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Abstract
Chronic and debilitating neurodegenerative diseases, such as Parkinson’s disease (PD), impose an immense medical, emotional,
and economic burden on patients and society. Due to a complex interaction between genetic and environmental risk factors, the
etiology of PD remains elusive. However, the cumulative evidence emerging from clinical and experimental research over the last
several decades has identified mitochondrial dysfunction, oxidative stress, neuroinflammation, and dysregulated protein degra-
dation as the main drivers of PD neurodegeneration. The genome-editing system CRISPR (clustered regularly interspaced short
palindromic repeats) has recently transformed the field of biotechnology and biomedical discovery and is poised to accelerate
neurodegenerative disease research. It has been leveraged to generate PD animal models, such as Parkin, DJ-1, and PINK1 triple
knockout miniature pigs. CRISPR has also allowed the deeper understanding of various PD gene interactions, as well as the
identification of novel apoptotic pathways associated with neurodegenerative processes in PD. Furthermore, its application has
been used to dissect neuroinflammatory pathways involved in PD pathogenesis, such as the PKCδ signaling pathway, as well as
the roles of novel compensatory or protective pathways, such as Prokineticin-2 signaling. This review aims to highlight the
historical milestones in the evolution of this technology and attempts to illustrate its transformative potential in unraveling disease
mechanisms as well as in the development of innovative treatment strategies for PD.
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Introduction

Neurodegenerative diseases encompass complex conditions,
such as Parkinson’s disease (PD), Alzheimer’s disease (AD),
Amyotrophic Lateral Sclerosis (ALS) and Huntington’s dis-
ease (HD). The World Health Organization predicts neurode-
generative diseases will overtake cancer as the major cause of
death by 2050 (Menken et al. 2000). Yet, due to the complex
nature of etiologies and disease progression of these condi-
tions, their cures remain out of reach for modern medicine.

Exact causes for many of these conditions, including PD, re-
main elusive. Common themes have emerged in the progres-
sion of neurodegeneration, such as pathways that lead to mi-
tochondrial dysfunction, the accumulation of aggregation-
prone proteins, and neuroinflammation. Therefore, it is impor-
tant to elucidate the neuroinflammatory mechanisms and cell
death pathways involved in PD neurodegeneration.

Gene disruption has been a powerful genome-editing ap-
proach in uncovering the roles of individual genes in inter-
and intra-cellular signaling pathways. However, earlier
methods using gene-silencing via RNAi had drawbacks, in-
cluding difficulty in the delivery and generation of a complete
gene knockout. Advances in precise genome-editing using
zinc-finger nucleases (ZFN), transcription activator-like effec-
tor nucleases (TALENs), and most recently, clustered regular-
ly interspaced short palindromic repeats (CRISPR)-associated
nucleases, have completely revolutionized many fields in bi-
ological research and are poised to quicken the pace of ad-
vances in research for PD, such as causally manipulating early
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apoptotic pathways and neuroinflammatory mechanisms in-
volved in PD neurodegeneration. Originating from the adap-
tive bacterial immune system of Streptococcus pyogenes,
CRISPR achieves precise genome editing based on the simple
Watson-Crick base-pairing rules. Owing to its simplicity in
design and synthesis, it has transformed research in many
diseases, including cancer and brain diseases. This review will
highlight the history of CRISPR and describe its use in study-
ing neuroinflammatory and neuropharmacological mecha-
nisms of PD.

Parkinson’s Disease

PD is the most common age-related movement disorder, af-
fecting 10 million people worldwide. With an aging world
population, the estimated prevalence of this neurodegenera-
tive disease is projected to increase bymore than 50% by 2030
(Dorsey et al. 2007). Furthermore, the estimated national eco-
nomic burden for PD is likely to increase to over $13 billion
by 2030 and $18 billion by 2050 as the population ages and
PD prevalence increases (Kowal et al. 2013). Unfortunately,
PD remains incurable and only symptomatic treatments are
available to patients. The cardinal motor symptoms of PD
include bradykinesia, resting tremor, muscle stiffness, gait ab-
normalities, postural instability, and fatigue (Barzilai and
Melamed 2003; Jarraya et al. 2009; Nassif and Pereira
2018). These motor manifestations can be accompanied or
preceded by non-motor symptoms, such as olfactory deficits
(hyposmia), sleep disturbances, cognitive deterioration, de-
pression, and pain, some of which can appear up to a decade
earlier than motor symptoms. Postmortem examination of PD
patient brains reveals an excessive (50–70%) loss of dopami-
nergic neurons in the substantia nigra pars compacta (SNpc),
resulting in the dysregulation of extrapyramidal motor circuit-
ry due to the significant de-innervation of nigral dopaminergic
input to the striatum.

