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Abstract: Parkinson’s disease (PD) and other chronic and debilitating neurodegenerative diseases
(NDs) impose a substantial medical, emotional, and financial burden on individuals and society.
The origin of PD is unknown due to a complex combination of hereditary and environmental risk
factors. However, over the last several decades, a significant amount of available data from clinical
and experimental studies has implicated neuroinflammation, oxidative stress, dysregulated protein
degradation, and mitochondrial dysfunction as the primary causes of PD neurodegeneration. The new
gene-editing techniques hold great promise for research and therapy of NDs, such as PD, for which
there are currently no effective disease-modifying treatments. As a result, gene therapy may offer
new treatment options, transforming our ability to treat this disease. We present a detailed overview
of novel gene-editing delivery vehicles, which is essential for their successful implementation in
both cutting-edge research and prospective therapeutics. Moreover, we review the most recent
advancements in CRISPR-based applications and gene therapies for a better understanding of treating
PD. We explore the benefits and drawbacks of using them for a range of gene-editing applications in
the brain, emphasizing some fascinating possibilities.

Keywords: Parkinson’s; CRISPR-Cas9; gene therapy; delivery; applications

1. Introduction

Neurodegenerative diseases (NDs) are conditions characterized by the progressive
loss of neurons in the brain and peripheral nervous system and the deposition of proteins
with altered physicochemical properties. Such proteins are used to classify NDs at the
molecular level. 3-Amyloid, x-synuclein, huntingtin protein, prion protein, tau, TAR-DNA-
binding protein 43 kDa, and fused-in sarcoma protein are the most common proteins that
contribute to Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease
(HD), transmissible spongiform encephalopathies, tauopathies, and amyotrophic lateral
sclerosis (ALS), respectively [1-5]. The diseases characterized by the delayed appearance
of symptoms and degeneration in the brain include AD, PD, HD, and others, which
predominantly affect everyday activities [6]. Several mutations in the genes encoding
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for a-synuclein and PINK1 in PD, amyloid precursor proteins, presenilin, and tau in AD,
and expanded CAG repeats in HD are known to contribute to the development of age-
related neurodegeneration [7-9]. Signifying a state in which neurons are gradually lost,
neurodegeneration affects a person’s cognitive behavior, increasing their reliance on others
over time [10]. Besides genetic factors, many environmental ones are linked to an increased
risk of NDs [11]. PD is the most rapidly developing neurological condition, affecting up
to 2% of people over 60 [12]. The molecular processes that underpin the pathophysiology
of sporadic PD are still a mystery. As a result, causative therapies remain elusive [13].
However, the degradation of the dopaminergic neurons (DNs) in the nigrostriatal pathway
is a primary cause of chronic and increasing motor impairment; PD is now recognized
as a systemic disorder affecting various nervous system regions [14]. Most cases of PD
occur in a sporadic form [15]. The diagnosis of PD may be hard to confirm completely
because brain autopsy remains the most well-established and conclusive method. Hence, it
is necessary to understand the disease’s distinct characteristics and manifestations in order
to distinguish actual PD from other related disorders [16].

There are few, if any, therapy options available for most hereditary diseases [17]. As a
result, gene-editing tools such as transcription activator-like effector nucleases (TALENS),
zinc finger nucleases (ZFNs), and meganucleases, as well as CRISPR (clustered regulatory
interspaced short palindromic repeats)-Cas9 (CRISPR-associated enzyme), have sparked
a significant interest. These technologies can edit, replace, and change defective sites on
the genome to treat a particular neurodegenerative disorder (PD, AD, and HD). Using
these technologies to introduce normal genes into the damaged portion of the genome may
stop disease progression. However, there are still challenges in correctly excising only the
defective areas of the gene. CRISPR-Cas9 appears to be the most promising gene-editing
technique available because of its ease of use, efficacy, cost-effectiveness, and capacity to
edit several genes at once [18,19]. The Nobel Prize in Chemistry was recently awarded to
Emmanuelle Charpentier and Jennifer Doudna for their work on CRISPR-Cas9, a method
for editing DNA. The Nobel Committee honored the two scientists for their discovery
that a microbial immune system can be turned into a tool for editing genomes with high
precision simply and inexpensively [20]. This review article discusses the CRISPR-Cas9-
based technology and its perspective for application in PD.

2. CRISPR-Cas
2.1. History

In 1987, bacteria were found to insert 32-nt (nucleotide) spacer sequences into 29-
nt repeat sequences in CRISPR loci whenever they came into contact with phage DNA,
leading to the discovery of the CRISPR-Cas system [21]. Similar repeating sequences were
discovered in other E. coli strains: enterobacteria closely related to E. coli, and Shigella
dysentery in the following years [22]. In 1993, Mojica and colleagues found the CRISPR
repetitive sequence in archaea while researching the effects of salinity on the growth of
Haloferax mediterranei. Although there was no similarity between these sequences and
E.coli repeats, these researchers discovered a lengthy DNA sequence in the genome of these
archaea that consisted of regulatory repeats [23]. In the CRISPR-Cas era, 2005 is regarded as
a pivotal year because it was recognized that the spacer sequences were derived from phage
genomes [24]. Together with the finding that Cas-gene encoded proteins with putative
helicase and nuclease domains [25-27], and that CRISPR loci can be transcribed [28], It
was recommended that CRISPR-cas is an adaptive system that may use antisense RNAs
as a memory marker of past invasions [29]. In 2007, it was suggested that the CRISPR
system could be used as an adaptive immune defense for bacteria and archaea against
phage attacks. For example, adding or deleting spacer DNA homologous to phage DNA
can alter the resistance of Streptococcus thermophilus to phage invasion [30]. In 2008,
mature CRISPR RNAs (crRNAs) were determined to act as guides in a complex with
Cas proteins in E. coli, preventing viral replication [31]. The CRISPR-Cas system’s DNA
targeting activity was identified in the pathogen Staphylococcus epidermidis the same year.
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For nearly 20 years after their discovery, the function of these repeats remained unknown.
Multiple direct repeats (DRs), short regulatory spaced repeats, and large clusters of tandem
repeats have all been proposed as names for these repeats. Jansen and coworkers invented
the word CRISPR, which has now gained acceptance among researchers since it reflects the
structural properties of repeats [32-35].

2.2. CRISPR-Cas System

The classification of the CRISPR-Cas system is very challenging because there are no
universal Cas proteins that could have served as phylogenetic markers. Consequently, the
classification is based on many features, including the layout of Cas operons, signature
Cas genes, and phylogenies of conserved Cas proteins [36]. There are two classes (Class 1
and Class 2), six types (I-VI), and 33 subtypes of CRISPR-Cas, according to a classification
published in 2020 [37]. Multi-subunit effector complexes are seen in Class 1, while single
protein effector modules are found in Class 2. Identifying two new types and several
subtypes of the Class 2 CRISPR-Cas system resulted in more research and analysis of the
system. The type VI systems, out of the two recently identified and defined CRISPR types,
were the only ones that targeted RNA. In some circumstances, the class 2 systems have
a unique feature in which the effector protein is also involved in processing pre-crRNA
(CRISPR RNA) [38]. The CRISPR-Cas system’s two major classes, 1 and 2, have a solid
basis of variation. The multi-subunit crRNA effector complex is classified as Class 1, while
the single crRNA effector complex has been classified as Class 2. The Class 1 CRISPR-Cas
system has been subdivided into types (I, III, and IV) and further into subtypes. Similarly,
Class 2 is divided into three types: II, V, and VI, each further classified into multiple
subtypes. The most widely used CRISP-Cas system is the type II CRISPR-Cas system
which has been obtained from Streptococcus pyogens (SpCas9) [39,40]. The two main
components of the CRISPR-Cas9 system are single guided RNA (sgRNA) and RNA guided
Cas9 endonuclease [41]. There are two nuclease domains of Cas9, named RuvC and HNH,
each breaking a single strand of targeted double-stranded DNA [42]. The RuvC domain
cleaves the non-complimentary strand of dsDNA interacting with crRNA, while the HNH
domain cuts the complementary strand [43]. A single-guide RNA (sgRNA) is a condensed
form of crRNA and tracrRNA [44]. The Cas9 nuclease and sgRNA combine to form a Cas9
ribonucleoprotein (RNP) that can bind to and cleave the specific target in DNA [43].

Furthermore, the desired task of CRISPR-Cas9 systems is provided by the protospacer
adjacent motif (PAM), which is an area inside an invading DNA that helps bacteria in
differentiating pathogenic genetic information from its own [45,46]. If the spacer sequence
is entirely identical to PAM, the CRISPR-Cas9 system will exclusively target plasmid or
viral genetic materials by generating double-stranded (ds) DNA breaks in the invaded
DNA [47]. As a result of these findings, researchers have determined that the CRISPR-Cas9
system can be employed as a new genome-editing tool in various organisms. It causes
double-strand breaks (DSB), which can be fixed by either the homologous directed repair
pathway (HDR) or error-prone non-homologous end junction (NHE]) pathway, which
are both endogenous self-healing processes [48]. NHE] is more effective than HDR in
most cases because it does not depend on a nearby homology donor and is also active for
approximately 90% of the cell cycle [49]. NHE] can integrate random insertion or deletion
(indel) into the cleavage site, resulting in frameshift mutation or early termination codon
in the open reading frame of the target gene so as to inactivate it [50,51]. However, HDR
can introduce precise genomic changes at the target site using homologous DNA repair
templates [52,53]. In addition, many sgRINAs targeting one or more genes can be used to
create large deletions and knock out many genes at the same time [54,55].

3. Parkinson’s Disease

Movement disorders, such as PD and HD, are some of the most frequent NDs. They
are classified as complex neurological diseases and are characterized by affected body
movements [56]. PD is a heterogeneous neurodegenerative condition that affects an es-



Pharmaceutics 2022, 14, 1252

4 0f29

timated 10 million people globally [57]. The progressive loss of DNs in the substantia
nigra pars compacta (SNpc) causes motor symptoms such as rest tremors, bradykinesia,
and rigidity, which constitute the core of PD clinical characteristics [58]. This neuronal
loss is followed by the appearance of cytoplasmic inclusions of Lewy bodies (LBs), which
are primarily made of aggregates of misfolded o-synuclein protein and may spread in
a prion-like way between synaptically interconnected areas [59]. In vivo, in vitro, and
autopsy studies support that a-synuclein spreads in a prion-like manner [60].

In addition, non-motor symptoms like cognitive decline, sleeping problems, depres-
sion, intestinal dysfunction, and anxiety are also becoming more commonly recognized
as key factors in a patient’s standard of living and impairment [61]. PD prevalence rises
with age (from 40-49 years up to people aged >80 years), and it is gender-dependent,
with it being twice as common in males than in females [62,63]. The incidence rate of PD
worldwide is increasing, and by 2040, the number of people suffering from the disease is
expected to be close to 12 million, prompting some scholars to list it as a pandemic [64,65].
The majority of PD patients are classed as idiopathic, with approximately 10% having a
proven monogenic cause (familial PD). Idiopathic PD’s etiology is unknown, but genetics,
aging and environmental factors and their interactions have a role in the disease’s onset
and development. Ninety common polymorphisms linked to the development of PD have
been discovered in genome-wide studies [11,66], and the influence of genetic factors on
the clinical heterogeneity and development of PD is still being investigated. Currently, the
most common treatment for PD is symptomatic medication therapy. No mechanism-based
treatment methods to prevent, regulate, or minimize the clinical signs of PD have been de-
veloped [67,68]. Additionally, the symptomatic therapeutic modalities used have many side
effects. With the progression of the disease, the nonlinear pharmacodynamics of dopamine
(DA) replacement therapy complicates the optimization of a treatment regimen [69]. A
few cell replacement therapy researchers have demonstrated the feasibility of producing
DNs from human embryonic stem cells (hESCs) and implanting these cells in animal PD
models [70,71]. The early findings revealed that DA levels in the brains of experimen-
tal animals had increased [72]. However, this technique has several unresolved issues,
including the possibility of immunologic response, brain tumors, ethical considerations,
phenotype instability of hESC-derived DA neurons, and the need to assess the treatment’s
effectiveness and safety in PD patients.

4. Application of CRISPR-Cas in PD

Based on the potential pathogenic function of microglia and «-synuclein’s demon-
strated ability to destroy aberrant intracellular « -synuclein filaments and prevent DA
neuron damage [73,74], vaccines against «-synuclein might be an effective treatment option.
However, no research focused on this method has yet been published. New mechanistic
studies are needed to better understand the pathogenesis of PD, in which environmental
and genetic variables contribute to a range of aberrant metabolic pathways and incorrect
interactions between different macromolecules. The CRISPR-Cas9 system—a revolutionary
technology created in the last decade that allows for immediate and accurate genome
editing in nearly any living species—seems to be a promising approach in PD also [75,76].
CRISPR-Cas9 offers the possibility to accelerate basic research, focusing on elucidating
the pathogenicity of neurological diseases and leading to new therapies, according to
several recent articles, mainly for PD [77,78]. CRISPR-Cas9 technology is more succinct,
versatile, and cost-effective than other gene-editing methods, resulting in its increasing
popularity [41]. The CRISPR-Cas9 system enables us to edit candidate genes (Table 1) to
generate appropriate animal and cell line models, significantly improving our understand-
ing of the disease. In the future, it may become an important tool for effective and valuable
gene therapy, which is considered to be a new therapeutic strategy for PD [79].
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Table 1. Genes implicated in the development of PD, their loci, proteins, functions, phenotypes, and neuropathology.
Genes Gene Locus Altemtalfzvgielemes of Proteins Gene Function Results of Gene Mutation Onset of PD
Frkinio 465 amino sed Ul WA et L dopaminersic
PRKN 6926 PARK2 Parkin gase that paricip P : neuron apoptosis in the SN, Early [80-85]
protein degradation. It damages misfolded and g
overproduced proteins, as well as ubiquitin. and neurofibrillary
The SNCA gene produces a protein called -synuclein,  The broad presence of LB throughout
. widely distributed in neurons. Its function is the brain and cerebral cortex, as well
SNCA 4q22.1 PARK 1/PARK 4 a-synuclein - . . . L Early [86-88]
unknown; however, it may be involved in regulating as neuronal destruction in the
vesicular and dopamine neurotransmission. LCand SN
PTEN induced putative The mitochondrial function of this protein is to The occurrence of LB in the reticular
PINK1 1p36.12 PARK6 Kinase 113 protect the mitochondria from the damaging effects nuclei of the brainstem and neuronal Early [89-91]
of cellular oxidative stress. loss in the SN pars compacta
4 like RAB39B SN and classical LB disorder early-onset
membrane compartments.
Several tissue and organs, including the brain,
contain the DJ-1 protein. This protein acts as a
. : chaperone molecule and prevents cells from .
b1 1p36.23 PARK7 DI oxidative stress. DJ-1 assists in the refolding of LB pathology Early [95-98]
damaged proteins as well as the assembly of specific
proteins into the right three-dimensional shape.
Heterogeneous: degeneration of
Letcine-rich repeat The protein Roco family includes the component of neurons in the SN and occurrence of
LRRK2 12q12 PARKS Kinase 2 P the gene LRRK?2. It is involved in cytoskeletal LB in the brain; specific cases: Late [99-101]

dynamics, autophagy, and vesicular transport.

Neurofibrillary tangle pathology, lack
of LB, and neural nigral degeneration

PD, Parkinson’s disease; SNCA, Synuclein alpha; SN, substantia nigra; LB, Lewy body; LC, locus coeruleus; LRRK2, leucine-rich repeat kinase 2; PINK1, PTEN-induce kinase 1.
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CRISPR-Cas9 technologies have been proposed to offer a number of genomic modifica-
tions in addition to site-directed gene editing. CRISPR interference (CRISPRi) and CRISPR ac-
tivation (CRISPRa) technologies have also been used to regulate the expression of target genes
by making precise base modifications with a catalytically dead nuclease (dCas9) [102-105].
In addition, they have been adapted as tools for gene location detection [106], epigenetic
research [107], and even modified RNA targeting (Figure 1) [108].

Delivery methods Cellular and animal model

=
bz Y 9
:_L;.g? Cationic Polymers e o
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CRISPR-cas9 Applications th. .
+
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Figure 1. Potential applications of CRISPR-Cas9 in PD.

5. Gene Therapy and PD

Gene therapy was first introduced in 1972 as a method of replacing defective DNA
with “good” DNA that may be used to treat disorders at the DNA level [109].

Neuropathological findings show a link between mutations in the x-synuclein (SNCA)
gene and the severity of neuronal degeneration in the SN region of PD patients. Therefore a
considerable effort is made to edit this target. Kantor and colleagues focused on the devel-
opment of an epigenetic-based therapeutic approach targeting SNCA expression regulation.
As SNCA transcription is regulated by DNA methylation at SNCA intron 1, a level in the
brain that differs between PD patients and controls, they created a technique for targeted
DNA methylation editing within intron 1 using an all-in-one lentiviral vector. The system
was made up of CRISPR-deactivated Cas9 (dCas9) coupled to the DNA-methyltransferase
3A catalytic domain (DNMT3A). Applying the system, they downregulated SNCA mRNA
and protein in human induced pluripotent stem cell (hiPSC)-derived DNs from a PD patient
with the triplication of the SNCA locus. PD-related cellular phenotype characterized by, for
example, mitochondrial ROS production and cellular loss were rescued by the guide RNA
(gRNA)-dCas9-DMNT3A systems. Moreover, the fine-tuned downregulation of SNCA
level with the CRISPR-dCas9 tool was suggested to be used for a novel epigenetic-based
therapeutic approach against PD [77]. Hyung Ho Yoon et al. studied the CRISPR-Cas9
tool in vitro and in vivo to eliminate A53T-SNCA. In vitro, an AAVS comprising the single
guided RNA and SaCas9-KKH targeting A53T-SNCA greatly decreased the expression
of A53T-SNCA. Moreover, they examined the therapeutic effects of this approach in the
viral A53T-SNCA overexpressing rat model of PD. Overexpression of x-synuclein, mo-
tor symptoms, dopaminergic neurodegeneration, and reactive microgliosis was reduced
dramatically when the A53T-SNCA gene was deleted. The findings support the use of
the CRISPR-Cas9 technique to minimize A53T-SNCA-specific PD [110]. Furthermore,
Y Chen et al. used the CRISPR-Cas9n strategy to establish SNCA—/— and SNCA+/—
cell lines by deleting the endogenous SNCA gene, which encodes for «-synuclein, in a
clinical-grade hESC line. As cell replacement in PD patients has been demonstrated to
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be susceptible to the host-to-graft transfer of «-synuclein pathology, the developed hESC
lines converted into mDA neurons were challenged with synthetic «-synuclein fibrils. The
recombinant neurons showed significant resistance to Lewy pathology, supporting the use
of CRISPR/Cas9n-mediated in removing SNCA alleles against PD [111].

Inoue et al. have demonstrated that manipulating the expression of a novel 13-kDa
protein (p13) inducing mitochondrial dysfunction and related apoptosis may be a promising
therapeutic intervention in PD. In p13-deficient mice generated by using the CRISPR/Cas9
method, there was no motor dysfunction or DAergic neuron destruction following treat-
ment with model neurotoxin MPTP. Moreover, they demonstrated that p13 knockout
prevented MPTP-induced impairment of complex I assembly in the midbrain of mice [112].

The therapies developed for targeting PD can be disease-modifying and non-disease-
modifying. Platelet-Derived Growth Factor (PDGF), Glial Cell Line-Derived Neurotrophic
Factor (GDNFEF), Brain-Derived Neurotrophic Factor (BDNF), and Neurturin are several
disease-modifying targets that can decrease the development of PD. While non-disease-
modifying Vascular Endothelial Growth Factor A (VEGF-A) and Cerebral Dopamine Neu-
rotrophic Factor (CDNF) are symptomatic, they do target GABA (Gamma-aminobutyric
acid) or dopamine synthesis [113,114].

Gene editing has the potential to uncover the molecular basis of PD, find new therapeu-
tic targets, and eventually generate new gene treatments. Upregulation and downregulation
of gene expression or selective editing of key genes known to be modified in PD, such as
PRKN, GDNEF, PINK1, and AADC (aromatic L-amino acid decarboxylase), can be used to
correct defects in the molecular pathways related to PD [113]. Gene editing could still be a
viable technique for restoring the activity of important biological pathways that have been
interrupted and may be contributing to PD.

Gene editing is a viable approach for restoring the function of essential biological
pathways that have been disrupted and cause PD symptoms. Based on therapeutic goals in
PD, four categories of this approach are being developed [115]. The first strategy is to boost
brain DA bioavailability. In order to stimulate brain regeneration, the second technique
relies on neurotrophic factors and neuromodulation in the subthalamic nucleus (STN). A
third strategy focuses on genes involved in mitochondrial pathway and mitophagy. Lastly,
the fourth technique involves decreasing «-synuclein synthesis, which helps to alleviate
the effects of modified mitochondrial pathways (Figure 2) [116-118].

: ! Regulation of

Mitophagy

Dopamin

Figure 2. Four categories of gene-editing strategies for PD based on the therapeutic target are
(1) enhancement of dopamine synthesis, (2) increase in the availability of trophic factors and neuro-
modulation, (3) activation of mitophagy, and (4) a-synuclein clearance in the brain.
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These techniques aim to change the mitochondrial, autophagic, and lysosomal metabolic
pathways, which have been linked to PD and neuron survival. In gene-editing studies of PD,
the DA pathway and neurotrophic factors have received the most attention. Neurotrophic
factors can be manipulated to reduce symptoms and improve neuron survival [119]. Al-
ternatively, non-pulsatile stimulation of DA production is often used in dopaminergic
pathway strategies, which can significantly enhance current treatments [120].

Importantly, Basu Sambuddha and colleagues created a cell line that was expressing
SNCA labeled with a nono-Luc luciferase reporter by using the CRISPR-Cas9 strategy. A
linear rise in luminous activity was observed as cell numbers were increased from 2500 to
50,000 copies. Their finding revealed that SNCA transcription is monitored endogenously,
suggesting that it could be used as a drug testing technique for future PD therapies [121].

