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ABSTRACT

Alzheimer’s disease (AD) is a chronic and irre-
versible neurodegenerative disorder character-
ized by cognitive deficiency and development
of amyloid-B (AB) plaques and neurofibrillary
tangles, comprising hyperphosphorylated tau.
The number of patients with AD is alarmingly
increasing worldwide; currently, at least
50 million people are thought to be living with
AD. The mutations or alterations in amyloid-f
precursor protein (APP), presenilin-1 (PSEN1), or
presenilin-2 (PSENZ2) genes are known to be
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associated with the pathophysiology of AD.
Effective medication for AD is still elusive and
many gene-targeted clinical trials have failed to
meet the expected efficiency standards. The
genome editing tool clustered regularly inter-
spaced short palindromic repeats (CRISPR)-Cas9
has been emerging as a powerful technology to
correct anomalous genetic functions and is now
widely applied to the study of AD. This simple
yet powerful tool for editing genes showed the
huge potential to correct the unwanted muta-
tions in AD-associated genes such as APP,
PSEN1, and PSEN2. So, it has opened a new door
for the development of empirical AD models,
diagnostic approaches, and therapeutic lines in
studying the complexity of the nervous system
ranging from different cell types (in vitro) to
animals (in vivo). This review was undertaken
to study the related mechanisms and likely
applications of CRISPR-Cas9 as an effective
therapeutic tool in treating AD.
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At present, over 50 million people have
dementia globally and this figure will be
beyond 131 million by 2050 with a global
cost of around US$818 billion

Mutations or alterations in amyloid-f3
precursor protein (APP), presenilin-1
(PSEN1), or presenilin-2 (PSEN2) genes are
known factors associated with the
pathophysiology of AD

Yet there are no effective and

stable therapeutic strategies for AD and
the failure rate in clinical trials (99.5%) is
higher than any other disease

Genome editing tool CRISPR-Cas9 has
been emerging as a powerful technology
to correct anomalous genetic functions
and is now widely applied to the study of
AD

Off-target mutations are one of the biggest
hurdles that can impair the functionality
of edited cells; that is why gene delivery to
the target sites of cells might be futile

Non-viral vectors (nanocomplexes,
nanoclews, gold nanoparticles) show
better efficacy and safety than viral
vectors

DIGITAL FEATURES

This article is published with digital features
(summary slide) to facilitate understanding of
the article. To view digital features for this
article go to https://doi.org/10.6084/m9.
figshare.13020026.

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neu-
rodegenerative disorder that typically affects
the adults of society and is the most common

reason for dementia [1]. It is the sixth leading
cause of death in the USA. Often, families with
anyone suffering from AD have to pay a huge
financial price as extra care and attention is
required for the management of those patients
with AD [2]. Reports forecast that in the future,
this financial crisis among the affected com-
munities will rise extensively at domestic and
international level [3]. Currently, over 46 mil-
lion people have dementia and this figure will
be beyond 131 million by 2050 with a global
cost of around US$818 billion [4]. Similar
observations have been made in Bangladesh
where more than 450,000 people live with dif-
ferent types of dementia. Patients with AD
experience symptoms including cognitive
decline, memory loss, and changes of behavior
with language, mood, movement, and physio-
logical dysfunction [S5, 6]. The pathological
hallmarks of AD are extracellular senile plaques
largely composed of amyloid-f peptides and
intracellular hyperphosphorylated neurofibril-
lary tangles rich in tau protein [7, 8]. Several
structures of AP were observed to prompt cel-
lular dysfunction and toxicity in vitro and
in vivo [9].