The manifestation of non-motor dysfunctions before motor
dysfunctions indicates that the gradual and progressive loss of
dopaminergic neurons began prior to the onset of motor symp-
toms, with these symptoms not emerging until after various
protective, compensatory mechanisms were overwhelmed.
Therefore, if an early biomarker were available, the prodromal
period preceding massive dopaminergic cell death would af-
ford a critical window of opportunity for a potential therapeu-
tic intervention to alter the course of disease progression
(Siderowf and Lang 2012). The exact causes for the destruc-
tion of these nigrostriatal dopaminergic neurons are not
completely understood, but mounting evidence points to ge-
net ic defects and/or exposure to environmenta l
neurotoxicants, such as pesticides and heavy metals, which
initiate mitochondrial dysfunction, oxidative stress, neuroin-
flammation, and dysregulated protein degradation, ultimately

contributing to dopaminergic neurodegeneration. A small per-
centage of PD patients (5–10%) exhibit an inherited form of
PD, termed familial PD, attributed to mutations in various
PARK genes, especially SNCA (α-synuclein) and LRRK2.
Misfolded α-synuclein protein has been linked to the activa-
tion of brain microglia and the appearance of α-synuclein-
containing Lewy bodies and Lewy neurites, which are corre-
lated with neuroinflammation in PD models (Duffy et al.
2018). This further indicates that most cases of PD result from
a complex interplay of human genetics and environmental
factors, and that CRISPR-Cas9 gene-editing technology can
determine if these proteins and pathways underlie PD.

Nucleases for Precise Genome Editing

Popular molecular biological techniques in the past decade
have been focused on the goal of precise genome editing, with
customizable nuclease genome editing systems such as ZFN,
meganucleases, TALEN, and most recently, CRISPR. Current
methods for precise and versatile genome editing of eukary-
otic genomes rely on an essential cell repair pathway to intro-
duce custom-designed alterations into the genome. In a
healthy cell, double-stranded breaks (DSBs) in genomic
DNA are the most deleterious DNA lesions, which can be
generated by both endogenous sources like reactive oxygen
species and replication-associated errors, as well as exogenous
sources, including ionizing radiation and chemotherapeutic
agents. Unrepaired or misrepaired DSBs are generally consid-
ered as precursors to chromosome breaks, leading to genomic
instability and can ultimately result in carcinogenesis (Nakai
et al. 2011). Therefore, eukaryotic cells quickly initiate a num-
ber of highly efficient repair mechanisms, including nonho-
mologous end-joining (NHEJ) and homologous recombina-
tion (HR), in attempts to ligate and repair DSBs. Owing to
the discovery that targeted DSBs can be used to stimulate
genome editing through HR-mediated recombination events,
the customizable nuclease proteins, including ZFN,
meganuclease, TALEN, and CRISPR, are utilized to produce
a site-specific DNA DSB (which is discussed further), where
these localized DSBs can induce insertion or deletion muta-
tions (i.e., indels) via the error-prone NHEJ repair pathway,
leading to effective genome editing.

While protein-DNA interactions from ZFN can be efficient
and precise, adapting the system for genome editing by mod-
ifying individual ZFN DNA-binding regions is time-
consuming and difficult to validate (Doudna and Charpentier
2014). Furthermore, due to a lack of clear correspondence
between meganuclease protein residues and their target
DNA sequence specificity, meganucleases have not been
widely adopted as a genome-engineering platform. Similarly,
TALENs suffer from context-dependent specificity and con-
structing novel TALEN arrays is labor-intensive and time-
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consuming. The application of relatively simple-to-generate
RNA sequences against known genomic DNA sequences un-
derpins the popularity of CRISPR among researchers.
CRISPR is a toolkit with a broad range of uses, including
defining gene-driven biological processes and developing
translationally relevant animal models of human diseases
(Hsu et al. 2014; Lander 2016). Coined as the BCRISPR
revolution^, its impact has reverberated through private and
public institutions to drive research for development of com-
mercial agricultural products and novel human therapeutics. A
recent controversy involving the use of the CRISPR toolkit in
germline engineering for the creation of Bdesigner babies^
made headlines in the media and raised ethical concerns.
With more and more scientists ‘pushing the envelope,’
CRISPR is at the epicenter of this new era in biomedical
research (Lander 2016).

CRISPR: Historical Perspective

Like many scientific breakthroughs, the discovery of CRISPR
was serendipitous. As outlined in Fig. 1, the pioneers were not
initially driven by the need to address human diseases or to
edit the human genome, but were developing tools to identify
resistant bacteria plaguing the dairy industry as an effort to
counteract the threat of bio-terrorism or understand salt-
resistant microbes – issues that were costly and pressing in
their field (Mojica et al. 1993, 1995, 2000, 2005; Pourcel et al.
2005; Horvath et al. 2008; Lander 2016). In the early 1990’s,
the Spanish microbiologist FranciscoMojica was studying the
genomes of Haloferax mediterranei and H. volcanii, extreme

salt-tolerant Archaean microbes from the salt marshes of
Spain’s Costa Blanca. In their genomes, Mojica had discov-
ered multiple copies of 30 bases of near-perfect palindromic
repeat sequences each separated by spacers of roughly 36-
base pair sequences. Around the same time, a team led by
Japanese scientist Dr. Ishino witnessed a similar pattern of
repeat sequences in the bacterial genome of Escherichia coli
(Ishino et al. 1987). Mojica coined these repeats found in
prokaryotes as short regularly spaced repeats (SRSRs), later
renamed CRISPR (Jansen et al. 2002). By 2003, Mojica had
shown sequence similarity between the spacer sequences and
the P1 bacteriophage in E. coli, and concluded that the
CRISPR loci encoding the instructions for an adaptive im-
mune system protected microbes against specific infections
(Mojica et al. 2005; Lander 2016).