The limitations of CRISPR-Cas9 systems include Cas9 delivery efficiency into cells or
tissue, off-target effects, and ethical concerns about using CRISPR technology in humans [122].
Although these therapies seem to be quite interesting and effective, more research is required
to determine that they can be utilized safely.

6. Disease Modeling and Genetic Screening

Targeted gene modification using CRISPR/Cas9 technology is a powerful method
for studying gene function and precisely manipulating cellular behavior and function.
Moreover, this tool enables genetic engineering at the organism level to create animal
models to better understand the etiology and molecular mechanisms of various diseases
that can be applied for therapeutic strategies [123].

Animal models are crucial in screening novel pharmacological agents and developing
new PD treatment strategies [124]. The relevance of a disease model in terms of predictive
validity and construct validity must all be considered when choosing a disease model [125].
The selection is crucial because the research’s translatability depends on appropriate animal
models to mimic the human condition or pathology [126]. Moreover, the development of
animal models focuses on one or more primary mechanisms associated with PD, such as
mitochondrial dysfunction, oxidative stress, and cell neuroprotection [127,128].

As PD is a complex disease with an extensive range of symptoms and development
rates, it needs a wide range of animal models to investigate its various features and
biological characteristics. Wormes, flies, mammals (rodents, primates, cats, minipig, and
dogs), and other animal species (such as drosophila and zebrafish) have been used in
PD research [129]. Worms and flies are beneficial for investigating individual pathogenic
pathways; however, rodents and non-human primates are being studied more closely to
understand human diseases better. Rodents are the most common animal species used in
PD research because they have many genetic similarities to human anatomy, are easy to
handle, do not require a unique breeding setup, and are moderately smaller [130,131].

Numerous genetic studies have provided a better understanding of the potential etiol-
ogy of PD with family history-specific mutations in the SNCA, PARK2, LRRK?2, PINK1, and
DJ-1 genes [132]. SNCA is linked to a-synuclein expression, and it is the most important
predictor of sporadic PD [133]. Chen et al. used isogenic human induced pluripotent
stem cell-derived neurons from PD patients with A53T and SNCA triplication, autosomal
dominant mutations, and their associated corrected cell lines by genome editing to examine
the molecular role of SNCA in the nucleus. For the first time, it has been postulated that
a-synuclein interacts with Ras related nuclear protein and operates properly in nucleocyto-
plasmic transport constituents while also exerting its pathogenic effect by sequestering the
Ras-related nuclear protein. It is concluded that a common pathomechanistic driver of neu-
rodegenerative disorder is mainly the result of defects in the nucleocytoplasmic transport
constituents [134]. This mechanism was further validated in CRISPR-edited iPSCs [135].
Another study found that the distal regulatory SNP locus rs12411216 could influence glu-
cocerebrosidase gene expression and enzymatic activity, as well as increase x-synuclein
aggregation, which indicates its importance in the pathophysiological development of PD.
This study shows the interaction between glucocerebrosidase mutation and «-synuclein ag-
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gregation, as well as the fact that the rs12411216 SNP is a causal variable that might be used
as a de novo biomarker for mild PD cognitive impairment prognosis [136]. Another study
found that SNCA-depleted cell lines are resistant to Lewy pathology [137]. CRISPR-Cas9 is
a valuable technique that helps researchers in PD investigations establish isogenic cell lines
for PD modeling because genome editing tools could contribute to studying PD phenotypes.
Isogenic pairs of cell lines are those which vary only by a single genetic alteration, and are
useful tools for figuring out how genes work. However, it is laborious, time-consuming,
and in some cases impossible to create a pair of mammalian cells [138]. Arias-Fuenzalida
et al. used fluorescence-activated cell sorting-assisted CRISPR-Cas9 editing to develop the
set of isogenic lines with human SNCA mutants and the relevant PD phenotype [139].

Because of their roles in mitochondprial function control, PINK, P13, and PARKIN are also
emphasized as potential therapeutic targets. Mutations in Parkin and PINK1 homologs cause
mitochondrial dysfunction in flies, resulting in DA neuron loss, mitochondrial augmentation
and decomposition, muscle degeneration, and a limited lifespan [140,141]. Parkin and PINK1
knockout mice, on the other hand, were unable to reproduce the PD-related symptoms seen
in human patients [142]. Furthermore, in neuronal cultures and in vivo, mitophagy pathways
that do not depend on Parkin and PINK1 have been discovered [143,144]. Several studies have
demonstrated PINK1 knockout animal models [145,146]. In CRISPR-edited PINK1 knockout
rhesus monkeys, Yang et al. found a substantial number of neuronal deletions, but not in
PINK1 defective mice or pigs. This discrepancy can be explained by PINK1 activity and
expression in primates [147]. PINK1 is hypothesized to have a wide range of properties. The
phenotypic intensity and difficulty caused by PINK1 deletion may vary depending on the
number and type of single-gene mutations. Moreover, variable degrees of PINK1 deletion
can be caused by a mosaic of CRISPR-Cas9-mediated mutations [147]. Several attempts
have been made to use CRISPR-Cas9 technology to explore and cure PD-related diseases
linked with Parkin/PINK1-dependent mitophagy dysfunction. However, in animal models
of PD, knocking out PINK1 and Parkin did not replicate the PD-related behavioral patterns
and pathological abnormalities reported in patients [146,147]. PARKIN mutations have been
investigated in iPSC lines to see how they affect PD-related protein expression [148]. These
findings show that the pathology of PD is very complicated, and it is dependent on the proper
operation of numerous different processes.

Several researchers have proposed creating an LRRK2-related PD stem cell model [149].
Mutations in the LRRK?2, associated with its enhanced aberrant activity and resulting in
DNis toxicity, are the most common genetic cause of sporadic and familial PD. The p.G2019S
mutation is the most frequent in the LRRK2 gene, and the G2019S LRRK2 mutant is sug-
gested to directly interact with and phosphorylate x-synuclein, resulting in its aggregation
and cell death. LRRK2 is a notable component of LBs found in human PD brain samples.
In patient-derived human induced pluripotent stem cells (hiPSCs), Qing et al. applied
the CRISPR-Cas9 and piggyBac technologies to generate the LRRK2-G2019S isogenic hiPS
cell line, which recapitulated the cellular phenotypes observed in DNs from patients with
the LRRK2-G2019S mutation with the decrease of the tyrosine hydroxylase (TH) positive
neurons [150]. Another LRRK2 iPSC model created using the TALEN method could also be
used as a reference [151].

Another protein, DJ-1, is related to reactive oxygen species (ROS) formation, oxidative
stress, autophagy regulation, and mitochondrial function [152,153]. Autosomal-recessive
early-onset PD has been linked to mutations in the DJ-1 gene (PARKY?) [154]. Hao et al.
revealed that knocking out DJ-1 in mice and drosophila resulted in age-dependent mito-
chondrial dysfunction. DJ-1 knockout flies, like Parkin and PINK1 mutants, have male
sterility, restricted climbing abilities, and a short lifespan [154]. Parkin and PINK1 mutants
have the same phenotypes as DJ-1 knockouts, such as male sterility, reduced climbing
ability, and limited lifespan [155]. Although Parkin/PINK1 and DJ-1 may be involved in
two distinct pathways that are both important for mitochondrial activity, their exact inter-
actions remain uncertain [154]. It has also been found that DJ-1 can decrease «-synuclein
aggregation and toxicity [156]. DJ-1 has been shown to interact directly with monomeric
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a-synuclein in vitro and in vivo cells, reducing its dimerization. On the other hand, DJ-1
mutants were unable to prevent a-synuclein dimerization and so lost their protective
qualities [157].

Pigs have several good anatomies, physiology, and genetic qualities that make them
better models for human disorders, particularly NDs, because their brain convolutions
are like those of the human neocortex. Wang and colleagues, by co-injecting Cas9 mRNA
with multiplexing single guide RNAs (sgRNAs) into in vivo derived pronuclear embryos,
simultaneously targeted three unique genetic loci, parkin/DJ-1/PINK]1, to create a human
PD pig model in Bama miniature pigs. The findings show that the CRISPR-Cas9 system’s
simplicity, efficiency, and power may be used to modify numerous genes in pigs and
produce medically beneficial results [158]. Zhou et al. used Cas9/sgRNAs to effectively
direct gene editing in pig fetal fibroblasts and then used mutant cell colonies as donors to
make homozygous gene-targeted pigs with a single somatic cell nuclear transfer (SCNT)
round. The combined CRISPR-Cas9-SCNT system allowed for the creation of single- or
double-gene targeted pigs without mosaic mutation or obvious off-target consequences.
This method offers the development of genetically modified pigs or other large animals in
a more efficient, quick, and cost-effective manner [146].

Monkey research is crucial in the pre-clinical development of therapies and is effective
for a psychological examination of more complicated behaviors because monkeys are
more closely related to humans [159]. Chen et al. validated that microinjection of two
truncated sgRNAs and Cas9-D10A mRNA into embryos of one-cell stage cynomolgus
monkey resulted in effective gene alterations, enabling one-step creation of PINK1 mutant
monkeys, and did not cause observable indels in the top 13 possible off-target sites. The
result shows that paired Cas9 appears to be an effective and precise method for establishing
human disease models in non-human primates [160]. Hao Li et al. directly coedit DJ-1 and
PINK1 genes in the substantia nigras of middle and old aged monkeys using the AAV9-
delivered CRISPR-Cas9 system. It has been demonstrated that the middle-aged monkeys
acquired PD signs but to a limited extent compared to the older ones. This indicates that
aging plays a role in the progression of PD. However, it is still unclear how this model
resembles the developing process of early-onset familial PD [161].

7. Delivery of CRISPR-Cas

The CRISPR-Cas9 gene-editing technology has completely transformed the research
field. Continuous efforts in developing this science have provided excellent in vivo, in vitro,
and ex vivo gene editing using diverse delivery strategies [162]. Importantly, this also has
emerged as a powerful tool to manipulate the genome for therapeutic purposes to treat
various genetic disorders such as thalassemia, tyrosinemia, or cancers [163]. In order to
successfully deliver the CRISPR-Cas9 genome editing system, both physical techniques
and delivery vectors are usually used. mRNA or plasmid expressing nucleases can be
delivered to target tissue or cells using delivery vehicles like viral and non-viral vectors.
Alternatively, for the delivery of nuclease into cells, physical means such as laser, physical
energy, ballistic delivery, microinjection, or electroporation can be used [164]. Because of the
drawbacks of viral vectors, such as immunogenicity, carcinogenesis, and low encapsulating
capacity, non-viral vectors are preferred [165-167]. Only a few non-viral vectors for gene
therapy have entered clinical trials due to their poor in vivo delivery effectiveness [168].
We summarized techniques for delivering CRISPR-Cas9 systems into cells in this context.

7.1. Viral Vectors

Infection and replication are the two processes through which viruses deliver their
information. A virus can detect and penetrate a specific cell during the infection stage, and
the viral genome is released into the cytoplasm in case of cytoplasm or nucleus in case of
DNA for its replication. Replicated virions leave the cells once the viral genome has been
replicated in the cells. In nearby cells, the infection stage begins again, and the infection—
replication cycle continues [169]. Gene therapy can be accomplished by genome editing
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when the virus transports the delivery materials to the targeted cells. Virus vectors were
the first vehicle to efficiently deliver CRISPR genome editing components. Retroviruses,
adenoviruses, lentiviruses, and adeno-associated viruses are the most successful viral
vectors [170]. These vehicles can carry sequences ranging in length from 4.5 to 5 kb,
usually including sgRNA as well as a short regulatory component with promoter and
polyadenylation sequence information, depending on the virus [171].

The Adenoviridae family of adenoviruses (AVs) was first discovered in human adenoid
cells in 1953. AV-mediated delivery can be used in both in vitro and in vivo conditions in
general [172]. Many cell lines were effectively delivered with RNA-guided nuclease [173].
Adenoviral vectors (AdVs) are frequently used in clinical trials to deliver genes. AdVs can
target both nondividing and dividing cells, but they do not incorporate into the genomes
of their hosts [174]. The researchers examined second-generation fiber-modified AdVs that
expressed the Cas9 element or gRNA component transduced into a safe harbor gene AAVS1
or a recombinant allele that can be produced in high titers [173]. A significant disadvantage
of AdV-mediated delivery is that it can activate a high number of innate immune responses,
leading to AdV removal and tissue inflammation [174]. The production of AdVs takes
time [174], limiting the strategy’s use and efficacy.

Adeno-associated viral vectors (AAVs) have distinct advantages over other viral vec-
tors, like better delivering capabilities and non-pathogenic characteristics, which has led to
increased use in gene editing and CRISPR application [175]. Even though inflammatory
reactions have been described as a potential problem in AAVs, they remain a preferred
choice [176]. AAV’s safety and biocompatibility were confirmed in many clinical trials,
leading to the FDA’s approval [177]. The unique characteristics of AAV, including repli-
cation failure, lack of genomic integration, and human minimum immunogenicity, have
aroused interest in its use as a vector, especially in vivo [178]. After transduction, the AAV
genome is retained episomally in the nucleus and then diluted through the process of cell
division. Hence, in vitro AAV gene delivery via the episomal vector is a safe transient gene
expression approach [176]. Alternative AAV variants boost viral capacity and specificity
and have been tested successfully. Modifications to the capsid proteins are the most com-
mon. Concatemers of AAVs have a long life cycle and can be utilized to express transgenes
for a long time [177]. Peptides introduced to the AAV genome’s VP3 region cause vector
re-targeting, which improves specific-organ transduction. As a result, changes to the VP2
region can affect the vector’s viral delivery efficacy and transduction capability [179]. Cap-
sid engineering is a potential method for meeting the unique requirements of gene editing
applications. The virus may successfully target the central nervous system and pass across
the blood-brain barrier (BBB) due to its inherent directivity [180]. Because of the BBB’s lim-
ited permeability, transduction in the CNS can fail, making this change necessary for CNS
gene editing [181]. BBB is a filter that can capture particles bigger than 400 Da, making it
difficult for virus vectors to pass through [182]. Another limitation of AAVs is their limited
gene targeting efficiency. Only 0.1% to 1% of the total number of cells perform specific
homologous recombination under suitable conditions [183]. ZFNs are currently used in
only AAV-based gene editing trials that are registered on ClinicalTrials.gov to integrate
precise copies of genes into the genomes of individuals with mucopolysaccharidosis types
Iand II [184] or hemophilia B [185]. Clinical experiments using AAV-based CRISPR-Cas9
gene editing are expected to begin soon, as AAV-based delivery is likely to become more
popular. Furthermore, AVV vector-based treatments can be costly, making them unsuitable
for several CRISPR and gene delivery applications [186]. Lentivirus (LVS), another CRISPR-
Cas9 vector, has larger cloning efficiency (8KB) than the AVV vector, allowing sgRNA and
Cas9 to be cloned into a single LV vector. LV synthesis is also less time-consuming than
AAV production. In many cell types, both dividing and nondividing, the LV transduction
mechanism is extremely efficient [187]. The LV vector is an ideal choice for in vitro and
in vivo delivery because of these benefits [187]. Nevertheless, the most challenging part of
LV systems is random integration into host cell genomes. The incorporation of LVs into
oncogenes may result in their activation and tumorigenesis [188].



Pharmaceutics 2022, 14, 1252

12 of 29

7.2. Non-Viral Vectors

For in vitro and ex vivo CRISPR systems, physical delivery is a common approach [189].
This procedure significantly enhanced the amount of genetic material that is easily acces-
sible. Microinjection, electroporation, and hydrodynamic delivery are typical physical
delivery techniques [190]. Physical administration in zygotes has been employed to create
ex vivo transgenic animals, although these approaches were not intended for in vivo stud-
ies due to structural cellular damage [191]. A physical approach is a microinjection, which
employs a glass micropipette to administer RNP precisely into living cells. It bypasses
the molecular weight barrier by allowing accurate control of the injectable Cas9-sgRNA
complex [192].

Injection of RNP into embryos of various organisms has been successful so far, includ-
ing mice [193], zebrafish [194], rabbit [195], reef-building corals [196], and axolotl [197],
olive fruit fly [198], and spider mite [199]. Contrary to this, embryo microinjection may
result in inevitable cell damage, and it necessitates highly skilled manipulation and sophisti-
cated tools, both of which are difficult to implement in non-specialist facilities. Furthermore,
because their eggs are fragile or non-oviparous, some species are sensitive to embryonic
microinjection [200].

Furthermore, electroporation uses an electrical pulse to disrupt the phospholipid
bilayer of cell membranes, resulting in temporary nanopores through which biomacro-
molecules such as proteins, nucleic acids, and RNPs can pass [201]. Due to the successful
delivery of cargoes into a broad range of cells, electroporation is commonly used for ex
vivo and in vivo gene editing. This is superior to conventional transfection procedures,
which are usually confined to difficult-to-transfect cell types like primary cells. Ex vivo
gene editing through electroporation has helped in the development of stem cells for the
treatment of hematologic malignancies [202].

Biolistics, which stands for “biological ballistics”, is a direct physical approach for
delivering biomacromolecules primarily into plant cells. The biomolecules were encap-
sulated onto tungsten or gold microparticles, which were then accelerated to incredible
velocities with high-voltage electronic discharges, chemical explosions, helium shock, or
pressurized gas [203]. Magneto-electric nanoparticles (MENPs) have been shown to be an
effective magnetically guided approach for delivering CRISPR-Cas9/gRNA nanoparticles
across the BBB without interfering with its cellular junction [204]. As a result, the attached
biomolecules might be shot through cell walls and membranes into target cells. Using
this biolistic method, pre-assembled RNPs were delivered into maize embryo cells, and
as a result, there was a higher frequency of maize with changed alleles and better gene
mutations (Table 2) [205].
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Table 2. Summary of various delivery systems for CRISPR-Cas9.

Delivery System Cas9 Delivery Format Benefits Limitations References
Viral Approaches
Applicable in vivo, safe, non-integrating, low
Adenoviral associated virus (AAV) DNA immunogenicity, nucleic acid size < 5 kb, Limited cloning capacity, production difficulty. [206-217]
high infection efficiency
AV DNA Applicable in vivo, nuclelg acid size—8 kb, Immune response [218-224]
non-integrating
Lentiviral Applicable ex vivo and in vitro; high infection efficiency,  Capability for insertional mutagenesis, random
. DNA nucleic acid size 10-18 kb, persistent gene expression, integration, [209,225-233]
Virus - . . - . . .
efficient delivery, high capability for cloning transgene silencing
EV Protein 'Apphca}ble In vivo, In Vitro, and' X VIVO, Restricted quantification technique [234-239]
non-integrating, multiplexable, transient exposure
Non-Viral Approaches
Microinjection DNA, mRNA, or Protein Applicable in vitro and ex vivo, ta.rgeted delivery, precise Laborious, .cell damage, neeFl a hlgh level of [191,206,240-249]
and reproducible skills, mostly used in vitro
Electroporation DNA, mRNA, or Protein Applicable ex vivo ar.1d in vitro, acces§lble, high rate of Cell viability problem, generally in vitro only [226,250-260]
transfection, targeted delivery
Mechanical cell deformation Plasmid based CRISPR-Cas9 Relative low number of cell death, efficient delivery Mostly used in vitro [261-263]
Hydrodynamic injection DNA, protein, siRNA Sultabl.e for hgpatocyte t.ransfec.tlorf, feasible, loW cost, Nonspec1f1'c, causing tissue dgmage, not [264-273]
applicable in small animals (in vivo transfection) applicable for large animals
Lipid nanoparticle DNA, mRNA, or Protein Applicable in vitro and invivo, approved by FDA; safe, Cargo dggr.ada.tlon in epdosomes, ﬁgmﬁcant [209,274-278]
easy manipulation, minimal stress to cell, low cost optimization required, cell tropism
. . Applicable in vivo and in vitro, inert, high efficiency, Potentially harmful InVIvo, .a.t high
Gold nanoparticle Protein . . ! concentrations nonspecific [279,280]
membrane fusion like delivery .
inflammatory response
. Plasmid DNA, RNA, . . -
Polymer nanoparticles and oligonucleotides Safe and easy preparation Low delivery efficiency [281-286]
Magneto-electric BBB permeability, non-invasive, . .
nanoparticles (MENPs) sgRNA controlled release Magnetically guided [287]
Cell-penetrating peptide Protein Small size, can deliver intact RNP into a cell Variable penetrating efficiency, considerable [261,288-290]

(CPP) delivery

optimization required
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LNPs (lipid-based nanoparticles) are a non-viral chemical approach for delivering nu-
cleic acids. For nucleic acid delivery, lipid-based nanoparticles (LNPs) are often used [291].
As LNPs address BBB permeation well, they are widely developed for CNS-targeted
therapy [292]. Liposomes are perfectly circular lipid bilayer entities that form in an aque-
ous solution. Cell membranes and nucleic acid repel each other because they are both
negatively charged, preventing nucleic acids from entering cells. The complexes are more
accessible to fuse across cell membranes and enter cells when encapsulated in positively
charged liposomes [291]. Cationic lipids, which readily form a complex with negatively
charged nucleotide sequences and encourage RNA and DNA loading, can be used to make
the carriers [293]. As a result, lipid carriers are ideal for delivering plasmids carrying
CRISPR editing systems” sgRINA and endonuclease sequences. Furthermore, lipid-based
vehicles effectively transport RNPs or even nucleic acids and proteins in combination [190].

Polymer carriers for gene and oligonucleotide drugs are also used. The development of
cyclodextrin conjugates with the starburst polyamidoamine (PAMAM) dendrimer (CDEs)
for passive and active targeting genes have been progressing. Importantly, CDE has been
demonstrated to be a useful Cas9-RNA ribonucleoprotein (Cas9 RNP) carrier for gene
editing in the neuron and brain [294].