Increase of age is the best-known risk factor
for AD. On the basis of age, AD cases are gen-
erally categorized into two groups: early-onset
AD (EOAD) that usually starts early in one’s life
(before 65 years) and late-onset (LOAD) or spo-
radic AD (SAD) that commonly starts after
65 years [10]. Furthermore, different non-ge-
netic factors including oxidative stress, inflam-
mation, lipid metabolism, and
gene—environment interactions are responsible
for inducing the disease [11]. Genetically most
EOAD is caused by dominantly inherited
mutations in amyloid-f precursor protein (APP),
presenilin-1 (PSEN1), and presenilin-2 (PSENZ2)
genes. Globally more than 400 mutations were
reported in APP, PSEN1, and PSEN2 genes that
result in change of AB production level (alzfo-
rum.org/mutations) [11]. Perhaps, elevated
levels of AP42 or altered AB42/40 ratios by a
mutation in APP, PSEN1, and PSENZ2 genes are
the pieces of evidence that hinted about the
pathogenicity behind AD [12]. Although the
pathogenicity for sporadic LOAD is complex to
understand and the main genetic factor is still
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unknown, various genes were nevertheless
identified which are linked to the disease onset.
Over 20 genetic loci together with apolipopro-
tein E (APOE) have been identified by genome-
wide association studies which increase the risk
of LOAD by causing excess production of AP
and clearance [13].

A site-directed mutagenesis in vitro study
showed an extended level of AB42 production
in plasma from different cell lines which can be
correlated with in vivo data. The well-known
model mutations of the APP gene are KM670/
671NL (“Swedish APP” for HEK293) and V7171
which demonstrated an elevated AB42/40 ratio
[14, 15].

The diagnosis of AD is still perplexing and
depends on clinical symptoms. Current under-
standing indicates that biomarkers have a sig-
nificant role in the identification of the
pathogenic development of AD through clinical
tests of blood-based and cerebrospinal fluid
(CSF) biomarkers or molecular imaging systems
that are also being used to infer the disease
etiology [16]. The role of biomarkers in diag-
nostic may vary slightly at each stage of the
disease and in the development of pathological
variations of AD in the preclinical stage, mild
cognitive impairment (MCI), and dementia
stages [17]. A similar pattern was seen in drug
development to treat AD. Yet, there are no
effective and stable therapeutic strategies for AD
and the failure rate in clinical trials (99.5%) is
higher than any other disease for the years
2002-2012 [18]. In the last decade, over 200
research investigations were futile or have been
dumped. The most likely reasons for failures of
disease-modifying treatments (DMTs) for AD
might include starting of treatments late during
the course of AD progress, inappropriate drug
doses, invalid target selection, and predomi-
nantly an insufficient knowledge of the com-
plex pathophysiology of AD, which may require
specific and combination treatments [19].

Insightful observation of AD and its relevant
pathways can be explored through in vitro
study and the findings may help to discover
potential diagnostic and therapeutic tools
in vivo. However, to be optimistic, a newly
developed gene editing system called clustered
regularly interspaced short palindromic repeats

(CRISPR)-Cas9 is presenting its great potential
to be employed in the study of mutagenesis and
neurodegenerative disorders.

At present, CRISPR-Cas9 is such a promising
gene editing tool that reasonably can be applied
as a therapeutic mediator of AD because of the
greater capability of this tool to correct a
mutation in the genome of brain cells [20]. AD
model generation with the CRISPR-Cas9 system
is gradually proving its acceptability for ana-
lyzing disease pathogenesis, phenotypes, and
therapies [21]. CRISPR-Cas9 has been used to
make a model of the APP and PSEN1 mutations
and displayed a precise strategy of genome
editing using gRNA synthesis [22]. CRISPR-Cas9
can target any gene of different cell lines, tis-
sues, or animal model for modification, and
allows a new roadmap for AD research.

In this review, we summarize the mechanism
of and collected information on the potential
applications of CRISPR-Cas9 to edit the gen-
omes for AD specifically in vitro or in vivo. This
article is based on previously conducted studies
and does not contain any studies with human
participants or animals performed by any of the
authors.