In another region of the world, the biological weapons
threat posed by Saddam Hussein pushed the French Defense
Ministry to recruit Gilles Vergnaud to study the tandem-repeat
polymorphism in strains of anthrax bacteria (Pourcel et al.
2005). Unaware of Mojica’s work on E. coli, he identified
identical tandem-repeat sequences at the CRISPR locus with
Yersinia pestis strains differing in spacer sequences, which
corresponded to the dominant prophage present in its genome.
With this work, Vergnaud further validated Mojica’s theory
that the CRISPR loci were involved in the immune defense
mechanism of prokaryotes (Mojica et al. 2005; Pourcel et al.
2005).

After Mojica and Vergnaud’s discoveries, another break-
through in the search for the function of these spacer se-
quences came from Phillippe Horvath’s studies in the 2000s
on S. thermophilus phage infections, a recurrent issue in the

Fig. 1 Evolution of the CRISPR-Cas9 system
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dairy industry. To better understand this critical issue, Horvath
was recruited by the Danish firm Danisco to develop a DNA-
based identification method for different strains. He geno-
typed the strains and noticed a positive correlation between
spacers and resistance to infection. With the collaborative ef-
fort of Rodolphe Barrangou and Sylvain Moineau, they veri-
fied that phage-resistant strains had acquired sequences at the
CRISPR loci, with the insertion ofmultiple spacers correlating
with increased resistance. Furthermore, they identified and
characterized the roles of two cas (CRISPR-associated) genes,
cas7 and cas9, where cas7 was shown to be involved in the
generation of spacers and repeats, whereas cas9 contained two
nuclease motifs, HNH and RuvC, and thus was presumably
necessary for cutting nucleic acids. The group then demon-
strated that a single-base change in the genome altered the
immunity of the bacteria, suggesting that spacer sequences
must match exactly the target DNA sequences (Barrangou
et al. 2007; Horvath et al. 2008; Barrangou 2012; Barrangou
and Marraffini 2014).

The Dutch microbiologist John van der Oost was focusing
on cyanobacteria and its use in the production of biofuels and
further characterized the CRISPR system while collaborating
with a microbial evolution expert, Eugene Koonin. By sys-
temically knocking-out each component of a five-Cas protein
complex known as Cascade, they demonstrated that Cascade
was required to make a 61-nucleotide CRISPR RNA
(crRNA). The crRNA sequence formed a secondary structure
within its palindromic repeats, implying a significant role for
crRNA in CRISPR-based resistance. To test CRISPR-based
resistance, the group designed a CRISPR-based array and
reprogrammed E. coli strains carrying genes for phage lamb-
da. Oost and Koonin’s group demonstrated that the new
CRISPR sequence conferred resistant to phage lambda.
Through their work, Oost and Koonin hypothesized that
crRNA targets DNA and not RNA as previously suggested
by other groups (Brouns et al. 2008; van der Oost et al. 2014).

Around the same time, American scientists Luciano
Marraffini and Erik Sontheimer also sought to answer whether
DNA or RNAwas the target for crRNA. During his graduate
years, Marraffini recognized that CRISPR could interfere with
plasmid conjugation along with viruses in Staphylococcus.
The two scientists sought to identify whether DNAwas indeed
the target of CRISPR in the S. epidermidis model, which in-
cluded a spacer sequence found in S. aureus for the antibiotic-
resistant plasmid gene nes that encodes nickase. Since the
S. epidermidis CRISPR system was complicated and still
poorly characterized, they genetically modified the nes gene
by inserting a self-splicing intronic sequence in the middle as a
foreign spacer. They hypothesized that if mRNAwas indeed
the target, then inserting a self-splicing intron would not inter-
fere with the CRISPR system. However, if DNAwas the tar-
get, the intronically generated mismatched sequence would
prevent cleavage. Their results showed that crRNA could

not interfere with the expression of the target gene, suggesting
that a DNA-matched sequence is required for CRISPR
(Marraffini and Sontheimer 2008; Barrangou and Marraffini
2014).

With limited knowledge of the cas genes and crRNA,
much of the function and mechanism of the CRISPR loci
was still unknown. Sylvain Moineau, with support from
Danisco, studied the mechanism by which CRISPR cleaved
DNA. Using S. thermophilus as their model, his group recog-
nized that the Cas9 nuclease was responsible for a single,
precise, blunt-end cleavage of three nucleotides upstream of
the proto-spacer adjacent motif (PAM) sequence. They further
revealed that the number of spacers matching a target
corresponded to the number of cuts, thus concluding that
Cas9 functions as the primary nuclease involved in CRISPR
immunity (Deveau et al. 2008; Marraffini and Sontheimer
2008; Garneau et al. 2010). A few years later, Virginijus
Siksnys pushed the limits of CRISPR technology, where he
reconstituted a CRISPR system, transferred across genera,
from S. thermophilus into the distant microbe E. coli
in vitro. He confirmed that Cas9 was the only nuclease re-
quired for interference, and that the HNH and RuvC nuclease
domains were essential for interference. He further demon-
strated that Cas9 could be re-programmed in vitro with
custom-designed spacers to cut any target site of their choos-
ing (Sapranauskas et al. 2011; Gasiunas et al. 2012).