The main challenge in developing a brain-directed therapy is getting it past the BBB,
which isolates and protects neural tissue while also managing the entry of molecules and
thus obstructs delivery. In the Comprehensive Medical Chemistry database, approximately
7000 drugs have been evaluated, with only 5% of them being able to cross the BBB and
enter the CNS [295]. Various strategies have been demonstrated for efficiently delivering
components to neural tissue [296]. In 2014, Agustin-Pavon and his research group demon-
strated several invasive and less invasive procedures to successfully deliver components
into the neural tissue. The invasive methods involved direct injection during stereotactic
surgery into the ventricles or the parenchyma of the brain. Furthermore, laser irradiation,
microbubbles with ultrasound activation, and the entry of hyperosmotic solutions are also
involved in more invasive methods [296]. Intranasal access with nanoparticle (NP)-assisted
drug delivery across the BBB is a method that plays a significant role in reducing invasive
impact due to the application of solid colloidal NPs with sizes ranging from 1-1000 nm
(polymers, lipids, magnetic liposomes) [297]. In addition, NPs modification with cationic
stabilizers or non-ionic surfactants enabled successful BBB passage with subsequent cellular
labeling [298]. Another noninvasive procedure includes exosomes, cell-penetrating pep-
tides (CPPs), often called protein transduction domains (PTDs) or “Trojan horse” peptides,
which as a group of diverse peptides with a size ranging from 5-30 amino acids (4-24 nm)
have the efficiency in penetrating through cellular plasma membrane [299]. The methods
mentioned above can be used as a carrier to enhance the efficiency of CRISPR systems by
taking advantage of crossing the BBB, therefore possibilities of the target site editing could
be improved.

The intranasal route of administration allows therapeutic biomolecules to be delivered
directly to the CNS, bypassing the BBB without needing surgery. The mechanisms that
support nose-to-brain transport have previously been discussed [300,301]. Peptides, pro-
teins, siRNAs, viral gene vectors, non-viral gene vectors, and even cells have been shown
to transport from the nose to the brain successfully. Peptides and proteins have been the
most extensively researched of these. Insulin, melanocortin, and arginine vasopressin were
administered intranasally to healthy humans in one of the first studies [302]. Previously,
the efficacy of noninvasive intranasal delivery of siRNA by applying the cationic linear
polyethyleneimine to the brain of the adult mouse brain to achieve HIV attenuation has
been demonstrated [303].

Exosomes are naturally occurring membrane-bound vesicles with high biocompat-
ibility and minimal immunogenicity. They can transport proteins, plasmids, miRNAs,
and siRNAs, among other biomolecules, that could be used as cell-free therapeutics [304].
Therefore, engineered exosomes have been used to deliver drugs to specific locations [305].
Previous studies suggest the possibility of targeting exosomes for small molecule and
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miRNA delivery in cartilage regeneration [306]. Exosomes can encapsulate the components
of Cas9 and gRNA proteins, allowing the CRISPR-Cas9 system to transfer gene editing
activity into cells. Bioengineered Vero and CHO cells can create exosomes containing func-
tional gRNA and Cas9 proteins. In a unilateral 6-OHDA rat model, the therapeutic impact
of extracellular vesicles (EVs) produced from human exfoliated deciduous tooth stem cells
(SHED) was recently determined for the first time. In the striatum and substantia nigra,
they improved gait and normalized TH expression [307]. The accumulation of antioxidant
proteins thioredoxin (TXN), Cu/Zn peroxiredoxin-6 (PRDX6), and superoxide dismutase 1
(SOD1) in EVs may reduce the sensitivity of DNs to 6-OHDA, inducing oxidative stress
according to the previous studies [308]. This could be a promising non-viral therapeutic
alternative for PD that has minimal invasive adverse effects. Although there is increasing
interest in non-invasive gene editing methods that bypass BBB, more research is still needed
on its safety and effectiveness. Exosomes can indeed transport Cas9 proteins and gRNA to
targeted cells, enabling the CRISPR-Cas9 system to function [239]. Because of the Cas9 and
gRNA’s quick elimination and their outstanding biocompatibility, Cas9 and gRNA delivery
decrease the threat of off-target activities and genomic integration. Therefore, exosomes
may be the safest and most efficient way to deliver the CRISPR-Cas9 system.

8. Challenges and Future Perspectives

PD is a collection of movement disorders characterized by abnormal and undesirable
involuntary movements. Selective neuronal loss in parts of the brain involved in fine-
tuning activity is the major cause of the patients” different motor symptoms. However, this
knowledge of conventional therapies cannot prevent, reverse, or slow the progression of
PD. Current treatments aim to keep motor symptoms in check, but they are ineffective. As
a result, constant and concerted attempts are underway to establish innovative disease
treatment strategies. The failure rate of small molecule development for the treatment of
NDs is high. Novel approaches such as gene therapy, cell transplantation therapy, and
immunotherapy are still being extensively investigated in animal models. While there are
a lot of lingering questions about these new therapies, such as their safety and efficacy,
there is a strong likelihood that we will see them in clinics for PD treatment soon. As
a new genome-editing technique, CRISPR improves biomedical research and treatment
strategies for PD [309]. This system allows for genome alterations, including the deletion of
long nucleotide sequences, homologous recombination, insertion/deletion point mutations,
and transcription manipulation of specific genetic elements. Due to its functional nature
and resistance to epigenetic changes, CRISPR-Cas9 is now the most helpful technique
for genome editing in human disease modeling in vivo and in vitro [310]. However, as
we discussed above, the main limitation of effective gene therapy for PD is still the poor
understanding of its pathogenic mechanisms. Nevertheless, with an increasing number of
studies focusing on discovering the molecular mechanisms and developing gene therapies
for this disease, the CRISPR-Cas9 technology offers significant potential to be applied both
to improve our understanding of PD and to achieve successful future treatments targeting
the proper genes.

Despite its numerous advantages, multiple aspects of the practical application of
CRISPR-Cas9 must be optimized to maximize its functionality. DSB that can cause unex-
pected DNA changes or even lethality of some cells has been demonstrated. Therefore,
non-DSB and template-free genome editing types such as base editing (BE) or prime editing
(PE) are developing [311]. Cytosine and adenine base editing in mouse brains has been re-
ported to effectively correct a mutation causing neurodegenerative ataxia, as slowing down
neurodegeneration and increasing the animals’ lifespan has been demonstrated [312]. In the
G93A-50D1 mouse model of ALS, treatment with CRISPR base cytidine editors reduced the
rate of muscle atrophy and muscle denervation, improving neuromuscular function [313].
The high frequency of off-target genome modifications by CRISPR-Cas9 is a major chal-
lenge. Single and double-base mismatches may also be tolerated to variable degrees at the
gRNA-DNA interface, resulting in undesired mutagenesis [314]. Moreover, gRNA and
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Cas9-encoding plasmids show continuous gRNA-Cas9 complex formation, which could
lead to an accumulation of off-target mutagenesis. To prevent possible off-target regions in
the genome, cloud-based techniques can now be used to build unique target sequences.
Another option is to use recombinant Cas9 proteins, which produce mutations at on-target
sites as soon as they are introduced into cells and are promptly eliminated by cellular
protease machinery, reducing off-target effects [315]. In addition, a relatively low Cas9
concentration can reduce off-target effects while sacrificing on-target efficiency [316]. By
employing precise gRNAs and appropriate Cas9 concentrations, CRISPR-Cas9-mediated
gene targeting should become more specific and decrease off-target effects. Because of
the technology’s novelty, the long-term effects of undesirable mutagenesis induced by
CRISPR-Cas9 in humans are difficult to predict, as evidenced by the expert debate over the
promising long-term medical advantages and the negative side effects encompassing the
first CRISPR-Cas9-edited baby born in China in 2018 [317]. Before this technology may be
employed in therapeutic settings, ethical and safety considerations must be resolved. The
inconsistency of CRISPR-Cas9-based treatments’ delivery to target cells is also major issue.

Another problem with CRISPR-Cas9 is mosaic mutations, which can be caused by
prolonged Cas9 expression after cell division or by a slow rate of Cas9 nuclease cleavage.
Conversely, non-homozygous recombination activities and differential DNA repair can
alter genetic mutation levels and mosaicism in polarized embryonic cells and zygotes.
Some scholars have also tried to transport Cas9 proteins directly into cells with relatively
high effectiveness, however, mosaic mutations persist [260]. Cas9 nuclease expression in
zygotes can be closely controlled at the transcriptional and translational levels, potentially
reducing mosaic mutations.

The reduced rate of homologous recombination is another dilemma for CRISPR-Cas9.
HDR occurs in the synthesis (S) and pre-mitotic (G2) phases [318], whereas NHE] normally
occurs during the mitotic (M) stages and growth 1 (G1) [319]. The HDR rate is low, despite
the high efficacy of CRISPR-Cas9-mediated indel mutations via NHE]. By suppressing
NHE] critical molecules, CRISPR-Cas9 has been shown to boost HDR rates [320].

Another critical issue is the emergence of immunological reactions when CRISPR is
used, and a person’s body fights against gene therapy. The consequences of anti-Cas9
responses were demonstrated using a sample of 34 human blood cells in a recent study.
Antibodies to SaCas9 and SpCas9 were found in 79% and 65% of the samples, respectively.
This issue will have to be addressed in clinical applications to properly utilize CRISPR’s
promise to combat genetic disease [79]. Furthermore, several limitations exist for the
effective delivery of the CRISPR-Cas9 component through lipid nanoparticles. The first
step is to consider both external and internal obstacles. After passing through the cell’s
surface, the nanoparticle is usually wrapped in an endosome. Cells can rapidly guide
the encapsulated contents through the lysosomal pathway, resulting in the degradation
of all lysosomal contents. Therefore, the cargo must be able to escape the endosome. In
addition, if the Cas9: sgRNA complex can escape the endosome, it must then translocate to
the nucleus, which can be a point of failure. As a result, high efficacies when delivering
CRISPR-Cas9 components via lipid nanoparticles are rare [190]. Recently, nanostructured
materials (both organic and inorganic) have emerged as valuable agents for effectively
internalizing cells and thereby increasing the efficacy of gene-editing methods [321].

Another disadvantage of CRISPR utilization is the lack of an efficient delivery strategy
for accessing the CNS framework. Suitable delivery vehicles may be able to help over-
come some of the present issues with CRISPR gene editing applications [190]. Lentivirus,
AAV, electroporation, microinjection, and liposomal or nanoparticles are all standard de-
livery methods, and some of them work for CRISPR-Cas9-based therapeutic delivery in
the CNS [322]. Furthermore, to overcome this limitation, a neuron-preferring chimeric
AAV-based CRISPR-Cas9 approach for inducing brain-specific gene deletion has been
developed [323].

However, there are numerous hurdles connected with CRISPR-Cas9 delivery, and
we expect that as materials research and nanotechnology progress, more robust delivery
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techniques will be developed to overcome these obstacles, allowing the clinical application
of “magic scissors” to move forward.

9. Summary

New therapeutic approaches for PD treatment have recently been developed due to
several challenges and drawbacks with present medications in terms of adverse effects,
efficacy, and cost. Cell transplantation therapy, immunotherapy, and gene therapy are
examples of innovative techniques that are still being developed and evaluated in animal
models. However, there remain many unanswered questions about these novel technolo-
gies, such as their safety and efficacy, but there is still a significant chance that we will see
the use of these strategies in the clinic for PD therapy in the near future. The treatment of
hereditary diseases with gene therapy is a source of great promise for scientists. In vitro
and in vivo, gene editing methods can solve the problem of gene defects by permanently
altering a genomic sequence of interest through insertion, deletion, disruption, and cor-
rection. Additionally, sufficient study is required to enhance the procedure and validate
the standard efficacy in the animal model. CRISPR could be employed in a variety of
clinical settings, including adult stem cells, ESCs, and iPSCs. It would also be essential to
investigate whether similar gene-correction technologies could be used to repair mutations
in PD diseases. Though CRISPR-Cas technology has a good prospect for long-term gene
editing, it is still difficult to bring it into clinics because of immune system activation,
off-targeting, and poor in vivo delivery.

Author Contributions: Conceptualization, M.K.; investigation, M.u.R.; resources, M.u.R.; writing—
original draft preparation, M.u.R.; writing—review and editing, ].A.S.,, M.K., A K,; artwork, M.B,;
supervision, M.K., P-L.T.; funding acquisition, M.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author would like to thank Malgorzata Kujawska and Poznan University of
Medical Sciences, Poznan, Poland.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Kovacs, G.G. Concepts and classification of neurodegenerative diseases. In Handbook of Clinical Neurology; Elsevier: Amsterdam,
The Netherlands, 2018; Volume 145, pp. 301-307.

2. Houston, F; Andréoletti, O. Animal prion diseases: The risks to human health. Brain Pathol. 2019, 29, 248-262. [CrossRef]

3. Gao, Y.-L.; Wang, N.; Sun, E-R.; Cao, X.-P.; Zhang, W.; Yu, J.-T. Tau in neurodegenerative disease. Ann. Transl. Med. 2018, 6, 175.
[CrossRef]

4. Zheng, M.; Shi, Y,; Fan, D. Nuclear TAR DNA-binding protein 43: A new target for amyotrophic lateral sclerosis treatment. Neural
Regen. Res. 2013, 8, 3284.

5. Mackenzie, LR.; Neumann, M. Fused in sarcoma neuropathology in neurodegenerative disease. Cold Spring Harb. Perspect. Med.
2017, 7, a024299. [CrossRef] [PubMed]

6.  Johnson, LP. Age-related neurodegenerative disease research needs aging models. Front. Aging Neurosci. 2015, 7, 168. [CrossRef]

7.  Bertram, L.; Tanzi, R.E. The genetic epidemiology of neurodegenerative disease. J. Clin. Investig. 2005, 115, 1449-1457. [CrossRef]
[PubMed]

8.  Weggen, S.; Beher, D. Molecular consequences of amyloid precursor protein and presenilin mutations causing autosomal-
dominant Alzheimer’s disease. Alzheimer’s Res. Ther. 2012, 4, 9. [CrossRef] [PubMed]

9.  Sun, L, Zhou, R; Yang, G.; Shi, Y. Analysis of 138 pathogenic mutations in presenilin-1 on the in vitro production of A42 and
APB40 peptides by y-secretase. Proc. Natl. Acad. Sci. USA 2017, 114, E476-E485. [CrossRef]

10.  Shin, J.W.; Lee, ].-M. The prospects of CRISPR-based genome engineering in the treatment of neurodegenerative disorders. Ther.

Adv. Neurol. Disord. 2018, 11, 1756285617741837. [CrossRef]


http://doi.org/10.1111/bpa.12696
http://doi.org/10.21037/atm.2018.04.23
http://doi.org/10.1101/cshperspect.a024299
http://www.ncbi.nlm.nih.gov/pubmed/28096243
http://doi.org/10.3389/fnagi.2015.00168
http://doi.org/10.1172/JCI24761
http://www.ncbi.nlm.nih.gov/pubmed/15931380
http://doi.org/10.1186/alzrt107
http://www.ncbi.nlm.nih.gov/pubmed/22494386
http://doi.org/10.1073/pnas.1618657114
http://doi.org/10.1177/1756285617741837

Pharmaceutics 2022, 14, 1252 18 of 29

11.

12.

13.

14.
15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Nalls, M.A; Blauwendraat, C.; Vallerga, C.L.; Heilbron, K.; Bandres-Ciga, S.; Chang, D.; Tan, M.; Kia, D.A.; Noyce, A.].; Xue, A.
Identification of novel risk loci, causal insights, and heritable risk for Parkinson’s disease: A meta-analysis of genome-wide
association studies. Lancet Neurol. 2019, 18, 1091-1102. [CrossRef]

Feigin, V.L.; Abajobir, A.A.; Abate, K.H.; Abd-Allah, F; Abdulle, A.M.; Abera, S.F.; Abyu, G.Y.; Ahmed, M.B.; Aichour, A.N;
Aichour, I. Global, regional, and national burden of neurological disorders during 1990-2015: A systematic analysis for the Global
Burden of Disease Study 2015. Lancet Neurol. 2017, 16, 877-897. [CrossRef]

Gomes, L.C.; Galhoz, A.; Jain, G.; Roser, A.-E.; Maass, F.; Carboni, E.; Barski, E.; Lenz, C.; Lohmann, K.; Klein, C. Multi-omic
landscaping of human midbrains identifies disease-relevant molecular targets and pathways in advanced-stage Parkinson’s
disease. Clin. Transl. Med. 2022, 12, e692.

Bloem, B.R.; Okun, M.S.; Klein, C. Parkinson’s disease. Lancet 2021, 397, 2284-2303. [CrossRef]

Skrahina, V.; Gaber, H.; Vollstedt, E.J.; Forster, T.M.; Usnich, T.; Curado, F,; Briiggemann, N.; Paul, J.; Bogdanovic, X.; Ziilbahar, S.
The rostock international Parkinson’s disease (ROPAD) study: Protocol and initial findings. Mov. Disord. 2021, 36, 1005-1010.
[CrossRef]

Jankovic, J. Parkinson’s disease: Clinical features and diagnosis. J. Neurol. Neurosurg. Psychiatry 2008, 79, 368-376. [CrossRef]
Cram, D.S.; Zhou, D. Next generation sequencing: Coping with rare genetic diseases in China. Intractable Rare Dis. Res. 2016, 5,
140-144. [CrossRef]

Gonzalez Castro, N.; Bjelic, J.; Malhotra, G.; Huang, C.; Alsaffar, S.H. Comparison of the Feasibility, Efficiency, and Safety of
Genome Editing Technologies. Int. . Mol. Sci. 2021, 22, 10355. [CrossRef]

Khalil, A.M. The genome editing revolution. J. Genet. Eng. Biotechnol. 2020, 18, 68. [CrossRef]

Westermann, L.; Neubauer, B.; Kottgen, M. Nobel Prize 2020 in Chemistry honors CRISPR: A tool for rewriting the code of life.
Pfliigers Arch.-Eur. ]. Physiol. 2021, 473, 1-2. [CrossRef]

Ishino, Y.; Shinagawa, H.; Makino, K.; Amemura, M.; Nakata, A. Nucleotide sequence of the iap gene, responsible for alkaline
phosphatase isozyme conversion in Escherichia coli, and identification of the gene product. J. Bacteriol. 1987, 169, 5429-5433.
[CrossRef]

Nakata, A.; Amemura, M.; Makino, K. Unusual nucleotide arrangement with repeated sequences in the Escherichia coli K-12
chromosome. J. Bacteriol. 1989, 171, 3553-3556. [CrossRef] [PubMed]

Mojica, FJ.; Juez, G.; Rodriguez-Valera, F. Transcription at different salinities of Haloferax mediterranei sequences adjacent to
partially modified Pstl sites. Mol. Microbiol. 1993, 9, 613-621. [CrossRef] [PubMed]

Mojica, F]J.; Diez-Villasefior, C.; Garcia-Martinez, J.; Soria, E. Intervening sequences of regularly spaced prokaryotic repeats derive
from foreign genetic elements. |. Mol. Evol. 2005, 60, 174-182. [CrossRef] [PubMed]

Bolotin, A.; Quinquis, B.; Sorokin, A.; Ehrlich, S.D. Clustered regularly interspaced short palindrome repeats (CRISPRs) have
spacers of extrachromosomal origin. Microbiology 2005, 151, 2551-2561. [CrossRef] [PubMed]

Pourcel, C.; Salvignol, G.; Vergnaud, G. CRISPR elements in Yersinia pestis acquire new repeats by preferential uptake of
bacteriophage DNA, and provide additional tools for evolutionary studies. Microbiology 2005, 151, 653-663. [CrossRef]

Haft, D.H.; Selengut, J.; Mongodin, E.F.; Nelson, K.E. A guild of 45 CRISPR-associated (Cas) protein families and multiple
CRISPR/Cas subtypes exist in prokaryotic genomes. PLoS Comput. Biol. 2005, 1, e60. [CrossRef]

Tang, T.-H.; Bachellerie, J.-P.; Rozhdestvensky, T.; Bortolin, M.-L.; Huber, H.; Drungowski, M.; Elge, T.; Brosius, J.; Hiittenhofer, A.
Identification of 86 candidates for small non-messenger RNAs from the archaeon Archaeoglobus fulgidus. Proc. Natl. Acad. Sci.
USA 2002, 99, 7536-7541. [CrossRef]

Makarova, K.S.; Grishin, N.V.; Shabalina, S.A.; Wolf, Y.I.; Koonin, E.V. A putative RNA-interference-based immune system in
prokaryotes: Computational analysis of the predicted enzymatic machinery, functional analogies with eukaryotic RNAi, and
hypothetical mechanisms of action. Biol. Direct 2006, 1, 7. [CrossRef]

Barrangou, R.; Fremaux, C.; Deveau, H.; Richards, M.; Boyaval, P.; Moineau, S.; Romero, D.A.; Horvath, P. CRISPR provides
acquired resistance against viruses in prokaryotes. Science 2007, 315, 1709-1712. [CrossRef]

Brouns, S.J.; Jore, M.M.; Lundgren, M.; Westra, E.R.; Slijkhuis, R.]J.; Snijders, A.P.; Dickman, M.].; Makarova, K.S.; Koonin, E.V,;
Van Der Oost, J. Small CRISPR RNAs guide antiviral defense in prokaryotes. Science 2008, 321, 960-964. [CrossRef]

Groenen, PM.; Bunschoten, A.E.; Soolingen, D.v.; Errtbden, J.D.v. Nature of DNA polymorphism in the direct repeat cluster of
Mycobacterium tuberculosis; application for strain differentiation by a novel typing method. Mol. Microbiol. 1993, 10, 1057-1065.
[CrossRef] [PubMed]

Mojica, FJ.; Diez-Villasefior, C.; Soria, E.; Juez, G. Biological significance of a family of regularly spaced repeats in the genomes of
Archaea, Bacteria and mitochondria. Mol. Microbiol. 2000, 36, 244-246. [CrossRef] [PubMed]

She, Q.; Singh, RK.; Confalonieri, F; Zivanovic, Y.; Allard, G.; Awayez, M.]J.; Christina, C.-Y.; Clausen, L.G.; Curtis, B.A,;
De Moors, A. The complete genome of the crenarchaeon Sulfolobus solfataricus P2. Proc. Natl. Acad. Sci. USA 2001, 98, 7835-7840.
[CrossRef] [PubMed]

Jansen, R.; van Embden, J.D.; Gaastra, W.; Schouls, L.M. Identification of genes that are associated with DNA repeats in
prokaryotes. Mol. Microbiol. 2002, 43, 1565-1575. [CrossRef] [PubMed]

Koonin, E.V.; Makarova, K.S. Origins and evolution of CRISPR-Cas systems. Philos. Trans. R. Soc. B 2019, 374, 20180087. [CrossRef]
[PubMed]


http://doi.org/10.1016/S1474-4422(19)30320-5
http://doi.org/10.1016/S1474-4422(17)30299-5
http://doi.org/10.1016/S0140-6736(21)00218-X
http://doi.org/10.1002/mds.28416
http://doi.org/10.1136/jnnp.2007.131045
http://doi.org/10.5582/irdr.2016.01020
http://doi.org/10.3390/ijms221910355
http://doi.org/10.1186/s43141-020-00078-y
http://doi.org/10.1007/s00424-020-02497-9
http://doi.org/10.1128/jb.169.12.5429-5433.1987
http://doi.org/10.1128/jb.171.6.3553-3556.1989
http://www.ncbi.nlm.nih.gov/pubmed/2656660
http://doi.org/10.1111/j.1365-2958.1993.tb01721.x
http://www.ncbi.nlm.nih.gov/pubmed/8412707
http://doi.org/10.1007/s00239-004-0046-3
http://www.ncbi.nlm.nih.gov/pubmed/15791728
http://doi.org/10.1099/mic.0.28048-0
http://www.ncbi.nlm.nih.gov/pubmed/16079334
http://doi.org/10.1099/mic.0.27437-0
http://doi.org/10.1371/journal.pcbi.0010060
http://doi.org/10.1073/pnas.112047299
http://doi.org/10.1186/1745-6150-1-7
http://doi.org/10.1126/science.1138140
http://doi.org/10.1126/science.1159689
http://doi.org/10.1111/j.1365-2958.1993.tb00976.x
http://www.ncbi.nlm.nih.gov/pubmed/7934856
http://doi.org/10.1046/j.1365-2958.2000.01838.x
http://www.ncbi.nlm.nih.gov/pubmed/10760181
http://doi.org/10.1073/pnas.141222098
http://www.ncbi.nlm.nih.gov/pubmed/11427726
http://doi.org/10.1046/j.1365-2958.2002.02839.x
http://www.ncbi.nlm.nih.gov/pubmed/11952905
http://doi.org/10.1098/rstb.2018.0087
http://www.ncbi.nlm.nih.gov/pubmed/30905284

Pharmaceutics 2022, 14, 1252 19 of 29

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.
65.