MECHANISMS OF CRISPR-CAS9

The CRISPR-Cas9 system was discovered from
the adaptive immune system of prokaryotes,
basically from that of bacteria and archaea [23].
Type II CRISPR-Cas9 is a commonly used system
that consists of three core components: the
endonuclease Cas9, CRISPR RNA (crRNA), and
trans-activating crRNA (tractrRNA) [24]. Among
these three components, Cas9 is an enzyme
responsible for cleaving the target DNA and
consists of six domains: (i) REC I, (ii) REC II, (iii)
bridge helix, (iv) protospacer adjacent motif
(PAM)-interacting domain, (v) HNH, and (vi)
RuvC [25]. RECI domain helps the guide RNA
to bind with the target sequence. The arginine-
rich bridge helix is critical for initiating cleavage
activity upon binding of target DNA and the
PAM-interacting domain is subsequently
responsible for initiating the binding with tar-
get DNA. crRNA-tracrRNA duplex can be fused
to form a chimeric single guide RNA (sgRNA) for
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the successful development in genome engi-
neering [24, 25]. The sgRNA consists of a
20-nucleotide guide sequence that is comple-
mentary to the target site. When the sgRNA
recognizes the target sequence, it binds by
Watson—-Crick base-pairing and guides Cas9 to
cleave the DNA strand and forms a double-
stranded break (DSB) at the target site. RuvC
and HNH nuclease domains are responsible for

Cas9

Genomic
DNA

cutting the target DNA. Two major repair
mechanisms are mainly responsible for repair-
ing the breaks: non-homologous end joining
(NHEJ) and homology-directed repair (HDR)
(Fig. 1) [26].

The HDR repair mechanism uses a donor
DNA template to precisely repair DSBs for gene
modification with low efficiency, whereas the
NHEJ repair mechanism frequently results in

sgRNA

Double-strand

break

5 T e 3

3/

Non-homologous
end-joining

Insertion
or deletion

Fig. 1 Genome editing mechanism of CRISPR-Cas9.
Cas9 identifies its DNA-binding sites and single guide
RNA (sgRNA) binds with a piece of complementary
genomic DNA via RNA-DNA complex. Cas9 endonu-
cleases create a double-strand break resulting in DNA
mutagenesis through either error-prone NHE] or the

Homology-
directed repair

5/

Tag editing

/\ M sequence

5 3

3 5
Replaced
DNA

HDR pathway. NHE] repair is the outcome of insertion
or deletion (indel) mutations that can lead to a frameshift
mutation. Alternatively, the HDR pathway can be used to
introduce precise genetic modifications when a homolo-
gous DNA template is present
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genomic insertions or deletions (indels) for
gene disruption with higher efficiency. Nor-
mally, the NHE] is error-prone and can directly
join the break sequences; it also can introduce
random insertions or deletions (indels) at the
DSB site [27]. High-efficiency cleavage of any
target sequence can easily be achieved by com-
bining the expression of sgRNA and Cas9 [28].

STUDY IN EARLY-ONSET AD (EOAD)
MODELS

Generally early-onset dominant familial forms
of AD can be initiated by point mutations or
deletions in the genes responsible for amyloid
precursor protein APP, PSEN1, and PSEN2 [29].
The majority of cases or factors which induce
AD remain unknown. Though more than 300
mutations were detected in the PSENI gene,
those support a common cause of early-onset
disease; whereas a missense mutation in PSEN2
is a rare cause of early-onset Alzheimer’s disease
(https://www.alzforum.org/mutations).  Both
PSEN1 and PSEN2 are a subunit of y-secretase
which leads to the heightened production of p-
amyloid peptide [30]. Authors [31] also reported
that mutations of these two genes cause
enhanced production of B-amyloid perhaps by
shifting the cleavage site in APP. CRISPR-cas9
can potentially correct these types of mutations.
CRISPR-Cas9 was used to correct a PSEN2
dominant mutation in induced pluripotent
stem cell (iPSC)-derived neurons generated from
basal forebrain cholinergic iPSC neurons of an
individual carrying the PSEN2N141] mutation
[32] (Fig. 2).