The third important component of the CRISPR system is
the trans-activating CRISPR RNA (tracrRNA), discovered
serendipitously by Emmanuelle Charpentier, who was charac-
terizing intergenic regions of the sequences that coded for
regulatory non-coding RNA in S. pyogenes. Charpentier col-
laborated with Jorg Vogel, whose focus was using next-
generation sequencing to build a microbial transcriptome cat-
alog. Their combined expertise led to the identification of a
novel small RNA with 25 base pairs of near-perfect comple-
mentarity to the CRISPR repeats. Through their extensive
study, they determined tracrRNA to not only be essential in
the formation of crRNA, but also was critical for Cas9 nucle-
ase activity (Mangold et al. 2004; Deltcheva et al. 2011).

Recognizing CRISPR’s potential as a powerful biological
toolkit for genetic engineering, Charpentier went on to collab-
orate with Jennifer Doudna, an RNA expert and world-
renowned structural biologist. In exploring the potential of
CRISPR in vitro, they discovered that Cas9 could be
reprogrammed with custom crRNA, that the function of
Cas9 was dependent on the two nuclease domains, and that
both crRNA and tracrRNA could be genetically engineered as
single-guide RNA (gRNA) while still maintaining its func-
tionality (Brouns et al. 2008; Deltcheva et al. 2011; Jinek
et al. 2012; Sternberg and Doudna 2015). Their publication
in Science revealed CRISPR’s microbiological potential, but
for the broader scientific community its use inmammalian cell
lines presented new challenges.
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Finally, in mid-2012, the Chinese American scientist Feng
Zhang repurposed CRISPR in a robust three-component sys-
tem which included Cas9 from S. pyogenes and
S. thermophilus, tracrRNA and crRNA. By specifically
targeting sites in humans and mice, genes of interest could
be disrupted with high efficiency and accuracy via the NHEJ
repair mechanism, and by providing a repair template, it was
possible to insert novel sequences via recombination events.
Moreover, multiple genes could be edited simultaneously via
matching spacer sequences and programming arrays (Brouns
et al. 2008; Zhang et al. 2011; Sternberg and Doudna 2015).
Thus, extending the application of CRISPR to mammalian
cells opened up new avenues of translational research in can-
cer, neurodegenerative disorders, blood disorders, and AIDS.
From food sciences to health sciences, almost every molecular
biology laboratory around the world could apply CRISPR
technology in their respective fields. One News Feature article
in Nature stated BCRISPR, the disruptor, a powerful gene-
editing technology is the biggest game changer to hit biology
since PCR^ (Ledford 2015). From the salt marshes of Spain, it
is important to note that CRISPR is the consequence of a 20-
year cumulative effort from scientists around the globe.

Principles and Mechanisms
of the CRISPR-Cas9 System

In S. pyogenes, invading DNAs (e.g., phages) are cleaved into
small chunks by Cas1 and Cas2 and are inserted as spacer
sequences into the genome at the CRISPR loci (Doudna and
Charpentier 2014). During transcription, the invading spacer
portion and a portion of the repeat sequence are transcribed
and processed into a single crRNA. The crRNA together with
a tracrRNA form a duplex to direct a Cas9-induced DSB at
sites complementary to the crRNA.

Current CRISPR-Cas9 systems based on S. pyogenes have
engineered the tracrRNA:crRNA duplex to an gRNA
(Doudna and Charpentier 2014) that serves two functions:
the 20-nucleotide sequence at the 5′ end of gRNA can make
Watson-Crick pairings to target genomic DNA sequences,
while the 3′ side of the gRNA binds to Cas9 (Doudna and
Charpentier 2014). This simplified single, two-component
system allows modifications to the guide sequence (20 nucle-
otides in the native RNA) of the gRNA that programCRISPR-
Cas9 to target any DNA sequence of interest, as long as it is
adjacent to a PAM sequence. When the Cas9-gRNA complex
forms base pairing with a complementary target DNA se-
quence, Cas9 introduces a site-specific DSB at three nucleo-
tides upstream of the PAM site. While attempting to repair the
DBS, NHEJ repair mechanisms often introduce indels, lead-
ing to gene disruption (Hsu et al. 2014). Spacer sequences
within the CRISPR array are protected from cleavage where

ever the direct repeat sequences lack PAM, which are other-
wise extremely common throughout the genome.

The CRISPR-Cas9 System
in Neurodegenerative Disease Research

Since the initial proof-of-concept studies in the uses of the
CRISPR-Cas9 system for genome-editing in mammalian sys-
tems, experimental applications of CRISPR-Cas9 in neurode-
generative diseases, such as PD, AD, and Niemann-Pick dis-
ease type C1, have rapidly gained ground towards potential
clinical applications. For example, in AD, mutations in amy-
loid precursor protein (APP) and presenilin-1 cause early-
onset AD. Using CRISPR-Cas9, a group in the US generated
AD-causing mutations in APP (APPswe) and presenilin-1
(PSEN1(M146 V)). Moreover, by establishing the relation-
ship between a mutation’s incorporation rate after DSB repair
and its distance to the DSB, they generated heterozygous and
homozygous dominant mutations in APP and presenilin-1 in
predictable frequencies (Paquet et al. 2016). More recently,
Gyorgy et al. (2018) cultured fibroblasts isolated from patients
exhibiting early-onset dominant familial AD and then trans-
duced them with AAV-mediated CRISPR-Cas9 designed to
disrupt the generation of the mutant APPswe, a key driver of
neuroinflammation in AD patient brains (Heneka et al. 2015),
and the resulting gene knockout reduced secreted Aβ by 60%.