Makarova, K.S.; Wolf, Y.I; Iranzo, J.; Shmakov, S.A.; Alkhnbashi, O.S.; Brouns, S.J.; Charpentier, E.; Cheng, D.; Haft, D.H;
Horvath, P. Evolutionary classification of CRISPR-Cas systems: A burst of class 2 and derived variants. Nat. Rev. Microbiol. 2020,
18, 67-83. [CrossRef] [PubMed]

Koonin, E.V.; Makarova, K.S.; Zhang, F. Diversity, classification and evolution of CRISPR-Cas systems. Curr. Opin. Microbiol. 2017,
37,67-78. [CrossRef] [PubMed]

Jiang, F.; Doudna, ]J.A. CRISPR—Cas9 structures and mechanisms. Annu. Rev. Biophys. 2017, 46, 505-529. [CrossRef]

Mali, P; Yang, L.; Esvelt, KM.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided human genome
engineering via Cas9. Science 2013, 339, 823-826. [CrossRef]

Ran, F; Hsu, PD.; Wright, J.; Agarwala, V.; Scott, D.A.; Zhang, F. Genome engineering using the CRISPR-Cas9 system. Nat. Protoc.
2013, 8, 2281-2308. [CrossRef]

Chen, H.; Choi, J.; Bailey, S. Cut site selection by the two nuclease domains of the Cas9 RNA-guided endonuclease. |. Biol. Chem.
2014, 289, 13284-13294. [CrossRef] [PubMed]

Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 2012, 337, 816-821. [CrossRef] [PubMed]

Deltcheva, E.; Chylinski, K.; Sharma, C.M.; Gonzales, K.; Chao, Y.; Pirzada, Z.A.; Eckert, M.R.; Vogel, J.; Charpentier, E. CRISPR
RNA maturation by trans-encoded small RNA and host factor RNase III. Nature 2011, 471, 602-607. [CrossRef]

Mojica, FJ.; Diez-Villasefior, C.; Garcia-Martinez, J.; Almendros, C. Short motif sequences determine the targets of the prokaryotic
CRISPR defence system. Microbiology 2009, 155, 733-740. [CrossRef] [PubMed]

Deveau, H.; Barrangou, R.; Garneau, ].E.; Labonté, ].; Fremaux, C.; Boyaval, P.; Romero, D.A.; Horvath, P.; Moineau, S. Phage
response to CRISPR-encoded resistance in Streptococcus thermophilus. J. Bacteriol. 2008, 190, 1390-1400. [CrossRef] [PubMed]
Garneau, J.E.; Dupuis, M.-E.; Villion, M.; Romero, D.A.; Barrangou, R.; Boyaval, P.; Fremaux, C.; Horvath, P.; Magadan, A.H.;
Moineau, S. The CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid DNA. Nature 2010, 468, 67-71.
[CrossRef] [PubMed]

Ceccaldi, R.; Rondinelli, B.; D’Andrea, A.D. Repair pathway choices and consequences at the double-strand break. Trends Cell Biol.
2016, 26, 52-64. [CrossRef]

Patsali, P.; Kleanthous, M.; Lederer, C.W. Disruptive technology: CRISPR/Cas-based tools and approaches. Mol. Diagn. Ther.
2019, 23, 187-200. [CrossRef]

Weterings, E.; Chen, D.]. The endless tale of non-homologous end-joining. Cell Res. 2008, 18, 114-124. [CrossRef]

Lieber, M.R. The mechanism of double-strand DNA break repair by the nonhomologous DNA end-joining pathway. Annu. Rev.
Biochem. 2010, 79, 181-211. [CrossRef]

San Filippo, J.; Sung, P; Klein, H. Mechanism of eukaryotic homologous recombination. Annu. Rev. Biochem. 2008, 77,229-257.
[CrossRef]

Richardson, C.D.; Ray, G.J.; DeWitt, M.A.; Curie, G.L.; Corn, J.E. Enhancing homology-directed genome editing by catalytically
active and inactive CRISPR-Cas9 using asymmetric donor DNA. Nat. Biotechnol. 2016, 34, 339-344. [CrossRef] [PubMed]

Cong, L.; Ran, FA,; Cox, D.; Lin, S.; Barretto, R.; Habib, N.; Hsu, P.D.; Wu, X,; Jiang, W.; Marraffini, L.A. Multiplex genome
engineering using CRISPR/Cas systems. Science 2013, 339, 819-823. [CrossRef] [PubMed]

Minkenberg, B.; Wheatley, M.; Yang, Y. CRISPR/Cas9-enabled multiplex genome editing and its application. Prog. Mol. Biol.
Transl. Sci. 2017, 149, 111-132. [PubMed]

Troncoso-Escudero, P.; Sepulveda, D.; Pérez-Arancibia, R.; Parra, A.V.; Arcos, ].; Grunenwald, E; Vidal, R.L. On the right track to
treat movement disorders: Promising therapeutic approaches for Parkinson’s and Huntington’s disease. Front. Aging Neurosci.
2020, 12, 571185. [CrossRef]

Ball, N.; Teo, W.-P.; Chandra, S.; Chapman, J. Parkinson’s disease and the environment. Front. Neurol. 2019, 10, 218. [CrossRef]
Magrinelli, F; Picelli, A.; Tocco, P.; Federico, A.; Roncari, L.; Smania, N.; Zanette, G.; Tamburin, S. Pathophysiology of motor
dysfunction in Parkinson’s disease as the rationale for drug treatment and rehabilitation. Parkinson’s Dis. 2016, 2016, 9832839.
[CrossRef]

Ma, J.; Gao, J.; Wang, J.; Xie, A. Prion-like mechanisms in Parkinson’s disease. Front. Neurosci. 2019, 13, 552. [CrossRef]
Kujawska, M.; Jodynis-Liebert, ]. What is the Evidence That Parkinson’s Disease is a Prion Disorder, Which Originates in the Gut?
Int. ]. Mol. Sci. 2018, 19, 3573. [CrossRef]

Magnard, R.; Vachez, Y.; Carcenac, C.; Krack, P.; David, O.; Savasta, M.; Boulet, S.; Carnicella, S. What can rodent models tell us
about apathy and associated neuropsychiatric symptoms in Parkinson’s disease? Transl. Psychiatry 2016, 6, €753. [CrossRef]
Van Den Eeden, S.K.; Tanner, C.M.; Bernstein, A.L.; Fross, R.D.; Leimpeter, A.; Bloch, D.A.; Nelson, L.M. Incidence of Parkinson’s
disease: Variation by age, gender, and race/ethnicity. Am. J. Epidemiol. 2003, 157, 1015-1022. [CrossRef] [PubMed]

Pringsheim, T.; Jette, N.; Frolkis, A.; Steeves, T.D. The prevalence of Parkinson’s disease: A systematic review and meta-analysis.
Mowv. Disord. 2014, 29, 1583-1590. [CrossRef] [PubMed]

Dorsey, E.R.; Bloem, B.R. The Parkinson pandemic—A call to action. JAMA Neurol. 2018, 75, 9-10. [CrossRef]

Dorsey, E.; Sherer, T.; Okun, M.S.; Bloem, B.R. The emerging evidence of the Parkinson pandemic. . Parkinson’s Dis. 2018, 8,
S3-S8. [CrossRef]


http://doi.org/10.1038/s41579-019-0299-x
http://www.ncbi.nlm.nih.gov/pubmed/31857715
http://doi.org/10.1016/j.mib.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28605718
http://doi.org/10.1146/annurev-biophys-062215-010822
http://doi.org/10.1126/science.1232033
http://doi.org/10.1038/nprot.2013.143
http://doi.org/10.1074/jbc.M113.539726
http://www.ncbi.nlm.nih.gov/pubmed/24634220
http://doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://doi.org/10.1038/nature09886
http://doi.org/10.1099/mic.0.023960-0
http://www.ncbi.nlm.nih.gov/pubmed/19246744
http://doi.org/10.1128/JB.01412-07
http://www.ncbi.nlm.nih.gov/pubmed/18065545
http://doi.org/10.1038/nature09523
http://www.ncbi.nlm.nih.gov/pubmed/21048762
http://doi.org/10.1016/j.tcb.2015.07.009
http://doi.org/10.1007/s40291-019-00391-4
http://doi.org/10.1038/cr.2008.3
http://doi.org/10.1146/annurev.biochem.052308.093131
http://doi.org/10.1146/annurev.biochem.77.061306.125255
http://doi.org/10.1038/nbt.3481
http://www.ncbi.nlm.nih.gov/pubmed/26789497
http://doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://www.ncbi.nlm.nih.gov/pubmed/28712493
http://doi.org/10.3389/fnagi.2020.571185
http://doi.org/10.3389/fneur.2019.00218
http://doi.org/10.1155/2016/9832839
http://doi.org/10.3389/fnins.2019.00552
http://doi.org/10.3390/ijms19113573
http://doi.org/10.1038/tp.2016.17
http://doi.org/10.1093/aje/kwg068
http://www.ncbi.nlm.nih.gov/pubmed/12777365
http://doi.org/10.1002/mds.25945
http://www.ncbi.nlm.nih.gov/pubmed/24976103
http://doi.org/10.1001/jamaneurol.2017.3299
http://doi.org/10.3233/JPD-181474

Pharmaceutics 2022, 14, 1252 20 of 29

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Keller, M.F,; Saad, M.; Bras, ].; Bettella, F.; Nicolaou, N.; Simén-Sanchez, J.; Mittag, F.; Biichel, F.; Sharma, M.; Gibbs, J.R. Using
genome-wide complex trait analysis to quantify ‘missing heritability’in Parkinson’s disease. Hum. Mol. Genet. 2012, 21, 4996-5009.
[CrossRef] [PubMed]

Abeliovich, A.; Gitler, A.D. Defects in trafficking bridge Parkinson’s disease pathology and genetics. Nature 2016, 539, 207-216.
[CrossRef]

Connolly, B.S.; Lang, A.E. Pharmacological treatment of Parkinson disease: A review. JAMA 2014, 311, 1670-1683. [CrossRef]
Kujawska, M.; Bhardwaj, S.K.; Mishra, Y.K.; Kaushik, A. Using Graphene-Based Biosensors to Detect Dopamine for Efficient
Parkinson’s Disease Diagnostics. Biosensors 2021, 11, 433. [CrossRef]

Grealish, S.; Diguet, E.; Kirkeby, A.; Mattsson, B.; Heuer, A.; Bramoulle, Y.; Van Camp, N.; Perrier, A.L.; Hantraye, P.; Bjorklund, A.
Human ESC-derived dopamine neurons show similar preclinical efficacy and potency to fetal neurons when grafted in a rat
model of Parkinson’s disease. Cell Stem Cell 2014, 15, 653-665. [CrossRef]

Wang, Y.-K.; Zhu, W.-W.; Wu, M.-H.; Wu, Y.-H,; Liu, Z.-X,; Liang, L.-M.; Sheng, C.; Hao, ].; Wang, L.; Li, W. Human clinical-grade
parthenogenetic ESC-derived dopaminergic neurons recover locomotive defects of nonhuman primate models of Parkinson’s
disease. Stem Cell Rep. 2018, 11, 171-182. [CrossRef]

Kriks, S.; Shim, ]J.-W.; Piao, J.; Ganat, Y.M.; Wakeman, D.R,; Xie, Z.; Carrillo-Reid, L.; Auyeung, G.; Antonacci, C.; Buch, A.
Dopamine neurons derived from human ES cells efficiently engraft in animal models of Parkinson’s disease. Nature 2011, 480,
547-551. [CrossRef] [PubMed]

Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef] [PubMed]

Kujawska, M.; Domanskyi, A.; Kreiner, G. Editorial: Common Pathways Linking Neurodegenerative Diseases—The Role of
Inflammation. Front. Cell. Neurosci. 2021, 15, 754051. [CrossRef]

Adli, M. The CRISPR tool kit for genome editing and beyond. Nat. Commun. 2018, 9, 1911. [CrossRef]

Sander, ].D.; Joung, ] K. CRISPR-Cas systems for editing, regulating and targeting genomes. Nat. Biotechnol. 2014, 32, 347-355.
[CrossRef] [PubMed]

Kantor, B.; Tagliafierro, L.; Gu, J.; Zamora, M.E,; Ilich, E.; Grenier, C.; Huang, Z.Y.; Murphy, S.; Chiba-Falek, O. Downregulation of
SNCA expression by targeted editing of DNA methylation: A potential strategy for precision therapy in PD. Mol. Ther. 2018, 26,
2638-2649. [CrossRef] [PubMed]

Kim, S.; Yun, S.P; Lee, S.; Umanah, G.E.; Bandaru, V.V.R;; Yin, X.; Rhee, P.; Karuppagounder, S.S.; Kwon, S.-H.; Lee, H. GBA1
deficiency negatively affects physiological x-synuclein tetramers and related multimers. Proc. Natl. Acad. Sci. USA 2018, 115,
798-803. [CrossRef] [PubMed]

Wu, S.-S.; Li, Q.-C.; Yin, C.-Q.; Xue, W.; Song, C.-Q. Advances in CRISPR/Cas-based gene therapy in human genetic diseases.
Theranostics 2020, 10, 4374. [CrossRef]

Zhang, Y.; Gao, J.; Chung, K.X,; Huang, H.; Dawson, V.L.; Dawson, T.M. Parkin functions as an E2-dependent ubiquitin—protein
ligase and promotes the degradation of the synaptic vesicle-associated protein, CDCrel-1. Proc. Natl. Acad. Sci. USA 2000, 97,
13354-13359. [CrossRef]

Bradshaw, A.V.; Campbell, P; Schapira, A.H.; Morris, H.R.; Taanman, J.-W. The PINK1—Parkin mitophagy signalling pathway is
not functional in peripheral blood mononuclear cells. PLoS ONE 2021, 16, €0259903. [CrossRef]

Geisler, S.; Holmstrom, K.M.; Treis, A.; Skujat, D.; Weber, S.S.; Fiesel, F.C.; Kahle, PJ.; Springer, W. The PINK1/Parkin-mediated
mitophagy is compromised by PD-associated mutations. Autophagy 2010, 6, 871-878. [CrossRef] [PubMed]

Kitada, T.; Asakawa, S.; Hattori, N.; Matsumine, H.; Yamamura, Y.; Minoshima, S.; Yokochi, M.; Mizuno, Y.; Shimizu, N. Mutations
in the parkin gene cause autosomal recessive juvenile parkinsonism. Nature 1998, 392, 605-608. [CrossRef] [PubMed]
Gouider-Khouja, N.; Larnaout, A.; Amouri, R,; Sfar, S.; Belal, S.; Hamida, C.B.; Hamida, M.B.; Hattori, N.; Mizuno, Y.; Hentati, F.
Autosomal recessive parkinsonism linked to parkin gene in a Tunisian family. Clinical, genetic and pathological study. Parkinson-
ism Relat. Disord. 2003, 9, 247-251. [CrossRef]

Miyakawa, S.; Ogino, M.; Funabe, S.; Uchino, A.; Shimo, Y.; Hattori, N.; Ichinoe, M.; Mikami, T.; Saegusa, M.; Nishiyama, K. Lewy
body pathology in a patient with a homozygous parkin deletion. Mov. Disord. 2013, 28, 388-391. [CrossRef]

Polymeropoulos, M.H.; Higgins, ].J.; Golbe, L.I.; Johnson, W.G.; Ide, S.E.; Di Iorio, G.; Sanges, G.; Stenroos, E.S.; Pho, L.T.;
Schaffer, A.A. Mapping of a gene for Parkinson’s disease to chromosome 4q21-q23. Science 1996, 274, 1197-1199. [CrossRef]
Klucken, J.; Ingelsson, M.; Shin, Y.; Irizarry, M.C.; Hedley-Whyte, E.; Frosch, M.P.; Growdon, ].H.; McLean, PJ.; Hyman, B.T.
Clinical and biochemical correlates of insoluble a-synuclein in dementia with Lewy bodies. Acta Neuropathol. 2006, 111, 101-108.
[CrossRef]

Ellis, C.E.; Murphy, E.J.; Mitchell, D.C.; Golovko, M.Y,; Scaglia, F.; Barcel6-Coblijn, G.C.; Nussbaum, R.L. Mitochondrial lipid
abnormality and electron transport chain impairment in mice lacking a-synuclein. Mol. Cell. Biol. 2005, 25, 10190-10201.
[CrossRef]

Samaranch, L.; Lorenzo-Betancor, O.; Arbelo, J.M.; Ferrer, 1.; Lorenzo, E.; Irigoyen, J.; Pastor, M.A.; Marrero, C.; Isla, C,;
Herrera-Henriquez, J. PINK1-linked parkinsonism is associated with Lewy body pathology. Brain 2010, 133, 1128-1142. [CrossRef]
Sliter, D.A.; Martinez, J.; Hao, L.; Chen, X.; Sun, N.; Fischer, T.D.; Burman, J.L.; Li, Y.; Zhang, Z.; Narendra, D.P. Parkin and PINK1
mitigate STING-induced inflammation. Nature 2018, 561, 258-262. [CrossRef]


http://doi.org/10.1093/hmg/dds335
http://www.ncbi.nlm.nih.gov/pubmed/22892372
http://doi.org/10.1038/nature20414
http://doi.org/10.1001/jama.2014.3654
http://doi.org/10.3390/bios11110433
http://doi.org/10.1016/j.stem.2014.09.017
http://doi.org/10.1016/j.stemcr.2018.05.010
http://doi.org/10.1038/nature10648
http://www.ncbi.nlm.nih.gov/pubmed/22056989
http://doi.org/10.1038/s41593-018-0242-x
http://www.ncbi.nlm.nih.gov/pubmed/30258234
http://doi.org/10.3389/fncel.2021.754051
http://doi.org/10.1038/s41467-018-04252-2
http://doi.org/10.1038/nbt.2842
http://www.ncbi.nlm.nih.gov/pubmed/24584096
http://doi.org/10.1016/j.ymthe.2018.08.019
http://www.ncbi.nlm.nih.gov/pubmed/30266652
http://doi.org/10.1073/pnas.1700465115
http://www.ncbi.nlm.nih.gov/pubmed/29311330
http://doi.org/10.7150/thno.43360
http://doi.org/10.1073/pnas.240347797
http://doi.org/10.1371/journal.pone.0259903
http://doi.org/10.4161/auto.6.7.13286
http://www.ncbi.nlm.nih.gov/pubmed/20798600
http://doi.org/10.1038/33416
http://www.ncbi.nlm.nih.gov/pubmed/9560156
http://doi.org/10.1016/S1353-8020(03)00016-6
http://doi.org/10.1002/mds.25346
http://doi.org/10.1126/science.274.5290.1197
http://doi.org/10.1007/s00401-005-0027-7
http://doi.org/10.1128/MCB.25.22.10190-10201.2005
http://doi.org/10.1093/brain/awq051
http://doi.org/10.1038/s41586-018-0448-9

