
equivalent dose was reduced or remained stable [70]. PET
imaging with [11C]-raclopride as a tracer was consistent with
increased dopamine production in the putamen.

Decreased dopamine levels in the putamen are suggested to
lead to disinhibition of the subthalamic nucleus (STN) in PD
[65]. The increased excitatory drive of the STN to the internal
portion of globus pallidus and substantia nigra pars reticulate
exerts inhibitory effects on the thalamocortical projection and
brainstem nuclei and exacerbates motor symptoms in PD.

Treatments are currently being tested in which the glutamic
acid decarboxylase (GAD) gene, required for the synthesis of
the inhibitory neurotransmitter GABA, is introduced using
AAV vectors with the goal of modulating STN activity in
PD patients. In an open-label phase 1 trial conducted in the
USA involving gene introduction to the subthalamic nucleus
unilaterally, improvement in the UPDRS motor score was
observed on the contralateral side 3 to 12 months following
AAV-GAD administration [71]. A double-blind, sham sur-
gery–controlled, randomized phase 2 trial with bilateral sub-
thalamic nucleus injections in 66 patients with advanced PD
also showed a modest but significant improvement from base-
line in UPDRS scores (8.1 points) compared with the sham
group (4.7 points) over the 6-month course of the study [72].

Delivery of Trophic Factor Genes

Neurotrophic factor delivery using viral vectors has also been
attempted in order to protect dopaminergic neurons in PD. In a
phase 2, double-blind, sham surgery–controlled, randomized
trial where neurturin, a neurotrophic factor for dopaminergic
neurons, was expressed bilaterally in the putamen using
AAV2, there was no significant difference in the degree of
improvement in motor symptoms 12 months later compared
to the control group [73]. A follow-up double-blind trial de-
livering neurturin bilaterally in both the putamen and
substantia nigra in patients with advanced PD also failed to
show a benefit [74]. An open-label phase 1 trial of AAV2-glial
cell line–derived neurotrophic factor delivered bilaterally into
both putamina of advanced PD patients using convection-
enhanced delivery is ongoing (ClinicalTrials.gov Identifier:

Fig. 4 Dopamine biosynthesis in the striatum, and gene therapy
approaches to increase dopamine production in PD. In axonal terminals
in the striatum, tyrosine is converted to L-dopa by tyrosine hydroxylase
(TH) and further converted into dopamine by aromatic L-amino acid
decarboxylase (AADC). In advanced stages of PD, the activity of these
enzymes decreases dramatically due to a loss of neuronal terminals. Gene
therapy for PD introduces these enzymes into the striatum using viral
vectors
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NCT01621581). In addition to viral vector–mediated delivery
of neurotrophic factors, nucleic acid–based therapy with
activatory RNA–based molecules may be applied for PD
treatment by increasing the expression of neurotrophic factors,
as well as compensatory factors in cases of loss-of-function
mutations in PD. This state-of-the-art nucleic acid–based tech-
nology contains small activating RNAs (saRNAs), artificial
transactivators NMHVs (an acronym for nuclear localization
signal-MS2 coat protein RNA–interacting domain-HA epi-
tope-(3x)VP16–transactivating domain), AntagoNATs that in-
hibit natural antisense lncRNA transcripts (NATs), and
SINEUPs that stimulate translation of target mRNA (details
are provided in a review by Gustincich et al. [75]).

In conclusion, the potential for nucleic acid–based thera-
pies in PD is varied and diverse with multiple approaches and
targets. While none is available to patients at this time, the
prospects are clear and encouraged by recent advances in oth-
er neurologic conditions.
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