Experimental Applications of CRISPR in PD

The premise of genome-editing in PD is that if cellular func-
tions could be restored, and the balance between apoptotic and
survival signals could be regained, the accumulated damages
induced by chronic neuroinflammation and cell death could be
stabilized or even restored. The current uses of CRISPR-Cas9
in experimental PD studies have been multifold: generating
reporters, screening for susceptibility genes, building better
models, and dissecting the pathways of neuronal inflamma-
tion and degeneration.

Generation of Reporters

Earlier studies of genome editing had already produced im-
pressive results using ZFN to introduce reporter systems for
gene expression. For example, the alpha-synuclein (SNCA)
gene, under the endogenous control of SNCA gene expression,
had high-throughput screening of compounds that could affect
SNCA gene expression (Dansithong et al. 2015). More recent-
ly, the advantages conferred by CRISPR-Cas9 over other
genome-editing tools have led to more rapid advancements
in experimental applications for PD research. A proof-of-
concept study using CRISPR-Cas9-mediated insertion of a
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nanoluciferase tag, as a reporter for endogenous SNCA tran-
scriptional activity, has created an efficient drug screening tool
for potential interventions affecting SNCA transcription (Basu
et al. 2017).

Generation of Genomic Screens for Susceptibility
Genes

The advantage of rapidly generated gRNA libraries was re-
cently demonstrated in the use of a genome-wide CRISPR-
Cas9 knockout screen to discover the regulators of Parkin, an
important E3 ubiquitin ligase mutated in dominant familial
PD. As Parkin participates in the normal mitophagy process,
its loss of function leads to dysregulated mitophagy and asso-
ciated neuroinflammation (Torres-Odio et al. 2017; Dionisio
et al. 2018). Fifty-three positive and negative regulators of
Parkin were found, among which THAP11 underwent further
validation in a CRISPR-Cas9 knockout study using multiple
cell types (Potting et al. 2018). This work highlighted the
utility of unbiased, systematic knockout screens for discover-
ing previously unknown regulatory networks. Other studies
leveraged CRISPR-Cas9 systems to drive gene expression.
A CRISPR-Cas9 transcription factor was used, for instance,
to screen for protective genes during α-synuclein toxicity in a
yeast model (Chen et al. 2017). The study demonstrated the
construction of a gRNA-expressing plasmid library of 20-mer
randomized nucleotides, which were co-expressed in a yeast
system with CRISPR-Cas9-based transcription factors
(crisprTFs) to activate expression of the gRNA-targeted gene.
The gRNA-targeted genes that afforded protection against α-
synuclein neurotoxicity, namely DJ-1, ALS2, GGA1, and
DNAJB1, were validated in a human SH-SY5Y neuronal cell
culture model of PD (Chen et al. 2017). However, the target of
the gRNA that most dramatically reduced α-synuclein in
yeast, named gRNA9–1, could not be readily identified with
a human homolog.

Generation of PD Animal Models

CRISPR-Cas9 has also revolutionized the production of
knockout models for various diseases, including PD.
Previously, selective breeding across multiple generations of
offspring was needed to generate single or multiple gene
knockouts in rodents or other higher animals, which was a
time-consuming and sometimes fruitless process. By contrast,
CRISPR-Cas9’s precise genome editing facilitated Parkin and
PINK1 double-knockout pigs in combination with somatic
cell nuclear transfer (SCNT) techniques (Zhou et al. 2015).
Piglets with double knockouts born from this study were neg-
ative for immunofluorescence staining of anti-Parkin and anti-
PINK1 antibodies. All piglets born were homozygous and no
off-target mutagenesis was detected.

That work was closely followed by a study from Wang
et al. (2016), who generated Parkin, DJ-1, and PINK1 triple-
knockout Bama miniature pigs. In their study, CRISPR-Cas9
gRNAs against Parkin, DJ-1, and then PINK1, respectively,
were co-injected together with Cas9 mRNA into pronuclear
embryos and later transplanted. Immunostaining the fibro-
blasts of the gene-edited pigs revealed an absence of staining
for DJ-1 protein expression, while Parkin and PINK1 gene
expression were drastically decreased but not absent. More
recently, Zhu et al. (2018) successfully introduced PD-
causing missense mutations in the SNCA gene using
CRISPR-Cas9 in Guangxi Bama mini-pigs. These proof-of-
concept studies demonstrate both the time and cost savings
achieved by the CRISPR-Cas9 system, but the models did not
differ from wild-types in neuroinflammation or behavioral
deficits. This is presumably because the piglets were still
young. Nonetheless, the usefulness of double- or triple-
knockout pigs in recapitulating human PD symptoms remains
to be seen.