Pharmaceutics 2022, 14, 1252 21 of 29

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Valente, E.M.; Abou-Sleiman, PM.; Caputo, V.; Muqit, M.M.; Harvey, K.; Gispert, S.; Ali, Z.; Del Turco, D.; Bentivoglio, A.R,;
Healy, D.G. Hereditary early-onset Parkinson’s disease caused by mutations in PINK1. Science 2004, 304, 1158-1160. [CrossRef]
Cheng, H.; Ma, Y; Ni, X; Jiang, M.; Guo, L.; Ying, K.; Xie, Y.; Mao, Y. Isolation and characterization of a human novel RAB
(RAB39B) gene. Cytogenet. Genome Res. 2002, 97, 72-75. [CrossRef]

Wilson, G.R;; Sim, J.C.; McLean, C.; Giannandrea, M.; Galea, C.A.; Riseley, ].R.; Stephenson, S.E.; Fitzpatrick, E.; Haas, S.A;
Pope, K. Mutations in RAB39B cause X-linked intellectual disability and early-onset Parkinson disease with «-synuclein pathology.
Am. ]. Hum. Genet. 2014, 95, 729-735. [CrossRef] [PubMed]

Lesage, S.; Bras, J.; Cormier-Dequaire, F.; Condroyer, C.; Nicolas, A.; Darwent, L.; Guerreiro, R.; Majounie, E.; Federoff, M.;
Heutink, P. Loss-of-function mutations in RAB39B are associated with typical early-onset Parkinson disease. Neurol. Genet. 2015,
1, €9. [CrossRef] [PubMed]

Annesi, G.; Savettieri, G.; Pugliese, P.; D’Amelio, M.; Tarantino, P.; Ragonese, P.; La Bella, V.; Piccoli, T.; Civitelli, D.; Annesi, F.
DJ-1 mutations and parkinsonism-dementia-amyotrophic lateral sclerosis complex. Ann. Neurol. Off. ]. Am. Neurol. Assoc. Child
Neurol. Soc. 2005, 58, 803-807. [CrossRef] [PubMed]

Abou-Sleiman, PM.; Healy, D.G.; Quinn, N.; Lees, A.].; Wood, N.W. The role of pathogenic DJ-1 mutations in Parkinson’s disease.
Ann. Neurol. 2003, 54, 283-286. [CrossRef] [PubMed]

Zhu, M; Patel, S.H.; Han, S. DJ-1, a Parkinson’s disease related protein, aggregates under denaturing conditions and co-aggregates
with a-synuclein through hydrophobic interaction. Biochim. Biophys. Acta (BBA)-Gen. Subj. 2017, 1861, 1759-1769. [CrossRef]
Taipa, R.; Pereira, C.; Reis, I.; Alonso, I.; Bastos-Lima, A.; Melo-Pires, M.; Magalhaes, M. DJ-1 linked parkinsonism (PARK?) is
associated with Lewy body pathology. Brain 2016, 139, 1680-1687. [CrossRef]

Marin, I. Ancient origin of the Parkinson disease gene LRRK2. ]. Mol. Evol. 2008, 67, 41-50. [CrossRef]

Healy, D.G.; Falchi, M.; O’Sullivan, S.S.; Bonifati, V.; Durr, A.; Bressman, S.; Brice, A.; Aasly, J.; Zabetian, C.P.; Goldwurm, S.
Phenotype, genotype, and worldwide genetic penetrance of LRRK2-associated Parkinson’s disease: A case-control study. Lancet
Neurol. 2008, 7, 583-590. [CrossRef]

Zimprich, A.; Biskup, S.; Leitner, P; Lichtner, P; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R J.; Calne, D.B. Mutations
in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology. Neuron 2004, 44, 601-607. [CrossRef]

Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, ].S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR as an RNA-guided
platform for sequence-specific control of gene expression. Cell 2013, 152, 1173-1183. [CrossRef]

Tanenbaum, M.E,; Gilbert, L.A.; Qi, L.S.; Weissman, J.S.; Vale, R.D. A protein-tagging system for signal amplification in gene
expression and fluorescence imaging. Cell 2014, 159, 635-646. [CrossRef] [PubMed]

Gaudelli, N.M.; Komor, A.C.; Rees, H.A.; Packer, M.S.; Badran, A.H.; Bryson, D.I; Liu, D.R. Programmable base editing of Ae T
to Ge C in genomic DNA without DNA cleavage. Nature 2017, 551, 464-471. [CrossRef]

Kampmann, M. CRISPRi and CRISPRa screens in mammalian cells for precision biology and medicine. ACS Chem. Biol. 2018, 13,
406-416. [CrossRef] [PubMed]

Deng, W.; Shi, X,; Tjian, R.; Lionnet, T.; Singer, R.H. CASFISH: CRISPR/Cas9-mediated in situ labeling of genomic loci in fixed
cells. Proc. Natl. Acad. Sci. USA 2015, 112, 11870-11875. [CrossRef] [PubMed]

Kang, J.G.; Park, ].S.; Ko, J.-H.; Kim, Y.-S. Regulation of gene expression by altered promoter methylation using a CRISPR/Cas9-
mediated epigenetic editing system. Sci. Rep. 2019, 9, 11960. [CrossRef] [PubMed]

Ye, R.; Pi, M,; Cox, ].V.; Nishimoto, S.K.; Quarles, L.D. CRISPR/Cas9 targeting of GPRC6A suppresses prostate cancer tumorigen-
esis in a human xenograft model. J. Exp. Clin. Cancer Res. 2017, 36, 90. [CrossRef]

Friedmann, T.; Roblin, R. Gene Therapy for Human Genetic Disease? Proposals for genetic manipulation in humans raise difficult
scientific and ethical problems. Science 1972, 175, 949-955. [CrossRef]

Yoon, HH.; Ye, S.; Lim, S.; Jo, A; Lee, H.; Hong, F;; Lee, S.E.; Oh, S.-J.; Kim, N.-R.; Kim, K. CRISPR-Cas9 Gene Editing Protects
from the A53T-SNCA Overexpression-Induced Pathology of Parkinson’s Disease In Vivo. CRISPR . 2022, 5, 95-108. [CrossRef]
Chen, Y.; Dolt, K.S.; Kriek, M.; Baker, T.; Downey, P.; Drummond, N.J.; Canham, M.A.; Natalwala, A.; Rosser, S.; Kunath, T.
Engineering synucleinopathy-resistant human dopaminergic neurons by CRISPR-mediated deletion of the SNCA gene. Eur. J.
Neurosci. 2019, 49, 510-524. [CrossRef]

Inoue, N.; Ogura, S.; Kasai, A.; Nakazawa, T.; Ikeda, K.; Higashi, S.; Isotani, A.; Baba, K.; Mochizuki, H.; Fujimura, H. Knockdown
of the mitochondria-localized protein p13 protects against experimental parkinsonism. EMBO Rep. 2018, 19, e44860. [CrossRef]
Axelsen, T.M.; Woldbye, D.P. Gene therapy for Parkinson’s disease, an update. J. Parkinson’s Dis. 2018, 8, 195-215. [CrossRef]
Cabezas, R.; Baez-Jurado, E.; Hidalgo-Lanussa, O.; Echeverria, V.; Ashrad, G.M.; Sahebkar, A.; Barreto, G.E. Growth factors
and neuroglobin in astrocyte protection against neurodegeneration and oxidative stress. Mol. Neurobiol. 2019, 56, 2339-2351.
[CrossRef]

Hitti, EL.; Yang, A L; Gonzalez-Alegre, P; Baltuch, G.H. Human gene therapy approaches for the treatment of Parkinson’s disease:
An overview of current and completed clinical trials. Parkinsonism Relat. Disord. 2019, 66, 16-24. [CrossRef]

Koentjoro, B.; Park, J.-S.; Sue, C.M. Nix restores mitophagy and mitochondrial function to protect against PINK1/Parkin-related
Parkinson’s disease. Sci. Rep. 2017, 7, 44373. [CrossRef] [PubMed]

Han, Y.; Khodr, C.E.; Sapru, M.K.; Pedapati, J.; Bohn, M.C. A microRNA embedded AAV alpha-synuclein gene silencing vector
for dopaminergic neurons. Brain Res. 2011, 1386, 15-24. [CrossRef] [PubMed]


http://doi.org/10.1126/science.1096284
http://doi.org/10.1159/000064047
http://doi.org/10.1016/j.ajhg.2014.10.015
http://www.ncbi.nlm.nih.gov/pubmed/25434005
http://doi.org/10.1212/NXG.0000000000000009
http://www.ncbi.nlm.nih.gov/pubmed/27066548
http://doi.org/10.1002/ana.20666
http://www.ncbi.nlm.nih.gov/pubmed/16240358
http://doi.org/10.1002/ana.10675
http://www.ncbi.nlm.nih.gov/pubmed/12953260
http://doi.org/10.1016/j.bbagen.2017.03.013
http://doi.org/10.1093/brain/aww080
http://doi.org/10.1007/s00239-008-9122-4
http://doi.org/10.1016/S1474-4422(08)70117-0
http://doi.org/10.1016/j.neuron.2004.11.005
http://doi.org/10.1016/j.cell.2013.02.022
http://doi.org/10.1016/j.cell.2014.09.039
http://www.ncbi.nlm.nih.gov/pubmed/25307933
http://doi.org/10.1038/nature24644
http://doi.org/10.1021/acschembio.7b00657
http://www.ncbi.nlm.nih.gov/pubmed/29035510
http://doi.org/10.1073/pnas.1515692112
http://www.ncbi.nlm.nih.gov/pubmed/26324940
http://doi.org/10.1038/s41598-019-48130-3
http://www.ncbi.nlm.nih.gov/pubmed/31427598
http://doi.org/10.1186/s13046-017-0561-x
http://doi.org/10.1126/science.175.4025.949
http://doi.org/10.1089/crispr.2021.0025
http://doi.org/10.1111/ejn.14286
http://doi.org/10.15252/embr.201744860
http://doi.org/10.3233/JPD-181331
http://doi.org/10.1007/s12035-018-1203-9
http://doi.org/10.1016/j.parkreldis.2019.07.018
http://doi.org/10.1038/srep44373
http://www.ncbi.nlm.nih.gov/pubmed/28281653
http://doi.org/10.1016/j.brainres.2011.02.041
http://www.ncbi.nlm.nih.gov/pubmed/21338582

Pharmaceutics 2022, 14, 1252 22 of 29

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Merola, A.; Van Laar, A.; Lonser, R.; Bankiewicz, K. Gene therapy for Parkinson’s disease: Contemporary practice and emerging
concepts. Expert Rev. Neurother. 2020, 20, 577-590. [CrossRef] [PubMed]

Chmielarz, P.; Saarma, M. Neurotrophic factors for disease-modifying treatments of Parkinson’s disease: Gaps between basic
science and clinical studies. Pharmacol. Rep. 2020, 72, 1195-1217. [CrossRef] [PubMed]

Van Laar, A.D.; Van Laar, V.S.; San Sebastian, W.; Merola, A.; Bradley Elder, ].; Lonser, R.R.; Bankiewicz, K.S. An Update on Gene
Therapy Approaches for Parkinson’s Disease: Restoration of Dopaminergic Function. J. Parkinson’s Dis. 2021, 11, 5173-5182.
[CrossRef] [PubMed]

Basu, S.; Adams, L.; Guhathakurta, S.; Kim, Y.-S. A novel tool for monitoring endogenous alpha-synuclein transcription by
NanoLuciferase tag insertion at the 3’ end using CRISPR-Cas9 genome editing technique. Sci. Rep. 2017, 7, 45883. [CrossRef]
[PubMed]

Zhang, C.; Quan, R.; Wang, ]. Development and application of CRISPR/Cas9 technologies in genomic editing. Hum. Mol. Genet.
2018, 27, R79-R88. [CrossRef]

Li, H.; Yang, Y.; Hong, W.; Huang, M.; Wu, M.; Zhao, X. Applications of genome editing technology in the targeted therapy of
human diseases: Mechanisms, advances and prospects. Signal Transduct Target 2020, 5, 1. [CrossRef] [PubMed]

Buhidma, Y.; Rukavina, K.; Chaudhuri, K.R.; Duty, S. Potential of animal models for advancing the understanding and treatment
of pain in Parkinson’s disease. NPJ Parkinson’s Dis. 2020, 6, 1. [CrossRef] [PubMed]

Carta, A.R.; Carboni, E.; Spiga, S. The MPTP/probenecid model of progressive Parkinson’s disease. In Dopamine; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 295-308.

More, S.V.; Kumar, H.; Cho, D.-Y,; Yun, Y.-S.; Choi, D.-K. Toxin-induced experimental models of learning and memory impairment.
Int. J. Mol. Sci. 2016, 17, 1447. [CrossRef] [PubMed]

Barré-Sinoussi, F.; Montagutelli, X. Animal models are essential to biological research: Issues and perspectives. Future Sci. OA
2015, 1, FSO63. [CrossRef]

Denayer, T.; Stohr, T.; Van Roy, M. Animal models in translational medicine: Validation and prediction. New Horiz. Transl. Med.
2014, 2, 5-11. [CrossRef]

Breger, L.S.; Fuzzati Armentero, M.T. Genetically engineered animal models of Parkinson’s disease: From worm to rodent. Eur. J.
Neurosci. 2019, 49, 533-560. [CrossRef]

Campos, FL.; Carvalho, M.M.; Cristovao, A.C.; Je, G.; Baltazar, G.; Salgado, A.J.; Kim, Y.-S.; Sousa, N. Rodent models of
Parkinson’s disease: Beyond the motor symptomatology. Front. Behav. Neurosci. 2013, 7, 175. [CrossRef]

Vandamme, T.F. Use of rodents as models of human diseases. . Pharm. Bioallied Sci. 2014, 6, 2. [CrossRef]

Sundal, C.; Fujioka, S.; Uitti, R.J.; Wszolek, Z.K. Autosomal dominant Parkinson’s disease. Parkinsonism Relat. Disord. 2012, 18,
S§7-510. [CrossRef]

Ferreira, M.; Massano, ]. An updated review of Parkinson’s disease genetics and clinicopathological correlations. Acta Neurol.
Scand. 2017, 135, 273-284. [CrossRef] [PubMed]

Chen, V.;; Moncalvo, M.; Tringali, D.; Tagliafierro, L.; Shriskanda, A.; Ilich, E.; Dong, W.; Kantor, B.; Chiba-Falek, O. The
mechanistic role of alpha-synuclein in the nucleus: Impaired nuclear function caused by familial Parkinson’s disease SNCA
mutations. Hum. Mol. Genet. 2020, 29, 3107-3121. [CrossRef] [PubMed]

Barbuti, P; Antony, P; Santos, B.; Massart, F; Cruciani, G.; Dording, C.; Arias, J.; Schwamborn, J.; Kriiger, R. Using high-
content screening to generate single-cell gene-corrected patient-derived iPS clones reveals excess alpha-synuclein with familial
Parkinson’s disease point mutation A30P. Cells 2020, 9, 2065. [CrossRef] [PubMed]

Jiang, Z.; Huang, Y.; Zhang, P; Han, C.; Lu, Y.; Mo, Z.; Zhang, Z.; Li, X.; Zhao, S.; Cai, F. Characterization of a pathogenic variant
in GBA for Parkinson’s disease with mild cognitive impairment patients. Mol. Brain 2020, 13, 102. [CrossRef] [PubMed]

Chen, X.; Xie, C.; Tian, W.; Sun, L.; Zheng, W.; Hawes, S.; Chang, L.; Kung, J.; Ding, J.; Chen, S. Parkinson’s disease-related
Leucine-rich repeat kinase 2 modulates nuclear morphology and genomic stability in striatal projection neurons during aging.
Mol. Neurodegener. 2020, 15, 12. [CrossRef] [PubMed]

DeWeirdt, P.C.; Sangree, A.K.; Hanna, R.E.; Sanson, K.R.; Hegde, M.; Strand, C.; Persky, N.S.; Doench, J.G. Genetic screens in
isogenic mammalian cell lines without single cell cloning. Nat. Commun. 2020, 11, 752. [CrossRef]

Arias-Fuenzalida, J.; Jarazo, J.; Qing, X.; Walter, J.; Gomez-Giro, G.; Nickels, S.L.; Zaehres, H.; Scholer, H.R.; Schwamborn, J.C.
FACS-assisted CRISPR-Cas9 genome editing facilitates Parkinson’s disease modeling. Stem Cell Rep. 2017, 9, 1423-1431. [CrossRef]
Clark, LE.; Dodson, M.W,; Jiang, C.; Cao, ].H.; Huh, J.R.; Seol, ].H.; Yoo, S.J.; Hay, B.A.; Guo, M. Drosophila pink1 is required for
mitochondrial function and interacts genetically with parkin. Nature 2006, 441, 1162-1166. [CrossRef]

Yang, Y.; Gehrke, S.; Imai, Y.; Huang, Z.; Ouyang, Y.; Wang, ].-W.; Yang, L.; Beal, M.F,; Vogel, H.; Lu, B. Mitochondrial pathology
and muscle and dopaminergic neuron degeneration caused by inactivation of Drosophila Pink1 is rescued by Parkin. Proc. Natl.
Acad. Sci. USA 2006, 103, 10793-10798. [CrossRef]

Blesa, J.; Przedborski, S. Parkinson’s disease: Animal models and dopaminergic cell vulnerability. Front. Neuroanat. 2014, 8, 155.
[CrossRef]

Chu, C.T. Mechanisms of selective autophagy and mitophagy: Implications for neurodegenerative diseases. Neurobiol. Dis. 2019,
122, 23-34. [CrossRef] [PubMed]


http://doi.org/10.1080/14737175.2020.1763794
http://www.ncbi.nlm.nih.gov/pubmed/32425079
http://doi.org/10.1007/s43440-020-00120-3
http://www.ncbi.nlm.nih.gov/pubmed/32700249
http://doi.org/10.3233/JPD-212724
http://www.ncbi.nlm.nih.gov/pubmed/34366374
http://doi.org/10.1038/srep45883
http://www.ncbi.nlm.nih.gov/pubmed/28374838
http://doi.org/10.1093/hmg/ddy120
http://doi.org/10.1038/s41392-019-0089-y
http://www.ncbi.nlm.nih.gov/pubmed/32296011
http://doi.org/10.1038/s41531-019-0104-6
http://www.ncbi.nlm.nih.gov/pubmed/31934609
http://doi.org/10.3390/ijms17091447
http://www.ncbi.nlm.nih.gov/pubmed/27598124
http://doi.org/10.4155/fso.15.63
http://doi.org/10.1016/j.nhtm.2014.08.001
http://doi.org/10.1111/ejn.14300
http://doi.org/10.3389/fnbeh.2013.00175
http://doi.org/10.4103/0975-7406.124301
http://doi.org/10.1016/S1353-8020(11)70005-0
http://doi.org/10.1111/ane.12616
http://www.ncbi.nlm.nih.gov/pubmed/27273099
http://doi.org/10.1093/hmg/ddaa183
http://www.ncbi.nlm.nih.gov/pubmed/32954426
http://doi.org/10.3390/cells9092065
http://www.ncbi.nlm.nih.gov/pubmed/32927687
http://doi.org/10.1186/s13041-020-00637-x
http://www.ncbi.nlm.nih.gov/pubmed/32641146
http://doi.org/10.1186/s13024-020-00360-0
http://www.ncbi.nlm.nih.gov/pubmed/32075681
http://doi.org/10.1038/s41467-020-14620-6
http://doi.org/10.1016/j.stemcr.2017.08.026
http://doi.org/10.1038/nature04779
http://doi.org/10.1073/pnas.0602493103
http://doi.org/10.3389/fnana.2014.00155
http://doi.org/10.1016/j.nbd.2018.07.015
http://www.ncbi.nlm.nih.gov/pubmed/30030024

Pharmaceutics 2022, 14, 1252 23 of 29

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

McWilliams, T.G.; Prescott, A.R.; Montava-Garriga, L.; Ball, G.; Singh, F; Barini, E.; Mugqit, M.M.; Brooks, S.P.; Ganley, I.G. Basal
mitophagy occurs independently of PINK1 in mouse tissues of high metabolic demand. Cell Metab. 2018, 27, 439-449.e435.
[CrossRef] [PubMed]

Dawson, T.M.; Ko, H.S.; Dawson, V.L. Genetic animal models of Parkinson’s disease. Neuron 2010, 66, 646—-661. [CrossRef]
[PubMed]

Zhou, X; Xin, J.; Fan, N.; Zou, Q.; Huang, ].; Ouyang, Z.; Zhao, Y.; Zhao, B.; Liu, Z.; Lai, S. Generation of CRISPR/Cas9-mediated
gene-targeted pigs via somatic cell nuclear transfer. Cell. Mol. Life Sci. 2015, 72, 1175-1184. [CrossRef]

Yang, W.; Liu, Y,; Tu, Z,; Xiao, C; Yan, S.; Ma, X; Guo, X.; Chen, X,; Yin, P; Yang, Z. CRISPR/Cas9-mediated PINK1 deletion leads
to neurodegeneration in rhesus monkeys. Cell Res. 2019, 29, 334-336. [CrossRef]

Suda, Y.; Kuzumaki, N.; Sone, T.; Narita, M.; Tanaka, K.; Hamada, Y.; Iwasawa, C.; Shibasaki, M.; Maekawa, A.; Matsuo, M.
Down-regulation of ghrelin receptors on dopaminergic neurons in the substantia nigra contributes to Parkinson’s disease-like
motor dysfunction. Mol. Brain 2018, 11, 6. [CrossRef]

Vetchinova, A.; Simonova, V.; Novosadova, E.; Manuilova, E.; Nenasheva, V.; Tarantul, V.; Grivennikov, I.; Khaspekov, L.;
Illarioshkin, S. Cytogenetic analysis of the results of genome editing on the cell model of Parkinson’s disease. Bull. Exp. Biol. Med.
2018, 165, 378-381. [CrossRef]

Qing, X.; Walter, J.; Jarazo, J.; Arias-Fuenzalida, J.; Hillje, A.-L.; Schwamborn, J.C. CRISPR/Cas9 and piggyBac-mediated footprint-
free LRRK2-G2019S knock-in reveals neuronal complexity phenotypes and a-Synuclein modulation in dopaminergic neurons.
Stem Cell Res. 2017, 24, 44-50. [CrossRef]