Identifying Novel Early Apoptotic Pathways Involved
in PD

The scalability of CRISPR-Cas9 gRNA libraries can also help
to identify previously unreported metabolic and biotransfor-
mation pathways, where uncovering such pathways that facil-
itate cell death will contribute to better understanding the pro-
gression of neurodegenerative disorders. For instance, the
complex etiology of idiopathic PD likely results from interac-
tions between genetic factors and environmental stressors,
such as chronic exposure to certain agrochemicals. For exam-
ple, paraquat is a widely used herbicide that has been shown to
increase the risk of PD by 1.3- to 3.6-fold in humans. With a
chemical structure similar to the classic Parkinsonian toxicant
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), para-
quat is a potent inducer of neuroinflammation in
neurotoxicant-based models of PD (Mitra et al. 2011). A re-
cent study by Reczek et al. (2017) illustrates the usefulness of
functional genomic screens to identify novel metabolic and
biotransformation pathways mediating increased neurotoxici-
ty. They transduced Jurkat cells, an immortalized cell line
derived from human T cell acute lymphoblastic cells, with a
library of 30,000 CRISPR-Cas9 gRNAs representing 3000
genes involved in metabolism, with 10 unique gRNA for each
of the 3000 genes. The transduced Jurkat cells were treated
with 110 μM paraquat to induce cell death. This positive-
selection screen for metabolic genes, whose loss allowed cell
survival in the presence of paraquat, yielded three genes re-
quired for paraquat-induced cell death: cytochrome P450 ox-
idoreductase (POR), copper transporter ATP7A, and sucrose
transporter (SLC45A4). In addition to neurotoxicity models of
PD demonstrating how environmental stressors contribute to
protein aggregation (Kanthasamy et al. 2012) and
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mitochondrial dysfunction, transgenic PDmodels are yielding
similar findings (Langley et al. 2017), and it is becoming
increasingly likely that both proteinopathy and mitochondrial
dysfunction are linked in PD pathogenesis (Ganguly et al.
2017). Indeed, using CRISPR-Cas9 gRNA to target telomere
repeats, Kim et al. (2017) found that ablating SH-SY5Y neu-
ronal cell telomeres not only reduced cell proliferation and
viability, but importantly also increased protein aggregation
while decreasing mitochondrial bioenergetics.

CRISPR in Dissecting Neuroinflammatory Mechanisms
Involved in PD

Neuroinflammation has been implicated as a main driver
of PD disease progression (Ghosh et al. 2016; De Virgilio
et al. 2016; Sampson et al. 2016; Sarkar et al. 2017). In
neurodegenerative disorders, such as PD, both microglia
and astrocytes can be hyper-activated by various physical
or chemical insults . Exposure to environmental
neurotoxicants, such as Mn, perturbs complex pathophys-
iological signaling mechanisms between neurons and glial
cells that cause neuroinflammation, particularly in the
striatal pallidum and substantia nigra pars reticulata.
Activated microglia adopt an amoeba-like morphology
and drama t i ca l ly inc rease the re l ea se o f pro -
inflammatory cytokines, while reactive astrocytes upregu-
late the surface expression of GFAP and secrete pro-
in f l ammato ry cy tok ines . Reac t ive g l ios i s i s a
neuroinflammatory response generally believed to be a
supportive process to maintain homeostasis, a process that
in PD becomes a chronically progressive self-sustaining
cycle of neuroinflammation (Orr et al. 2002). It manifests
itself as the proliferation of activated microglia and astro-
cytes, activation and nuclear translocation of NF-κB, and
elevation of pro-inflammatory factors, including tumor
necrosis factor-α (TNF-α), inducible nitric oxide synthase
(iNOS), nitric oxide (NO), interleukin (IL)-1beta, IL-6,
cyclooxygenase-2 (COX-2), and prostaglandins E2
(PGE2).

MPTP is another potent inducer of neuroinflammation and
neurodegeneration, and brain inflammatory factors can re-
main elevated even years after the initial neurotoxicant expo-
sure (Orr et al. 2002; Tansey et al. 2007; Ghosh et al. 2016),
suggesting that a cascade of events involving neuronal cell
death can sustain glia activation in a cycle of self-propelling
neurotoxicity. Postmortem examinations of brains of PD pa-
tients have revealed the presence of extensive neuroinflamma-
tion with distinct elevation of pro-inflammatory cytokines
such as TNF-α, IL-12, IL-6, and IL-1β, and sustained neuro-
inflammation in the SN and elsewhere has been shown to
promote disease progression. Mn also induces excessive ex-
pression of TNF-α, IL-12, IL-6, IL-10, and IL-1β and stimu-
lates iNOS protein levels through activation of the NF-κB

(p50/p65) transcription factor signaling pathway (Filipov
et al. 2005; Verina et al. 2011; Sarkar et al. 2019). A major
intracellular signaling mechanism driving Mn-induced apo-
ptotic cell death involves activation of the protein kinase C
delta (PKCδ), a non-canonical member of the protein kinase C
family of kinases. PKCδ can be proteolytically activated by
caspase-3 in the apoptotic signaling pathway (Kanthasamy
et al. 2006; Kitazawa et al. 2005; Latchoumycandane et al.
2005), as well as in neuroinflammatory processes in PD
models (Wilkins and Swerdlow 2016; Singh et al. 2018). To
better understand the PKCδ downstream pathway leading to
apoptosis, we recently used the CRISPR-Cas9 system to
knockdown PKCδ expression in dopaminergic neuronal cells,
revealing that downregulation of PKCδ significantly blocked
Mn-induced DNA fragmentation (Song et al. 2019).

Neuroinflammatory processes and mitochondrial dysfunc-
tion are intricately linked during the process of neurodegener-
ation, and both are thought of as common denominators in a
variety of neurodegenerative diseases (Witte et al. 2010;
Wilkins and Swerdlow 2016; Gong et al. 2018). Indeed, some
studies including our own suggest that mitochondrial dysfunc-
tion contributes to neuroinflammation, hastening cell death
(Wilkins and Swerdlow 2016; Sarkar et al. 2017).

Several groups have shown approaches for nuclear and
mitochondrial genome editing using CRISPR-Cas9. For ex-
ample, Cas9 protein expressed with gRNAs against Cox1 and
Cox3 can localize to mitochondria and initiate cleavage at the
mitochondrial mtDNA loci (Jo et al. 2015). CRISPR-Cas9
systems have since been used to dissect cellular regulation
of mitochondrial biogenesis, especially during neurodegener-
ation. Jiang et al. (2016) found that adult conditional knockout
of peroxisome proliferator-activated receptor γ (PPAR γ) co-
activator protein-1α (PGC-1α), a master regulator of mito-
chondrial biogenesis, leads to dopaminergic neuronal cell
death. Another regulator of mitochondrial biogenesis is mito-
chondrial transcription factor A (TFAM), a key activator of
mitochondrial transcription. TFAM aids transcription by reg-
ulating mitochondrial copy number, via binding to mitochon-
drial promoter DNA, as well as calcium and reactive oxygen
species (Kunkel et al. 2018). Similar to a PGC-1α knockout,
since a complete TFAM knockout depletes mitochondrial
DNA, it is embryonically lethal in mice (Stiles et al. 2016).
Mice with a conditional knockout of mitochondrial TFAM
using the Cre/LoxP system in dopaminergic neurons present
with neuroinflammation in the SN, characterized by upregu-
lation of the microglial activation marker IBA1, resulting in
the progressive loss of these neurons (Ekstrand and Galter
2009; Good et al. 2011). The ensuing motor symptoms reca-
pitulate human PD symptoms. Given this mitochondrial-
based induction of PD-like symptoms, these mice are called
MitoPark. Our mechanistic studies of the TFAM knockout
using CRISPR-Cas9 gRNA targeted against TFAM in rat do-
paminergic neuronal cultures (Fig. 2) revealed that TFAM-
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knockout neurons were more susceptible to Mn neurotoxicity,
exhibiting lower mitochondrial basal and ATP-linked respira-
tion (Langley et al. 2018).

Our recent studies have demonstrated a major role of
Prokineticin 2 (PK2) in mitochondrial biogenesis (Gordon
et al. 2016). PK2 belongs to the prokineticin family, which
consists of Prokineticin 1 and Prokineticin 2, a pair of
chemokines that signals through the Prokineticin receptors
PKR1 and PKR2. They were named for their ability to con-
tract gastrointestinal smooth muscle from isolated ileal seg-
ments (Wade et al. 2010). PK2 has since been attributed with
wide-ranging functional roles, including hematopoiesis, pain
reception, neurogenesis, and circadian rhythm (Ng et al.
2005). We reported that PK2 signaling was increased in PD
post-mortem brains, and acted as a protective compensatory
response against neurodegeneration in PD cell culture and
animal models (Gordon et al. 2016). During neurotoxic stress,
overexpression of PK2 preserved mitochondrial bioenergetics
by rescuing neurotoxicant-induced loss in ATP production
and increasing levels of PGC-1α and BCL2 (Gordon et al.
2016). Importantly, during MPTP-induced gliosis, AAV-
mediated delivery of PK2 reduced the processes of reactive
astrocytes (Neal et al. 2018) and increased the expression of
genes associated with the alternative, neuroprotective A2 as-
trocyte phenotype (Neal et al. 2018), which can counter neu-
roinflammation induced by reactive A1 astrocytes (Liddelow
et al. 2017). Our mechanistic cell culture studies (Fig. 3) have
shown that a PK2 knockout using CRISPR-Cas9, in contrast,
increased neuronal susceptibility to neurotoxicant-induced
cell death (Gordon et al. 2016). Furthermore, CRISPR-Cas9-

mediated knockout of PKR1, a receptor for the PK2 chemo-
kine, abolished the effects of PK2 on alternative A2 astrocyte
activation (Neal et al. 2018). Collectively, these studies further
link mitochondrial dysfunction with neuroinflammation and
demonstrate the utility of CRISPR-Cas9 in elucidating these
mechanisms.

CRISPR-Cas9 for Genetic Mutation Repair

SNCA has long been known to be a strong risk locus for
sporadic PD. Combined with induced pluripotent stem cell
(iPSC) techniques, the genome of human (h) patient-specific
hiPSCs was isolated and corrected using ZFN that targeted a
disease-causing mutation (A53T) in the SNCA gene (Soldner
et al. 2011). Importantly, the repair of the A53T mutation in
the patient-derived hiPSCs using CRISPR did not compro-
mise the differentiation of TH-positive dopaminergic neurons
(Soldner et al. 2011). Leucine-rich repeat kinase 2 (LRRK2) is
another PD-susceptibility gene, with G2019S and R1441C
mutations in the gene resulting in mitochondrial impairments.
Attempts at using ZFN to Brepair^ PD patient-specific iPSCs
carrying G2019S and R1441C mutations in the LRRK2 gene
successfully achieved healthy differentiated neuroprogenitor
and neural cells with no detectable mtDNA damage (Sanders
et al. 2014). GWAS had previously been used to identify sev-
eral microsatellite repeat regions upstream of the SNCA gene
that were suspected to enhance SNCA expression (Nalls et al.
2014). A shorter repeat region Rep1–257 or Rep1–259 con-
ferred significantly lower risk of developing PD, compared to
individuals carrying Rep1–261 or Rep1–263 (Farrer et al.