Ohta, E.; Sone, T.; Ukai, H.; Hisamatsu, T.; Kitagawa, T.; Ishikawa, M.; Nagai, M.; Ueda, H.R.; Obata, F.; Okano, H. Generation
of gene-corrected iPSCs line (KEIUi001-A) from a PARKS patient iPSCs with familial Parkinson’s disease carrying the 12020T
mutation in LRRK2. Stem Cell Res. 2020, 49, 102073. [CrossRef]

Cookson, M.R. DJ-1, PINK1, and their effects on mitochondrial pathways. Mov. Disord. 2010, 25, S44-548. [CrossRef]

Lopert, P.; Patel, M. Brain mitochondria from DJ-1 knockout mice show increased respiration-dependent hydrogen peroxide
consumption. Redox Biol. 2014, 2, 667—-672. [CrossRef] [PubMed]

Hao, L.-Y.; Giasson, B.I.; Bonini, N.M. DJ-1 is critical for mitochondrial function and rescues PINK1 loss of function. Proc. Natl.
Acad. Sci. USA 2010, 107, 9747-9752. [CrossRef] [PubMed]

Inden, M,; Taira, T.; Kitamura, Y.; Yanagida, T.; Tsuchiya, D.; Takata, K.; Yanagisawa, D.; Nishimura, K.; Taniguchi, T.; Kiso, Y.
PARK? DJ-1 protects against degeneration of nigral dopaminergic neurons in Parkinson’s disease rat model. Neurobiol. Dis. 2006,
24, 144-158. [CrossRef] [PubMed]

Zhou, W,; Freed, C.R. DJ-1 up-regulates glutathione synthesis during oxidative stress and inhibits A53T x-synuclein toxicity.
J. Biol. Chem. 2005, 280, 43150-43158. [CrossRef] [PubMed]

Zondler, L.; Miller-Fleming, L.; Repici, M.; Gongalves, S.; Tenreiro, S.; Rosado-Ramos, R.; Betzer, C.; Straatman, K.; Jensen, P;
Giorgini, F. DJ-1 interactions with x-synuclein attenuate aggregation and cellular toxicity in models of Parkinson’s disease. Cell
Death Dis. 2014, 5, €1350. [CrossRef]

Wang, X.; Cao, C.; Huang, J.; Yao, J.; Hai, T.; Zheng, Q.; Wang, X.; Zhang, H.; Qin, G.; Cheng, ]. One-step generation of triple
gene-targeted pigs using CRISPR/Cas9 system. Sci. Rep. 2016, 6, 20620. [CrossRef]

Owen, S.; Thomas, C.; West, P.; Wolfensohn, S.; Wood, M. Report on primate supply for biomedical scientific work in the UK. Lab.
Anim. 1997, 31, 289-297. [CrossRef]

Chen, Z.-Z.; Wang, ].-Y.; Kang, Y.; Yang, Q.-Y.; Gu, X.-Y,; Zhi, D.-L,; Yan, L.; Long, C.-Z.; Shen, B.; Niu, Y.-Y. PINK1 gene mutation
by pair truncated sgRNA /Cas9-D10A in cynomolgus monkeys. Zool. Res. 2021, 42, 469. [CrossRef]

Li, H; Wu, S;; Ma, X,; Li, X.; Cheng, T.; Chen, Z.; Wu, J.; Lv, L.; Li, L.; Xu, L. Co-editing PINK1 and DJ-1 genes via adeno-associated
virus-delivered CRISPR/Cas9 system in adult monkey brain elicits classical parkinsonian phenotype. Neurosci. Bull. 2021, 37,
1271-1288. [CrossRef]

Yip, B.H. Recent advances in CRISPR/Cas9 delivery strategies. Biomolecules 2020, 10, 839. [CrossRef]

Cheng, H.; Zhang, F,; Ding, Y. CRISPR/Cas9 Delivery System Engineering for Genome Editing in Therapeutic Applications.
Pharmaceutics 2021, 13, 1649. [CrossRef] [PubMed]

Wells, D. Gene therapy progress and prospects: Electroporation and other physical methods. Gene Ther. 2004, 11, 1363-1369.
[CrossRef] [PubMed]

Bessis, N.; GarciaCozar, F.; Boissier, M. Immune responses to gene therapy vectors: Influence on vector function and effector
mechanisms. Gene Ther. 2004, 11, S10-S17. [CrossRef] [PubMed]

Baum, C.; Kustikova, O.; Modlich, U.; Li, Z.; Fehse, B. Mutagenesis and oncogenesis by chromosomal insertion of gene transfer
vectors. Hum. Gene Ther. 2006, 17, 253-263. [CrossRef] [PubMed]

Thomas, C.E.; Ehrhardt, A.; Kay, M.A. Progress and problems with the use of viral vectors for gene therapy. Nat. Rev. Genet. 2003,
4,346-358. [CrossRef]

Yin, H.; Kanasty, R.L.; Eltoukhy, A.A.; Vegas, A.].; Dorkin, ].R.; Anderson, D.G. Non-viral vectors for gene-based therapy. Nat.
Rev. Genet. 2014, 15, 541-555. [CrossRef]

Vannucci, L.; Lai, M.; Chiuppesi, E; Ceccherini-Nelli, L.; Pistello, M. Viral vectors: A look back and ahead on gene transfer
technology. New Microbiol. 2013, 36, 1-22.


http://doi.org/10.1016/j.cmet.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29337137
http://doi.org/10.1016/j.neuron.2010.04.034
http://www.ncbi.nlm.nih.gov/pubmed/20547124
http://doi.org/10.1007/s00018-014-1744-7
http://doi.org/10.1038/s41422-019-0142-y
http://doi.org/10.1186/s13041-018-0349-8
http://doi.org/10.1007/s10517-018-4174-y
http://doi.org/10.1016/j.scr.2017.08.013
http://doi.org/10.1016/j.scr.2020.102073
http://doi.org/10.1002/mds.22713
http://doi.org/10.1016/j.redox.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24936441
http://doi.org/10.1073/pnas.0911175107
http://www.ncbi.nlm.nih.gov/pubmed/20457924
http://doi.org/10.1016/j.nbd.2006.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16860563
http://doi.org/10.1074/jbc.M507124200
http://www.ncbi.nlm.nih.gov/pubmed/16227205
http://doi.org/10.1038/cddis.2014.307
http://doi.org/10.1038/srep20620
http://doi.org/10.1258/002367797780596149
http://doi.org/10.24272/j.issn.2095-8137.2021.023
http://doi.org/10.1007/s12264-021-00732-6
http://doi.org/10.3390/biom10060839
http://doi.org/10.3390/pharmaceutics13101649
http://www.ncbi.nlm.nih.gov/pubmed/34683943
http://doi.org/10.1038/sj.gt.3302337
http://www.ncbi.nlm.nih.gov/pubmed/15295618
http://doi.org/10.1038/sj.gt.3302364
http://www.ncbi.nlm.nih.gov/pubmed/15454952
http://doi.org/10.1089/hum.2006.17.253
http://www.ncbi.nlm.nih.gov/pubmed/16544975
http://doi.org/10.1038/nrg1066
http://doi.org/10.1038/nrg3763

Pharmaceutics 2022, 14, 1252 24 of 29

170.

171.

172.

173.

174.

175.
176.
177.
178.
179.
180.
181.
182.
183.
184.

185.
186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Schmidt, F; Grimm, D. CRISPR genome engineering and viral gene delivery: A case of mutual attraction. Biotechnol. ]. 2015, 10,
258-272. [CrossRef]

Wilbie, D.; Walther, J.; Mastrobattista, E. Delivery aspects of CRISPR/Cas for in vivo genome editing. Acc. Chem. Res. 2019, 52,
1555-1564. [CrossRef]

Ramos-Kuri, M.; Rapti, K.; Mehel, H.; Zhang, S.; Dhandapany, P.S.; Liang, L.; Garcia-Carranca, A.; Bobe, R.; Fischmeister, R.;
Adnot, S. Dominant negative Ras attenuates pathological ventricular remodeling in pressure overload cardiac hypertrophy.
Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2015, 1853, 2870-2884. [CrossRef]

Maggio, I.; Holkers, M.; Liu, J.; Janssen, ].M.; Chen, X.; Gongalves, M.A. Adenoviral vector delivery of RNA-guided CRISPR/Cas9
nuclease complexes induces targeted mutagenesis in a diverse array of human cells. Sci. Rep. 2014, 4, 5105. [CrossRef] [PubMed]
Lee, C.S.; Bishop, E.S.; Zhang, R.; Yu, X,; Farina, EIM.; Yan, S.; Zhao, C.; Zeng, Z.; Shu, Y.; Wu, X. Adenovirus-mediated gene
delivery: Potential applications for gene and cell-based therapies in the new era of personalized medicine. Genes Dis. 2017, 4,
43-63. [CrossRef] [PubMed]

Senis, E.; Fatouros, C.; GroSle, S.; Wiedtke, E.; Niopek, D.; Mueller, A.K; Borner, K.; Grimm, D. CRISPR/Cas9-mediated genome
engineering: An adeno-associated viral (AAV) vector toolbox. Biotechnol. J. 2014, 9, 1402-1412. [CrossRef] [PubMed]

Daya, S.; Berns, K.I. Gene therapy using adeno-associated virus vectors. Clin. Microbiol. Rev. 2008, 21, 583-593. [CrossRef]

Xu, C.L.; Ruan, M.Z.; Mahajan, V.B.; Tsang, S.H. Viral delivery systems for CRISPR. Viruses 2019, 11, 28. [CrossRef]

Hastie, E.; Samulski, R.J. Adeno-associated virus at 50: A golden anniversary of discovery, research, and gene therapy success—A
personal perspective. Hum. Gene Ther. 2015, 26, 257-265. [CrossRef]

Biining, H.; Srivastava, A. Capsid modifications for targeting and improving the efficacy of AAV vectors. Mol. Ther.-Methods Clin.
Dev. 2019, 12, 248-265. [CrossRef]

Castle, M.].; Turunen, H.T.; Vandenberghe, L.H.; Wolfe, ]. H. Controlling AAV tropism in the nervous system with natural and
engineered capsids. In Gene Therapy for Neurological Disorders; Springer: Berlin/Heidelberg, Germany, 2016; pp. 133-149.

Yang, B.; Li, S.; Wang, H.; Guo, Y.; Gessler, D.].; Cao, C.; Su, Q.; Kramer, J.; Zhong, L.; Ahmed, S.S. Global CNS transduction of
adult mice by intravenously delivered rAAVrh. 8 and rAAVrh. 10 and nonhuman primates by rAAVrh. 10. Mol. Ther. 2014, 22,
1299-1309. [CrossRef]

Fu, H.; McCarty, D.M. Crossing the blood-brain-barrier with viral vectors. Curr. Opin. Virol. 2016, 21, 87-92. [CrossRef]

Deyle, D.R.; Russell, D.W. Adeno-associated virus vector integration. Curr. Opin. Mol. Ther. 2009, 11, 442.

Sawamoto, K.; Chen, H.-H.; Alméciga-Diaz, C.J.; Mason, R.W.; Tomatsu, S. Gene therapy for Mucopolysaccharidoses. Mol. Genet.
Metab. 2018, 123, 59-68. [CrossRef]

George, L.A. Hemophilia gene therapy comes of age. Blood Adv. 2017, 1, 2591-2599. [CrossRef] [PubMed]

Chen, S.; Sun, S.; Moonen, D.; Lee, C.; Lee, A.Y.-E; Schaffer, D.V.; He, L. CRISPR-READI: Efficient generation of knockin mice by
CRISPR RNP electroporation and AAV donor infection. Cell Rep. 2019, 27, 3780-3789.e3784. [CrossRef] [PubMed]

Kotterman, M.A.; Chalberg, T.W.; Schaffer, D.V. Viral vectors for gene therapy: Translational and clinical outlook. Annu. Rev.
Biomed. Eng. 2015, 17, 63-89. [CrossRef] [PubMed]

Popescu, N.C.; Zimonjic, D.; DiPaolo, J.A. Viral integration, fragile sites, and proto-oncogenes in human neoplasia. Hum. Genet.
1990, 84, 383-386. [CrossRef] [PubMed]

Li, L.; Hu, S.; Chen, X. Non-viral delivery systems for CRISPR/Cas9-based genome editing: Challenges and opportunities.
Biomaterials 2018, 171, 207-218. [CrossRef]

Lino, C.A.; Harper, ].C.; Carney, ].P,; Timlin, J.A. Delivering CRISPR: A review of the challenges and approaches. Drug Deliv. 2018,
25,1234-1257. [CrossRef]

Chuang, C.-K,; Chen, C.-H.; Huang, C.-L.; Su, Y.-H.; Peng, S.-H.; Lin, T.-Y,; Tai, H.-C.; Yang, T.-S.; Tu, C.-F. Generation of GGTA1
mutant pigs by direct pronuclear microinjection of CRISPR/Cas9 plasmid vectors. Anim. Biotechnol. 2017, 28, 174-181. [CrossRef]
Wang, H.-X,; Li, M.; Lee, C.M.; Chakraborty, S.; Kim, H.-W.; Bao, G.; Leong, K.W. CRISPR/Cas9-based genome editing for disease
modeling and therapy: Challenges and opportunities for nonviral delivery. Chem. Rev. 2017, 117, 9874-9906. [CrossRef]

Kim, K; Ryu, S.-M.; Kim, S.-T.; Baek, G.; Kim, D.; Lim, K.; Chung, E.; Kim, S.; Kim, J.-S. Highly efficient RNA-guided base editing
in mouse embryos. Nat. Biotechnol. 2017, 35, 435-437. [CrossRef]

Liu, P; Luk, K,; Shin, M.; Idrizi, F.; Kwok, S.; Roscoe, B.; Mintzer, E.; Suresh, S.; Morrison, K.; Frazao, ].B. Enhanced Cas12a editing
in mammalian cells and zebrafish. Nucleic Acids Res. 2019, 47, 4169-4180. [CrossRef] [PubMed]

Song, Y.; Xu, Y,; Liang, M.; Zhang, Y.; Chen, M.; Deng, J.; Li, Z. CRISPR/Cas9-mediated mosaic mutation of SRY gene induces
hermaphroditism in rabbits. Biosci. Rep. 2018, 38, BSR20171490. [CrossRef] [PubMed]

Cleves, P.A,; Strader, M.E.; Bay, L.K,; Pringle, ].R.; Matz, M.V. CRISPR/Cas9-mediated genome editing in a reef-building coral.
Proc. Natl. Acad. Sci. USA 2018, 115, 5235-5240. [CrossRef]

Fei, J.-F.; Schuez, M.; Knapp, D.; Taniguchi, Y.; Drechsel, D.N.; Tanaka, E.M. Efficient gene knockin in axolotl and its use to test the
role of satellite cells in limb regeneration. Proc. Natl. Acad. Sci. USA 2017, 114, 12501-12506. [CrossRef] [PubMed]

Meccariello, A.; Tsoumani, K.T.; Gravina, A.; Primo, P.; Buonanno, M.; Mathiopoulos, K.D.; Saccone, G. Targeted somatic
mutagenesis through CRISPR/Cas9 ribonucleoprotein complexes in the olive fruit fly, Bactrocera oleae. Arch. Insect Biochem.
Physiol. 2020, 104, €21667. [CrossRef]

Dermauw, W.; Jonckheere, W.; Riga, M.; Livadaras, I.; Vontas, J.; Van Leeuwen, T. Targeted mutagenesis using CRISPR-Cas9 in
the chelicerate herbivore Tetranychus urticae. Insect Biochem. Mol. Biol. 2020, 120, 103347. [CrossRef]


http://doi.org/10.1002/biot.201400529
http://doi.org/10.1021/acs.accounts.9b00106
http://doi.org/10.1016/j.bbamcr.2015.08.006
http://doi.org/10.1038/srep05105
http://www.ncbi.nlm.nih.gov/pubmed/24870050
http://doi.org/10.1016/j.gendis.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28944281
http://doi.org/10.1002/biot.201400046
http://www.ncbi.nlm.nih.gov/pubmed/25186301
http://doi.org/10.1128/CMR.00008-08
http://doi.org/10.3390/v11010028
http://doi.org/10.1089/hum.2015.025
http://doi.org/10.1016/j.omtm.2019.01.008
http://doi.org/10.1038/mt.2014.68
http://doi.org/10.1016/j.coviro.2016.08.006
http://doi.org/10.1016/j.ymgme.2017.12.434
http://doi.org/10.1182/bloodadvances.2017009878
http://www.ncbi.nlm.nih.gov/pubmed/29296912
http://doi.org/10.1016/j.celrep.2019.05.103
http://www.ncbi.nlm.nih.gov/pubmed/31242412
http://doi.org/10.1146/annurev-bioeng-071813-104938
http://www.ncbi.nlm.nih.gov/pubmed/26643018
http://doi.org/10.1007/BF00195804
http://www.ncbi.nlm.nih.gov/pubmed/2323772
http://doi.org/10.1016/j.biomaterials.2018.04.031
http://doi.org/10.1080/10717544.2018.1474964
http://doi.org/10.1080/10495398.2016.1246453
http://doi.org/10.1021/acs.chemrev.6b00799
http://doi.org/10.1038/nbt.3816
http://doi.org/10.1093/nar/gkz184
http://www.ncbi.nlm.nih.gov/pubmed/30892626
http://doi.org/10.1042/BSR20171490
http://www.ncbi.nlm.nih.gov/pubmed/29439141
http://doi.org/10.1073/pnas.1722151115
http://doi.org/10.1073/pnas.1706855114
http://www.ncbi.nlm.nih.gov/pubmed/29087939
http://doi.org/10.1002/arch.21667
http://doi.org/10.1016/j.ibmb.2020.103347

Pharmaceutics 2022, 14, 1252 25 of 29

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Liu, C.; Zhang, L.; Liu, H.; Cheng, K. Delivery strategies of the CRISPR-Cas9 gene-editing system for therapeutic applications.
J. Control. Release 2017, 266, 17-26. [CrossRef]

Boukany, PE.; Morss, A.; Liao, W.-c.; Henslee, B.; Jung, H.; Zhang, X.; Yu, B.; Wang, X.; Wu, Y.; Li, L. Nanochannel electroporation
delivers precise amounts of biomolecules into living cells. Nat. Nanotechnol. 2011, 6, 747-754. [CrossRef]

Romero, Z.; DeWitt, M.; Walters, M.C. Promise of gene therapy to treat sickle cell disease. Expert Opin. Biol. Ther. 2018, 18,
1123-1136. [CrossRef]

Stewart, M.P.,; Langer, R.; Jensen, K.F. Intracellular delivery by membrane disruption: Mechanisms, strategies, and concepts.
Chem. Rev. 2018, 118, 7409-7531. [CrossRef]

Dubey, A K.; Kumar Gupta, V.; Kujawska, M.; Orive, G.; Kim, N.-Y,; Li, C.-Z.; Kumar Mishra, Y.; Kaushik, A. Exploring nano-
enabled CRISPR-Cas-powered strategies for efficient diagnostics and treatment of infectious diseases. . Nanostruct. Chem. 2022,
1-32. [CrossRef] [PubMed]

Svitashev, S.; Schwartz, C.; Lenderts, B.; Young, ] K.; Mark Cigan, A. Genome editing in maize directed by CRISPR-Cas9
ribonucleoprotein complexes. Nat. Commun. 2016, 7, 13274. [CrossRef]

Wang, H.; Yang, H.; Shivalila, C.S.; Dawlaty, M.M.; Cheng, A.W.; Zhang, F.; Jaenisch, R. One-step generation of mice carrying
mutations in multiple genes by CRISPR/Cas-mediated genome engineering. Cell 2013, 153, 910-918. [CrossRef] [PubMed]
Long, C.; Amoasii, L.; Mireault, A.A.; McAnally, ].R; Li, H.; Sanchez-Ortiz, E.; Bhattacharyya, S.; Shelton, ].M.; Bassel-Duby, R.;
Olson, E.N. Postnatal genome editing partially restores dystrophin expression in a mouse model of muscular dystrophy. Science
2016, 351, 400-403. [CrossRef] [PubMed]

Carroll, K.J.; Makarewich, C.A.; McAnally, J.; Anderson, D.M.; Zentilin, L.; Liu, N.; Giacca, M.; Bassel-Duby, R.; Olson, E.N.
A mouse model for adult cardiac-specific gene deletion with CRISPR/Cas9. Proc. Natl. Acad. Sci. USA 2016, 113, 338-343.
[CrossRef]

Platt, R.J.; Chen, S.; Zhou, Y.; Yim, M.].; Swiech, L.; Kempton, H.R.; Dahlman, J.E.; Parnas, O.; Eisenhaure, T.M.; Jovanovic, M.
CRISPR-Cas9 knockin mice for genome editing and cancer modeling. Cell 2014, 159, 440—455. [CrossRef]

Hung, S.S.; Chrysostomou, V.; Li, F; Lim, ].K.; Wang, ].-H.; Powell, ].E.; Tu, L.; Daniszewski, M.; Lo, C.; Wong, R.C. AAV-mediated
CRISPR/Cas gene editing of retinal cells in vivo. Investig. Ophthalmol. Vis. Sci. 2016, 57, 3470-3476. [CrossRef]

Swiech, L.; Heidenreich, M.; Banerjee, A.; Habib, N.; Li, Y.; Trombetta, J.; Sur, M.; Zhang, F. In vivo interrogation of gene function
in the mammalian brain using CRISPR-Cas9. Nat. Biotechnol. 2015, 33, 102-106. [CrossRef]

Chew, W.L.; Tabebordbar, M.; Cheng, ].K.; Mali, P.; Wu, E.Y,; Ng, A.H.; Zhu, K.; Wagers, A.].; Church, G.M. A multifunctional
AAV-CRISPR-Cas9 and its host response. Nat. Methods 2016, 13, 868-874. [CrossRef]

Truong, D.-].].; Kithner, K.; Kiihn, R.; Werfel, S.; Engelhardt, S.; Wurst, W.; Ortiz, O. Development of an intein-mediated split-Cas9
system for gene therapy. Nucleic Acids Res. 2015, 43, 6450-6458. [CrossRef] [PubMed]

Ran, E; Cong, L.; Yan, W.X,; Scott, D.A.; Gootenberg, J.S.; Kriz, A.].; Zetsche, B.; Shalem, O.; Wu, X.; Makarova, K.S. In vivo
genome editing using Staphylococcus aureus Cas9. Nature 2015, 520, 186-191. [CrossRef] [PubMed]

Nelson, C.E.; Hakim, C.H.; Ousterout, D.G.; Thakore, PI.; Moreb, E.A.; Rivera, RM.C.; Madhavan, S.; Pan, X.; Ran, FA.; Yan, W.X.
In vivo genome editing improves muscle function in a mouse model of Duchenne muscular dystrophy. Science 2016, 351, 403-407.
[CrossRef] [PubMed]

Tabebordbar, M.; Zhu, K.; Cheng, ].K.; Chew, W.L.; Widrick, J.J.; Yan, W.X.; Maesner, C.; Wu, E.Y,; Xiao, R.; Ran, FA. In vivo gene
editing in dystrophic mouse muscle and muscle stem cells. Science 2016, 351, 407-411. [CrossRef] [PubMed]

Esvelt, KM.; Mali, P; Braff, ].L.; Moosburner, M.; Yaung, S.J.; Church, G.M. Orthogonal Cas9 proteins for RNA-guided gene
regulation and editing. Nat. Methods 2013, 10, 1116-1121. [CrossRef] [PubMed]

Voets, O.; Tielen, F,; Elstak, E.; Benschop, J.; Grimbergen, M.; Stallen, ].; Janssen, R.; van Marle, A.; Essrich, C. Highly efficient
gene inactivation by adenoviral CRISPR/Cas9 in human primary cells. PLoS ONE 2017, 12, e0182974. [CrossRef]

Maddalo, D.; Manchado, E.; Concepcion, C.P,; Bonetti, C.; Vidigal, ].A.; Han, Y.-C.; Ogrodowski, P.; Crippa, A.; Rekhtman, N;
de Stanchina, E. In vivo engineering of oncogenic chromosomal rearrangements with the CRISPR/Cas9 system. Nature 2014, 516,
423-427. [CrossRef]

Wang, D.; Mou, H.; Li, S; Li, Y.; Hough, S.; Tran, K,; Li, J.; Yin, H.; Anderson, D.G.; Sontheimer, E.J. Adenovirus-mediated somatic
genome editing of Pten by CRISPR/Cas9 in mouse liver in spite of Cas9-specific immune responses. Hum. Gene Ther. 2015, 26,
432-442. [CrossRef]

Ding, Q.; Strong, A.; Patel, KM.; Ng, S.-L.; Gosis, B.S.; Regan, S.N.; Cowan, C.A.; Rader, D.J.; Musunuru, K. Permanent alteration
of PCSK9 with in vivo CRISPR-Cas9 genome editing. Circ. Res. 2014, 115, 488-492. [CrossRef]

Maggio, I; Stefanucci, L.; Janssen, J.M.; Liu, J.; Chen, X.; Mouly, V.; Gongalves, M. A. Selection-free gene repair after adenoviral
vector transduction of designer nucleases: Rescue of dystrophin synthesis in DMD muscle cell populations. Nucleic Acids Res.
2016, 44, 1449-1470. [CrossRef]

Li, C,; Guan, X.; Du, T.; Jin, W.; Wu, B.; Liu, Y.; Wang, P; Hu, B.; Griffin, G.E.; Shattock, R.J. Inhibition of HIV-1 infection of primary
CD4+ T-cells by gene editing of CCR5 using adenovirus-delivered CRISPR/Cas9. J. Gen. Virol. 2015, 96, 2381-2393. [CrossRef]
Cheng, R.; Peng, J.; Yan, Y.; Cao, P,; Wang, J.; Qiu, C.; Tang, L.; Liu, D.; Tang, L.; Jin, J. Efficient gene editing in adult mouse livers
via adenoviral delivery of CRISPR/Cas9. FEBS Lett. 2014, 588, 3954-3958. [CrossRef] [PubMed]

Shalem, O.; Sanjana, N.E.; Hartenian, E.; Shi, X.; Scott, D.A.; Mikkelsen, T.S.; Heckl, D.; Ebert, B.L.; Root, D.E.; Doench, J.G.
Genome-scale CRISPR-Cas9 knockout screening in human cells. Science 2014, 343, 84-87. [CrossRef]


http://doi.org/10.1016/j.jconrel.2017.09.012
http://doi.org/10.1038/nnano.2011.164
http://doi.org/10.1080/14712598.2018.1536119
http://doi.org/10.1021/acs.chemrev.7b00678
http://doi.org/10.1007/s40097-022-00472-7
http://www.ncbi.nlm.nih.gov/pubmed/35194511
http://doi.org/10.1038/ncomms13274
http://doi.org/10.1016/j.cell.2013.04.025
http://www.ncbi.nlm.nih.gov/pubmed/23643243
http://doi.org/10.1126/science.aad5725
http://www.ncbi.nlm.nih.gov/pubmed/26721683
http://doi.org/10.1073/pnas.1523918113
http://doi.org/10.1016/j.cell.2014.09.014
http://doi.org/10.1167/iovs.16-19316
http://doi.org/10.1038/nbt.3055
http://doi.org/10.1038/nmeth.3993
http://doi.org/10.1093/nar/gkv601
http://www.ncbi.nlm.nih.gov/pubmed/26082496
http://doi.org/10.1038/nature14299
http://www.ncbi.nlm.nih.gov/pubmed/25830891
http://doi.org/10.1126/science.aad5143
http://www.ncbi.nlm.nih.gov/pubmed/26721684
http://doi.org/10.1126/science.aad5177
http://www.ncbi.nlm.nih.gov/pubmed/26721686
http://doi.org/10.1038/nmeth.2681
http://www.ncbi.nlm.nih.gov/pubmed/24076762
http://doi.org/10.1371/journal.pone.0182974
http://doi.org/10.1038/nature13902
http://doi.org/10.1089/hum.2015.087
http://doi.org/10.1161/CIRCRESAHA.115.304351
http://doi.org/10.1093/nar/gkv1540
http://doi.org/10.1099/vir.0.000139
http://doi.org/10.1016/j.febslet.2014.09.008
http://www.ncbi.nlm.nih.gov/pubmed/25241167
http://doi.org/10.1126/science.1247005

Pharmaceutics 2022, 14, 1252 26 of 29

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.
250.

251.

252.

253.

Wang, T.; Wei, ].].; Sabatini, D.M.; Lander, E.S. Genetic screens in human cells using the CRISPR-Cas9 system. Science 2014, 343,
80-84. [CrossRef] [PubMed]

Naldini, L.; Blomer, U.; Gallay, P.; Ory, D.; Mulligan, R.; Gage, FH.; Verma, I.M.; Trono, D. In vivo gene delivery and stable
transduction of nondividing cells by a lentiviral vector. Science 1996, 272, 263-267. [CrossRef]

Kabadi, A.M.; Ousterout, D.G.; Hilton, I.B.; Gersbach, C.A. Multiplex CRISPR/Cas9-based genome engineering from a single
lentiviral vector. Nucleic Acids Res. 2014, 42, e147. [CrossRef] [PubMed]

Heckl, D.; Kowalczyk, M.S.; Yudovich, D.; Belizaire, R.; Puram, R.V.; McConkey, M.E.; Thielke, A.; Aster, ].C.; Regev, A.; Ebert, B.L.
Generation of mouse models of myeloid malignancy with combinatorial genetic lesions using CRISPR-Cas9 genome editing. Nat.
Biotechnol. 2014, 32, 941-946. [CrossRef]

Roehm, P.C.; Shekarabi, M.; Wollebo, H.S.; Bellizzi, A.; He, L.; Salkind, J.; Khalili, K. Inhibition of HSV-1 replication by gene
editing strategy. Sci. Rep. 2016, 6, 23146. [CrossRef]

Koike-Yusa, H.; Li, Y,; Tan, E.-P,; Velasco-Herrera, M.D.C.; Yusa, K. Genome-wide recessive genetic screening in mammalian cells
with a lentiviral CRISPR-guide RNA library. Nat. Biotechnol. 2014, 32, 267-273. [CrossRef]

Ma, H.; Dang, Y.; Wu, Y,; Jia, G.; Anaya, E.; Zhang, J.; Abraham, S.; Choi, J.-G.; Shi, G.; Qi, L. A CRISPR-based screen identifies
genes essential for West-Nile-virus-induced cell death. Cell Rep. 2015, 12, 673-683. [CrossRef]

Zhang, D.; Li, Z; Li, ].-F. Targeted gene manipulation in plants using the CRISPR/Cas technology. J. Genet. Genom. 2016, 43,
251-262. [CrossRef]

Yao, X; Lyu, P; Yoo, K.; Yadav, M.K,; Singh, R.; Atala, A.; Lu, B. Engineered extracellular vesicles as versatile ribonucleoprotein
delivery vehicles for efficient and safe CRISPR genome editing. J. Extracell. Vesicles 2021, 10, e12076. [CrossRef] [PubMed]
Montagna, C.; Petris, G.; Casini, A.; Maule, G.; Franceschini, G.M.; Zanella, I.; Conti, L.; Arnoldi, F,; Burrone, O.R.; Zentilin, L.
VSV-G-enveloped vesicles for traceless delivery of CRISPR-Cas9. Mol. Ther.-Nucleic Acids 2018, 12, 453—-462. [CrossRef] [PubMed]
Zhuang, J.; Tan, J.; Wu, C.; Zhang, J.; Liu, T.; Fan, C.; Li, ].; Zhang, Y. Extracellular vesicles engineered with valency-controlled
DNA nanostructures deliver CRISPR/Cas9 system for gene therapy. Nucleic Acids Res. 2020, 48, 8870-8882. [CrossRef] [PubMed]
Li, Z.; Zhou, X.; Wei, M.; Gao, X.; Zhao, L.; Shi, R.; Sun, W.; Duan, Y.; Yang, G.; Yuan, L. In vitro and in vivo RNA inhibition by
CD9-HuR functionalized exosomes encapsulated with miRNA or CRISPR/dCas9. Nano Lett. 2018, 19, 19-28. [CrossRef]
Osteikoetxea, X.; Silva, A.; Lazaro-Ibafiez, E.; Salmond, N.; Shatnyeva, O.; Stein, J.; Schick, J.; Wren, S.; Lindgren, J.; Firth, M.
Engineered Cas9 extracellular vesicles as a novel gene editing tool. J. Extracell. Vesicles 2022, 11, €12225. [CrossRef]

Chen, R.; Huang, H.; Liu, H.; Xi, J.; Ning, J.; Zeng, W.; Shen, C.; Zhang, T.; Yu, G.; Xu, Q. Friend or foe? Evidence indicates
endogenous exosomes can deliver functional gRNA and Cas9 protein. Small 2019, 15, 1902686. [CrossRef]

Horii, T.; Arai, Y.; Yamazaki, M.; Morita, S.; Kimura, M.; Itoh, M.; Abe, Y.; Hatada, I. Validation of microinjection methods for
generating knockout mice by CRISPR/Cas-mediated genome engineering. Sci. Rep. 2014, 4, 4513. [CrossRef]

Nakagawa, Y.; Sakuma, T.; Sakamoto, T.; Ohmuraya, M.; Nakagata, N.; Yamamoto, T. Production of knockout mice by DNA
microinjection of various CRISPR/Cas9 vectors into freeze-thawed fertilized oocytes. BMIC Biotechnol. 2015, 15, 33. [CrossRef]
Long, C.; McAnally, ].R.; Shelton, ].M.; Mireault, A.A.; Bassel-Duby, R.; Olson, E.N. Prevention of muscular dystrophy in mice by
CRISPR/Cas9-mediated editing of germline DNA. Science 2014, 345, 1184-1188. [CrossRef]

Crispo, M.; Mulet, A.; Tesson, L.; Barrera, N.; Cuadro, F; dos Santos-Neto, P.; Nguyen, T.; Crénéguy, A.; Brusselle, L.; Anegén, L
Efficient generation of myostatin knock-out sheep using CRISPR/Cas9 technology and microinjection into zygotes. PLoS ONE
2015, 10, e0136690. [CrossRef]

Raveux, A.; Vandormael-Pournin, S.; Cohen-Tannoudji, M. Optimization of the production of knock-in alleles by CRISPR/Cas9
microinjection into the mouse zygote. Sci. Rep. 2017, 7, srep42661. [CrossRef] [PubMed]

Wu, Y; Liang, D.; Wang, Y.; Bai, M.; Tang, W.; Bao, S.; Yan, Z.; Li, D.; Li, J. Correction of a genetic disease in mouse via use of
CRISPR-Cas9. Cell Stem Cell 2013, 13, 659-662. [CrossRef] [PubMed]

Sato, M.; Koriyama, M.; Watanabe, S.; Ohtsuka, M.; Sakurai, T.; Inada, E.; Saitoh, I.; Nakamura, S.; Miyoshi, K. Direct injection of
CRISPR/Cas9-related mRNA into cytoplasm of parthenogenetically activated porcine oocytes causes frequent mosaicism for
indel mutations. Int. ]. Mol. Sci. 2015, 16, 17838-17856. [CrossRef] [PubMed]

Ma, Y.; Shen, B.; Zhang, X.; Lu, Y.; Chen, W.; Ma, ].; Huang, X.; Zhang, L. Heritable multiplex genetic engineering in rats using
CRISPR/Cas9. PLoS ONE 2014, 9, €89413.

Niu, Y; Shen, B.; Cui, Y.; Chen, Y.; Wang, J.; Wang, L.; Kang, Y.; Zhao, X.; Si, W.; Li, W. Generation of gene-modified cynomolgus
monkey via Cas9/RNA-mediated gene targeting in one-cell embryos. Cell 2014, 156, 836-843. [CrossRef]

Ross, J. mRNA stability in mammalian cells. Microbiol. Rev. 1995, 59, 423-450. [CrossRef]

Hashimoto, M.; Takemoto, T. Electroporation enables the efficient mRNA delivery into the mouse zygotes and facilitates
CRISPR/Cas9-based genome editing. Sci. Rep. 2015, 5, 11315. [CrossRef] [PubMed]

Chen, S.; Lee, B.; Lee, A.Y.-F.; Modzelewski, A.].; He, L. Highly efficient mouse genome editing by CRISPR ribonucleoprotein
electroporation of zygotes. J. Biol. Chem. 2016, 291, 14457-14467. [CrossRef]

Qin, W.; Dion, S.L.; Kutny, PM.; Zhang, Y.; Cheng, A.W.; Jillette, N.L.; Malhotra, A.; Geurts, A.M.; Chen, Y.-G.; Wang, H. Efficient
CRISPR/Cas9-mediated genome editing in mice by zygote electroporation of nuclease. Genetics 2015, 200, 423—430. [CrossRef]
Matano, M.; Date, S.; Shimokawa, M.; Takano, A.; Fujii, M.; Ohta, Y.; Watanabe, T.; Kanai, T.; Sato, T. Modeling colorectal cancer
using CRISPR-Cas9-mediated engineering of human intestinal organoids. Nat. Med. 2015, 21, 256-262. [CrossRef]


http://doi.org/10.1126/science.1246981
http://www.ncbi.nlm.nih.gov/pubmed/24336569
http://doi.org/10.1126/science.272.5259.263
http://doi.org/10.1093/nar/gku749
http://www.ncbi.nlm.nih.gov/pubmed/25122746
http://doi.org/10.1038/nbt.2951
http://doi.org/10.1038/srep23146
http://doi.org/10.1038/nbt.2800
http://doi.org/10.1016/j.celrep.2015.06.049
http://doi.org/10.1016/j.jgg.2016.03.001
http://doi.org/10.1002/jev2.12076
http://www.ncbi.nlm.nih.gov/pubmed/33747370
http://doi.org/10.1016/j.omtn.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/30195783
http://doi.org/10.1093/nar/gkaa683
http://www.ncbi.nlm.nih.gov/pubmed/32810272
http://doi.org/10.1021/acs.nanolett.8b02689
http://doi.org/10.1002/jev2.12225
http://doi.org/10.1002/smll.201902686
http://doi.org/10.1038/srep04513
http://doi.org/10.1186/s12896-015-0144-x
http://doi.org/10.1126/science.1254445
http://doi.org/10.1371/journal.pone.0136690
http://doi.org/10.1038/srep42661
http://www.ncbi.nlm.nih.gov/pubmed/28209967
http://doi.org/10.1016/j.stem.2013.10.016
http://www.ncbi.nlm.nih.gov/pubmed/24315440
http://doi.org/10.3390/ijms160817838
http://www.ncbi.nlm.nih.gov/pubmed/26247938
http://doi.org/10.1016/j.cell.2014.01.027
http://doi.org/10.1128/mr.59.3.423-450.1995
http://doi.org/10.1038/srep11315
http://www.ncbi.nlm.nih.gov/pubmed/26066060
http://doi.org/10.1074/jbc.M116.733154
http://doi.org/10.1534/genetics.115.176594
http://doi.org/10.1038/nm.3802

Pharmaceutics 2022, 14, 1252 27 of 29

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

Paquet, D.; Kwart, D.; Chen, A.; Sproul, A.; Jacob, S.; Teo, S.; Olsen, KM.; Gregg, A.; Noggle, S.; Tessier-Lavigne, M. Efficient
introduction of specific homozygous and heterozygous mutations using CRISPR/Cas9. Nature 2016, 533, 125-129. [CrossRef]
[PubMed]

Ousterout, D.G.; Kabadi, A.M.; Thakore, PI.; Majoros, W.H.; Reddy, T.E.; Gersbach, C.A. Multiplex CRISPR/Cas9-based genome
editing for correction of dystrophin mutations that cause Duchenne muscular dystrophy. Nat. Commun. 2015, 6, 6244. [CrossRef]
[PubMed]

Schumann, K.; Lin, S.; Boyer, E.; Simeonov, D.R.; Subramaniam, M.; Gate, R.E.; Haliburton, G.E.; Chun, ].Y.; Bluestone, J.A;
Doudna, J.A. Generation of knock-in primary human T cells using Cas9 ribonucleoproteins. Proc. Natl. Acad. Sci. USA 2015, 112,
10437-10442. [CrossRef] [PubMed]

Wu, Y; Zhou, H; Fan, X.; Zhang, Y.; Zhang, M.; Wang, Y.; Xie, Z.; Bai, M.; Yin, Q.; Liang, D. Correction of a genetic disease by
CRISPR-Cas9-mediated gene editing in mouse spermatogonial stem cells. Cell Res. 2015, 25, 67-79. [CrossRef]

Ye, L.; Wang, J.; Beyer, A.L; Teque, E,; Cradick, T.J.; Qi, Z.; Chang, ].C.; Bao, G.; Muench, M.O.; Yu, J. Seamless modification of
wild-type induced pluripotent stem cells to the natural CCR5A32 mutation confers resistance to HIV infection. Proc. Natl. Acad.
Sci. USA 2014, 111, 9591-9596. [CrossRef]

Zuckermann, M.; Hovestadt, V.; Knobbe-Thomsen, C.B.; Zapatka, M.; Northcott, P.A.; Schramm, K.; Belic, J.; Jones, D.T,;
Tschida, B.; Moriarity, B. Somatic CRISPR/Cas9-mediated tumour suppressor disruption enables versatile brain tumour mod-
elling. Nat. Commun. 2015, 6, 7391. [CrossRef]

Kim, S.; Kim, D.; Cho, S.W.; Kim, J.; Kim, J.-S. Highly efficient RNA-guided genome editing in human cells via delivery of purified
Cas9 ribonucleoproteins. Genome Res. 2014, 24, 1012-1019. [CrossRef]

Sharei, A.; Zoldan, J.; Adamo, A.; Sim, W.Y.; Cho, N.; Jackson, E.; Mao, S.; Schneider, S.; Han, M.-].; Lytton-Jean, A. A vector-free
microfluidic platform for intracellular delivery. Proc. Natl. Acad. Sci. USA 2013, 110, 2082-2087. [CrossRef]

Worthen, C.A.; Rittié, L.; Fisher, G.J. Mechanical deformation of cultured cells with hydrogels. In Fibrosis; Springer:
Berlin/Heidelberg, Germany, 2017; pp. 245-251.