Fig. 2 Experimental
application of CRISPR-Cas9 in
elucidating the role of PKCδ in
neuronal apoptosis and
neuroinflammation. Oxidative
stress-induced reactive oxygen
species (ROS) can lead to activa-
tion of caspase-3, which induces
the phosphorylation of inhibitor
of κB (IκB), causing nuclear
translation of the p50/p65 com-
plex. In the nucleus, it participates
in the transcription of PKCδ,
which can be proteolytically
cleaved, thereby inducing neuro-
inflammation and neuronal cell
death. However, CRISPR-Cas9
knockout of PKCδ made cells
more resistant to oxidative stress-
induced cell death
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2001). Based on these data, Soldner et al. (2016) used
CRISPR-Cas9 to delete the entire repeat region, and re-
inserted representative alleles for each of the 4 reported
repeat-length alleles in hiPSCs. However, after terminal dif-
ferentiation of hiPSC into neurons, Soldner’s team found no
cis-regulatory effects on SNCA expression due to repeat
length. On the other hand, Chen et al. (2019) used CRISPR-
Cas9 to delete the endogenous SNCA gene in human embry-
onic stem cells (hESCs). When treated with recombinant α-
synuclein preformed fibrils (PFFs), the hESCs that differenti-
ated into dopaminergic neurons exhibited significant resis-
tance to pS129-αSyn-positive protein aggregation, a patho-
logical hallmark of Lewy body synucleinopathies.

Challenges and Drawbacks

Despite many advantages, several areas associated with
CRISPR-Cas9 technology’s practical use need to be improved
to maximize its utility. A major challenge is the highly fre-
quent off-target modifications of the genome by CRISPR-
Cas9. Single- and double-base mismatches could be tolerated
to varying degrees at the gRNA-DNA interface, leading to
unwanted mutagenesis (Fu et al. 2013). Furthermore, Cas9-
and gRNA-encoding plasmids constitutively express func-
tional Cas9-gRNA complexes that could lead to the

accumulation of off-target mutagenesis. Cloud-based tools
are now available for designing unique target sequences to
avoid potential off-target sites in the genome. Another option
is the use of recombinant Cas9 proteins, which quickly induce
mutations at intended on-target sites after delivery into cells
and are eventually degraded by cellular protease machinery to
reduce off-target effects (Koo et al. 2015). Due to the relative
novelty of this technology, long-term consequences from un-
desirable mutagenesis induced by CRISPR-Cas9 is hard to
predict in humans, as illustrated by the discussion among ex-
perts on the potential long-term health benefits and negative
side effects surrounding the first-ever CRISPR-Cas9-edited
baby born in China in 2018 (Cyranoski 2018). Such ethical
and safety concerns need to be addressed before moving this
technology to clinical applications. A second major challenge
of CRISPR-Cas9-based therapies lies in its variable efficiency
of delivery to target cells. Common delivery methods
(reviewed by Lino et al. 2018) for the CRISPR-Cas9 system
include microinjection, electroporation, AAV, lentivirus, and
nanoparticle or liposomal delivery methods, only a few of
which in their current form could be utilized for central ner-
vous system delivery of CRISPR-Cas9-based therapy
(Maguire et al. 2014; Banks 2016; Lino et al. 2018). Other
groups have had some success in utilizing a neuron-preferring
chimeric AAV-based CRISPR-Cas9 system administered into

Fig. 3 Experimental application of CRISPR-Cas9 in elucidating the
role of PK2 in protective, anti-apoptotic responses against neurotoxic
stress in neurons. Neurotoxic stress can induce a variety of transcription
factors, including HIF1α, which can bind to putative binding sites on the
promoter of the PK2 gene. The upregulation of PK2 can induce cell

survival via increases in mitochondrial biogenesis and upregulation of
PGC1α and BCL-2. Moreover, astrocytes react to secreted PK2 by
upregulating genes associated with the anti-inflammatory alternative ac-
tivation (A2) phenotype. CRISPR-Cas9 knockout of the PK2 gene pro-
duces undesirable effects, increasing cell susceptibility to a neurotoxicant
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the cerebrospinal fluid to mediate brain-specific gene deletion,
with no detectable events in other non-target organs, including
the liver (Murlidharan et al. 2016).

Conclusion

CRISPR-Cas9-mediated therapies have been embraced for
their role in identifying essential genes for cancer immuno-
therapy and in treating a variety of genetic diseases (Patel et al.
2017; Demirci et al. 2018). Several recently approved clinical
trials are underway for applications of CRISPR to treat sickle
cell anemia and retinitis pigmentosa (Demirci et al. 2018; Cai
et al. 2018). CRISPR-Cas9 is also poised to transform bio-
medical research on complex neurodegenerative diseases by
dissecting key pathways of neuroinflammation and neuronal
cell death. As the research and engineering of CRISPR-Cas9
systems expand, it is likely that yet unknown applications
might help find cures for neurodegenerative diseases such as
PD.
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