Han, X,; Liu, Z.; Jo, M.c,; Zhang, K.; Li, Y.; Zeng, Z.; Li, N.; Zu, Y.; Qin, L. CRISPR-Cas9 delivery to hard-to-transfect cells via
membrane deformation. Sci. Adv. 2015, 1, €1500454. [CrossRef]

Yin, H.; Xue, W.; Chen, S.; Bogorad, R.L.; Benedetti, E.; Grompe, M.; Koteliansky, V.; Sharp, P.A ; Jacks, T.; Anderson, D.G. Genome
editing with Cas9 in adult mice corrects a disease mutation and phenotype. Nat. Biotechnol. 2014, 32, 551-553. [CrossRef]

Xue, W.,; Chen, S.; Yin, H.; Tammela, T.; Papagiannakopoulos, T.; Joshi, N.S.; Cai, W.; Yang, G.; Bronson, R.; Crowley, D.G.
CRISPR-mediated direct mutation of cancer genes in the mouse liver. Nature 2014, 514, 380-384. [CrossRef]

Guan, Y;; Ma, Y;; Li, Q.; Sun, Z.; Ma, L.; Wu, L.; Wang, L.; Zeng, L.; Shao, Y.; Chen, Y. CRISPR/Cas9-mediated somatic correction
of a novel coagulator factor IX gene mutation ameliorates hemophilia in mouse. EMBO Mol. Med. 2016, 8, 477-488. [CrossRef]
[PubMed]

Lin, S.; Staahl, B.T.; Alla, R.K,; Doudna, J.A. Enhanced homology-directed human genome engineering by controlled timing of
CRISPR/Cas9 delivery. Elife 2014, 3, e04766. [CrossRef] [PubMed]

Zhen, S.; Hua, L,; Liu, Y.; Gao, L.; Fu, J.; Wan, D.; Dong, L.; Song, H.; Gao, X. Harnessing the clustered regularly interspaced
short palindromic repeat (CRISPR)/CRISPR-associated Cas9 system to disrupt the hepatitis B virus. Gene Ther. 2015, 22, 404-412.
[CrossRef] [PubMed]

Dong, C.; Qu, L.; Wang, H.; Wei, L.; Dong, Y.; Xiong, S. Targeting hepatitis B virus cccDNA by CRISPR/Cas9 nuclease efficiently
inhibits viral replication. Antivir. Res. 2015, 118, 110-117. [CrossRef] [PubMed]

Khorsandi, S.; Bachellier, P.; Weber, J.; Greget, M.; Jaeck, D.; Zacharoulis, D.; Rountas, C.; Helmy, S.; Helmy, A.; Al-Waracky, M.
Minimally invasive and selective hydrodynamic gene therapy of liver segments in the pig and human. Cancer Gene Ther. 2008, 15,
225-230. [CrossRef]

Zhang, G.; Gao, X.; Song, Y.; Vollmer, R.; Stolz, D.; Gasiorowski, J.; Dean, D.; Liu, D. Hydroporation as the mechanism of
hydrodynamic delivery. Gene Ther. 2004, 11, 675-682. [CrossRef]

Crespo, A.; Peydro, A.; Dasi, F; Benet, M.; Calvete, J.; Revert, E; Alifio, S. Hydrodynamic liver gene transfer mechanism involves
transient sinusoidal blood stasis and massive hepatocyte endocytic vesicles. Gene Ther. 2005, 12, 927-935. [CrossRef]

Suda, T.; Gao, X.; Stolz, D.; Liu, D. Structural impact of hydrodynamic injection on mouse liver. Gene Ther. 2007, 14, 129-137.
[CrossRef]

Fitzgerald, K.; Frank-Kamenetsky, M.; Shulga-Morskaya, S.; Liebow, A.; Bettencourt, B.R.; Sutherland, J.E.; Hutabarat, R.M.;
Clausen, V.A.; Karsten, V.; Cehelsky, J. Effect of an RNA interference drug on the synthesis of proprotein convertase subtil-
isin/kexin type 9 (PCSK9) and the concentration of serum LDL cholesterol in healthy volunteers: A randomised, single-blind,
placebo-controlled, phase 1 trial. Lancet 2014, 383, 60-68. [CrossRef]

Coelho, T.; Adams, D.; Silva, A.; Lozeron, P.; Hawkins, PN.; Mant, T; Perez, J.; Chiesa, J.; Warrington, S.; Tranter, E. Safety and
efficacy of RNAI therapy for transthyretin amyloidosis. N. Engl. J. Med. 2013, 369, 819-829. [CrossRef] [PubMed]

Mali, P; Aach, J.; Stranges, P.B.; Esvelt, K.M.; Moosburner, M.; Kosuri, S.; Yang, L.; Church, G.M. CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative genome engineering. Nat. Biotechnol. 2013, 31, 833-838.
[CrossRef] [PubMed]

Liang, X.; Potter, J.; Kumar, S.; Zou, Y.; Quintanilla, R.; Sridharan, M.; Carte, J.; Chen, W.; Roark, N.; Ranganathan, S. Rapid and
highly efficient mammalian cell engineering via Cas9 protein transfection. J. Biotechnol. 2015, 208, 44-53. [CrossRef]


http://doi.org/10.1038/nature17664
http://www.ncbi.nlm.nih.gov/pubmed/27120160
http://doi.org/10.1038/ncomms7244
http://www.ncbi.nlm.nih.gov/pubmed/25692716
http://doi.org/10.1073/pnas.1512503112
http://www.ncbi.nlm.nih.gov/pubmed/26216948
http://doi.org/10.1038/cr.2014.160
http://doi.org/10.1073/pnas.1407473111
http://doi.org/10.1038/ncomms8391
http://doi.org/10.1101/gr.171322.113
http://doi.org/10.1073/pnas.1218705110
http://doi.org/10.1126/sciadv.1500454
http://doi.org/10.1038/nbt.2884
http://doi.org/10.1038/nature13589
http://doi.org/10.15252/emmm.201506039
http://www.ncbi.nlm.nih.gov/pubmed/26964564
http://doi.org/10.7554/eLife.04766
http://www.ncbi.nlm.nih.gov/pubmed/25497837
http://doi.org/10.1038/gt.2015.2
http://www.ncbi.nlm.nih.gov/pubmed/25652100
http://doi.org/10.1016/j.antiviral.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/25843425
http://doi.org/10.1038/sj.cgt.7701119
http://doi.org/10.1038/sj.gt.3302210
http://doi.org/10.1038/sj.gt.3302469
http://doi.org/10.1038/sj.gt.3302865
http://doi.org/10.1016/S0140-6736(13)61914-5
http://doi.org/10.1056/NEJMoa1208760
http://www.ncbi.nlm.nih.gov/pubmed/23984729
http://doi.org/10.1038/nbt.2675
http://www.ncbi.nlm.nih.gov/pubmed/23907171
http://doi.org/10.1016/j.jbiotec.2015.04.024

Pharmaceutics 2022, 14, 1252 28 of 29

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Zuris, J.A.; Thompson, D.B.; Shu, Y.; Guilinger, J.P.; Bessen, ].L.; Hu, J.H.; Maeder, M.L.; Joung, ] K.; Chen, Z.-Y.; Liu, D.R. Cationic
lipid-mediated delivery of proteins enables efficient protein-based genome editing in vitro and in vivo. Nat. Biotechnol. 2015, 33,
73-80. [CrossRef] [PubMed]

Mout, R.; Ray, M.; Yesilbag Tonga, G.; Lee, Y.-W.; Tay, T.; Sasaki, K.; Rotello, V.M. Direct cytosolic delivery of CRISPR/Cas9-
ribonucleoprotein for efficient gene editing. ACS Nano 2017, 11, 2452-2458. [CrossRef]

Lee, K.; Conboy, M.; Park, H.M; Jiang, F.; Kim, H.J.; Dewitt, M.A.; Mackley, V.A.; Chang, K.; Rao, A.; Skinner, C. Nanoparticle
delivery of Cas9 ribonucleoprotein and donor DNA in vivo induces homology-directed DNA repair. Nat. Biomed. Eng. 2017, 1,
889-901. [CrossRef]

Fonte, P.; Reis, S.; Sarmento, B. Facts and evidences on the lyophilization of polymeric nanoparticles for drug delivery. J. Control.
Release 2016, 225, 75-86. [CrossRef]

Chertok, B.; David, A.E.; Yang, V.C. Polyethyleneimine-modified iron oxide nanoparticles for brain tumor drug delivery using
magnetic targeting and intra-carotid administration. Biomaterials 2010, 31, 6317-6324. [CrossRef]

Diaz-Moscoso, A.; Guilloteau, N.; Bienvenu, C.; Méndez-Ardoy, A.; Blanco, ].L.J.; Benito, ].M.; Le Gourriérec, L.; Di Giorgio, C.;
Vierling, P.; Defaye, ]. Mannosyl-coated nanocomplexes from amphiphilic cyclodextrins and pDNA for site-specific gene delivery.
Biomaterials 2011, 32, 7263-7273. [CrossRef]

Ayyappan, J.P.; Sami, H.; Rajalekshmi, D.C.; Sivakumar, S.; Abraham, A. Inmunocompatibility and Toxicity Studies of Poly-
L-Lysine Nanocapsules in Sprague-Dawley Rats for Drug-Delivery Applications. Chem. Biol. Drug Des. 2014, 84, 292-299.
[CrossRef]

Fornaguera, C.; Dols-Perez, A.; Caldero, G.; Garcia-Celma, M.; Camarasa, J.; Solans, C. PLGA nanoparticles prepared by nano-
emulsion templating using low-energy methods as efficient nanocarriers for drug delivery across the blood-brain barrier. J.
Control. Release 2015, 211, 134-143. [CrossRef] [PubMed]

Kreyling, W.G.; Abdelmonem, A.M.; Ali, Z.; Alves, F,; Geiser, M.; Haberl, N.; Hartmann, R.; Hirn, S.; De Aberasturi, D.J.; Kantner,
K. In vivo integrity of polymer-coated gold nanoparticles. Nat. Nanotechnol. 2015, 10, 619-623. [CrossRef] [PubMed]

Kaushik, A.; Yndart, A.; Atluri, V,; Tiwari, S.; Tomitaka, A.; Gupta, P,; Jayant, R.D.; Alvarez-Carbonell, D.; Khalili, K.; Nair, M.
Magnetically guided non-invasive CRISPR-Cas9/gRNA delivery across blood-brain barrier to eradicate latent HIV-1 infection.
Sci. Rep. 2019, 9, 3928. [CrossRef] [PubMed]

Ramakrishna, S.; Dad, A.-B.K,; Beloor, J.; Gopalappa, R.; Lee, S.-K.; Kim, H. Gene disruption by cell-penetrating peptide-mediated
delivery of Cas9 protein and guide RNA. Genome Res. 2014, 24, 1020-1027. [CrossRef]

Axford, D.S.; Morris, D.P.; McMurry, J.L. Cell penetrating peptide-mediated nuclear delivery of Cas9 to enhance the utility of
CRISPR/Cas genome editing. FASEB J. 2017, 31, 909.4.

Suresh, B.; Ramakrishna, S.; Kim, H. Cell-penetrating peptide-mediated delivery of Cas9 protein and guide RNA for genome
editing. In Eukaryotic Transcriptional and Post-Transcriptional Gene Expression Regulation; Springer: Berlin/Heidelberg, Germany,
2017; pp. 81-94.

Pensado, A.; Seijo, B.; Sanchez, A. Current strategies for DNA therapy based on lipid nanocarriers. Expert Opin. Drug Deliv. 2014,
11,1721-1731. [CrossRef]

Witika, B.A.; Poka, M.S.; Demana, P.H.; Matafwali, S.K.; Melamane, S.; Malungelo Khamanga, S.M.; Makoni, P.A. Lipid-Based
Nanocarriers for Neurological Disorders: A Review of the State-of-the-Art and Therapeutic Success to Date. Pharmaceutics 2022,
14, 836. [CrossRef]

Glass, Z.; Lee, M,; Li, Y.; Xu, Q. Engineering the delivery system for CRISPR-based genome editing. Trends Biotechnol. 2018, 36,
173-185. [CrossRef]

Arima, H. Twenty Years of Research on Cyclodextrin Conjugates with PAMAM Dendrimers. Pharmaceutics 2021, 13, 697.
[CrossRef]

Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3-14. [CrossRef]
Agustin-Pavon, C.; Isalan, M. Synthetic biology and therapeutic strategies for the degenerating brain: Synthetic biology
approaches can transform classical cell and gene therapies, to provide new cures for neurodegenerative diseases. Bioessays 2014,
36, 979-990. [CrossRef] [PubMed]

Zhou, Y.; Peng, Z.; Seven, E.S.; Leblanc, R. M. Crossing the blood-brain barrier with nanoparticles. J. Control. Release 2018, 270,
290-303. [CrossRef] [PubMed]

Voigt, N.; Henrich-Noack, P.; Kockentiedt, S.; Hintz, W.; Tomas, ].; Sabel, B.A. Surfactants, not size or zeta-potential influence
blood-brain barrier passage of polymeric nanoparticles. Eur. |. Pharm. Biopharm. 2014, 87, 19-29. [CrossRef]

Shi, N.-Q.; Qi, X.-R; Xiang, B.; Zhang, Y. A survey on “Trojan Horse” peptides: Opportunities, issues and controlled entry to
“Troy”. J. Control. Release 2014, 194, 53-70. [CrossRef]

Lochhead, ].J.; Thorne, R.G. Intranasal delivery of biologics to the central nervous system. Adv. Drug Deliv. Rev. 2012, 64, 614-628.
[CrossRef] [PubMed]

Khosrow Tayebati, S.; Ejike Nwankwo, I.; Amenta, F. Intranasal drug delivery to the central nervous system: Present status and
future outlook. Curr. Pharm. Des. 2013, 19, 510-526. [CrossRef]

Born, J.; Lange, T.; Kern, W.; McGregor, G.P.; Bickel, U.; Fehm, H.L. Sniffing neuropeptides: A transnasal approach to the human
brain. Nat. Neurosci. 2002, 5, 514-516. [CrossRef]


http://doi.org/10.1038/nbt.3081
http://www.ncbi.nlm.nih.gov/pubmed/25357182
http://doi.org/10.1021/acsnano.6b07600
http://doi.org/10.1038/s41551-017-0137-2
http://doi.org/10.1016/j.jconrel.2016.01.034
http://doi.org/10.1016/j.biomaterials.2010.04.043
http://doi.org/10.1016/j.biomaterials.2011.06.025
http://doi.org/10.1111/cbdd.12313
http://doi.org/10.1016/j.jconrel.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26057857
http://doi.org/10.1038/nnano.2015.111
http://www.ncbi.nlm.nih.gov/pubmed/26076469
http://doi.org/10.1038/s41598-019-40222-4
http://www.ncbi.nlm.nih.gov/pubmed/30850620
http://doi.org/10.1101/gr.171264.113
http://doi.org/10.1517/17425247.2014.935337
http://doi.org/10.3390/pharmaceutics14040836
http://doi.org/10.1016/j.tibtech.2017.11.006
http://doi.org/10.3390/pharmaceutics13050697
http://doi.org/10.1602/neurorx.2.1.3
http://doi.org/10.1002/bies.201400094
http://www.ncbi.nlm.nih.gov/pubmed/25100403
http://doi.org/10.1016/j.jconrel.2017.12.015
http://www.ncbi.nlm.nih.gov/pubmed/29269142
http://doi.org/10.1016/j.ejpb.2014.02.013
http://doi.org/10.1016/j.jconrel.2014.08.014
http://doi.org/10.1016/j.addr.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22119441
http://doi.org/10.2174/138161213804143662
http://doi.org/10.1038/nn0602-849

Pharmaceutics 2022, 14, 1252 29 of 29

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.
318.

319.

320.

321.
322.

323.

Rodriguez, M.; Lapierre, J.; Ojha, C.R.; Kaushik, A.; Batrakova, E.; Kashanchi, F; Dever, S.M.; Nair, M.; El-Hage, N. Intranasal
drug delivery of small interfering RNA targeting Beclinl encapsulated with polyethylenimine (PEI) in mouse brain to achieve
HIV attenuation. Sci. Rep. 2017, 7, 1862, Erratum in Sci. Rep. 2018, 8, 4778. [CrossRef]

Liang, Y.; Xu, X.; Xu, L.; Prasadam, I.; Duan, L.; Xiao, Y.; Xia, J. Non-surgical osteoarthritis therapy, intra-articular drug delivery
towards clinical applications. J. Drug Target. 2021, 29, 609-616. [CrossRef]

Duan, L.; Xu, L,; Xu, X,; Qin, Z.; Zhou, X.; Xiao, Y.; Liang, Y.; Xia, ]. Exosome-mediated delivery of gene vectors for gene therapy.
Nanoscale 2021, 13, 1387-1397. [CrossRef]

Zhang, Y.; Venugopal, ].R.; El-Turki, A.; Ramakrishna, S.; Su, B.; Lim, C.T. Electrospun biomimetic nanocomposite nanofibers of
hydroxyapatite/chitosan for bone tissue engineering. Biomaterials 2008, 29, 4314—4322. [CrossRef] [PubMed]

Narbute, K.; Pilipenko, V.; Pupure, J.; Dzirkale, Z.; Jonavi¢é, U.; Tunaitis, V.; Kriau¢itinaité, K.; Jarmalavi¢itité, A.; Jansone, B.;
Klusa, V. Intranasal administration of extracellular vesicles derived from human teeth stem cells improves motor symptoms and
normalizes tyrosine hydroxylase expression in the substantia nigra and striatum of the 6-hydroxydopamine-treated rats. Stem
Cells Transl. Med. 2019, 8, 490-499. [CrossRef] [PubMed]

Botella, J.A.; Bayersdorfer, E; Schneuwly, S. Superoxide dismutase overexpression protects dopaminergic neurons in a Drosophila
model of Parkinson’s disease. Neurobiol. Dis. 2008, 30, 65-73. [CrossRef] [PubMed]

Solberg, N.; Krauss, S. Luciferase assay to study the activity of a cloned promoter DNA fragment. In Gene Regulation; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 65-78.

Soldner, F.; Stelzer, Y.; Shivalila, C.S.; Abraham, B.J.; Latourelle, J.C.; Barrasa, M.I.; Goldmann, J.; Myers, R.H.; Young, R.A,;
Jaenisch, R. Parkinson-associated risk variant in distal enhancer of «-synuclein modulates target gene expression. Nature 2016,
533,95-99. [CrossRef] [PubMed]

Jiang, Z.; Hong, X.; Zhang, S.; Yao, R.; Xiao, Y. CRISPR base editing and prime editing: DSB and template-free editing systems for
bacteria and plants. Synth. Syst. Biotechnol. 2020, 5, 277-292.

Levy, ].M.; Yeh, W.-H.; Pendse, N.; Davis, J.R.; Hennessey, E.; Butcher, R.; Koblan, L.W.; Comander, J.; Liu, Q.; Liu, D.R. Cytosine
and adenine base editing of the brain, liver, retina, heart and skeletal muscle of mice via adeno-associated viruses. Nat. Biomed.
Eng. 2020, 4, 97-110. [CrossRef]

Lim, C.K.; Gapinske, M.; Brooks, A K.; Woods, W.S.; Powell, ].E.; Winter, J.; Perez-Pinera, P.; Gaj, T. Treatment of a mouse model
of ALS by in vivo base editing. Mol. Ther. 2020, 28, 1177-1189. [CrossRef]

Fu, Y,; Foden, ]J.A; Khayter, C.; Maeder, M.L.; Reyon, D.; Joung, ] K.; Sander, J.D. High-frequency off-target mutagenesis induced
by CRISPR-Cas nucleases in human cells. Nat. Biotechnol. 2013, 31, 822-826. [CrossRef]

Koo, T;; Lee, J.; Kim, J.-5. Measuring and reducing off-target activities of programmable nucleases including CRISPR-Cas9. Mol.
Cells 2015, 38, 475. [CrossRef]

Hsu, PD,; Scott, D.A.; Weinstein, J.A.; Ran, FA.; Konermann, S.; Agarwala, V,; Li, Y.; Fine, E.].; Wu, X,; Shalem, O.; et al. DNA
targeting specificity of RNA-guided Cas9 nucleases. Nat. Biotechnol. 2013, 31, 827-832. [CrossRef]

Cyranoski, D. CRISPR-baby scientist fails to satisfy critics. Nature 2018, 564, 13-15. [CrossRef]

Heyer, W.-D.; Ehmsen, K.T.; Liu, J. Regulation of homologous recombination in eukaryotes. Annu. Rev. Genet. 2010, 44, 113-139.
[CrossRef]

Daley, ].M.; Sung, P. 53BP1, BRCA1, and the choice between recombination and end joining at DNA double-strand breaks. Mol.
Cell. Biol. 2014, 34, 1380-1388. [CrossRef]

Maruyama, T.; Dougan, S.K.; Truttmann, M.C.; Bilate, A.M.; Ingram, J.R.; Ploegh, H.L. Increasing the efficiency of precise genome
editing with CRISPR-Cas9 by inhibition of nonhomologous end joining. Nat. Biotechnol. 2015, 33, 538-542. [CrossRef]

Tay, A.; Melosh, N. Nanostructured materials for intracellular cargo delivery. Acc. Chem. Res. 2019, 52, 2462-2471. [CrossRef]
Arruda, V.R.; Doshi, B.S.; Samelson-Jones, B.J. Novel approaches to hemophilia therapy: Successes and challenges. Blood . Am.
Soc. Hematol. 2017, 130, 2251-2256. [CrossRef]

Murlidharan, G.; Sakamoto, K.; Rao, L.; Corriher, T.; Wang, D.; Gao, G.; Sullivan, P.; Asokan, A. CNS-restricted transduction and
CRISPR/Cas9-mediated gene deletion with an engineered AAV vector. Mol. Ther.-Nucleic Acids 2016, 5, e338. [CrossRef]


http://doi.org/10.1038/s41598-017-01819-9
http://doi.org/10.1080/1061186X.2020.1870231
http://doi.org/10.1039/D0NR07622H
http://doi.org/10.1016/j.biomaterials.2008.07.038
http://www.ncbi.nlm.nih.gov/pubmed/18715637
http://doi.org/10.1002/sctm.18-0162
http://www.ncbi.nlm.nih.gov/pubmed/30706999
http://doi.org/10.1016/j.nbd.2007.11.013
http://www.ncbi.nlm.nih.gov/pubmed/18243716
http://doi.org/10.1038/nature17939
http://www.ncbi.nlm.nih.gov/pubmed/27096366
http://doi.org/10.1038/s41551-019-0501-5
http://doi.org/10.1016/j.ymthe.2020.01.005
http://doi.org/10.1038/nbt.2623
http://doi.org/10.14348/molcells.2015.0103
http://doi.org/10.1038/nbt.2647
http://doi.org/10.1038/d41586-018-07573-w
http://doi.org/10.1146/annurev-genet-051710-150955
http://doi.org/10.1128/MCB.01639-13
http://doi.org/10.1038/nbt.3190
http://doi.org/10.1021/acs.accounts.9b00272
http://doi.org/10.1182/blood-2017-08-742312
http://doi.org/10.1038/mtna.2016.49

	Introduction 
	CRISPR-Cas 
	History 
	CRISPR-Cas System 

	Parkinson’s Disease 
	Application of CRISPR-Cas in PD 
	Gene Therapy and PD 
	Disease Modeling and Genetic Screening 
	Delivery of CRISPR-Cas 
	Viral Vectors 
	Non-Viral Vectors 

	Challenges and Future Perspectives 
	Summary 
	References