It is also possible to target the APP"® muta-
tion in patients with AD by the CRISPR-Cas9
system that accounts for selective disruption of
the mutated allele, leaving the wild-type alleles
intact which abrogate AP formation. The
Swedish mutation that is immediately adjacent
to the B-secretase site in APP is actually a double
mutation resulting from the substitution of two
amino acids, lysine and methionine to aspar-
agine and leucine, respectively [29, 33]. Gyorgy
et al. designated a vector with coding sequences
for the APP*"®-specific guide RNA and Cas9 in
adeno-associated viral (AAV) carrier and

injected it into the hippocampus of transgenic
mice. Those authors were able to show some
disruption of the APP Swedish gene, mostly in
the form of single base pair insertions and
thereby decreased pathogenic AP formation
[29].

STUDY IN SPORADIC AD (SAD)
MODELS

SAD is a multifactorial disease and different rare
genetic variants (70%) with environmental fac-
tors (30%), such as diet, toxic chemicals, and
hormonal factors, may simultaneously induce
the SAD [34, 35]. The major risk factors for late-
onset AD are the apolipoprotein E4 (APOE4)
allele and mutation in the APOE gene that
transcribes apolipoprotein E protein [36, 37].
Human APOE is polymorphic with three major
isoforms, APOE2, APOE3, and APOE4 [38]. The
scarcest form of APOE is E2 while carrying one
copy seems to reduce the risk of developing AD
by up to 40%. APOE3 is the normal form and
does not appear as a risk factor but APOE4 exists
in nearly 10-15% of people, increasing the risk
for AD. The presence of one copy of E4 (E3/E4)
might increase the risk by 2-3 times and the
incidence of two copies of E4 (E4/E4) escalates
the risk up to 10-15 times [36, 39]. Mostly
adverse effects of APOE4 appear to be linked
with B-amyloid; a new finding supports that
APOE4 may stimulate disease pathology such as
tau phosphorylation in human iPSC-derived
neurons [40]. The CRISPR-Cas9 system has the
capability to convert APOE4 to APOE2 or E3
form. Structural and functional alteration of
APOE4 to APOE3 or APOE2 through CRISPR-
Cas9 may be a viable approach to allow recovery
from AD in carriers of APOE4 [20]. Wang et al.
demonstrated that altering APOE4 to APOE3 by
CRISPR-Cas9 prevents the pathology connected
with APOE4 in a model system [40]. Moreover,
many new associated genes including ABCA?,
BIN1, CASS4, CELF1, CD33, CD2AP, CELFI,
BIN1, PICALM, EPHA1, SORL1, CR1, EPHAI,
HLA, ILIRAP, INPP5D, MS4A, TREM2, and
TREMZ2L have been identified that are involved
in neuroinflammation in AD [13, 41-44].
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Target Site Selection
(gene of interest)

\
v

Expression vector design
(packaging of grRNA with Cas9
and suitable promoter)

\

Expression vectors are introduced into
target cells (embryonic/ kidney/ ovary cells)

. 4

Screening of putative transformed cells
(sequencing, copy number analysis)

v

Estimation the protein level
(ELISA, western blotting)

v

Further analysis
(off-target effects)

sgRNA design

Optimized Cas9 protein
(tracrRNA + 20bp PAM)

Fig. 2 Basic flowchart of CRISPR-Cas9-mediated genome
modification in the target cell for AD. After the selection
of the target site, sgRNAs are designed using various
bioinformatic tools and packed into specific expression

DELIVERY SYSTEM OF CRISPR-CAS9
IN AD

CRISPR-Cas9 is a promising genome editing
approach for therapeutic treatment of AD.
However, a safe and efficient delivery system is
still a big challenge that needs to be updated to
translate  this technology into real-life

vectors with optimized Cas9. After delivery into target
cells, putative transformant cells can be screened and
validated (next gene sequencing ELISA, copy number
analysis, etc.)

applications. The CRISPR-Cas9 system can be
delivered via viral or non-viral approaches.

Viral Vectors

Using viral vectors to deliver CRISPR-Cas9 is a
classical approach in vitro and in vivo. Viral
vectors are the most efficient delivery systems of
the plasmid-based  CRISPR-Cas9  system.
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However, they can introduce accidental muta-
tions with serious side effects. The most com-
monly used viral vector is AAV owing to its mild
immunogenicity, high infection ability, and
inefficient to integrate into the human genome
generally [45, 46]. The AAV genome consists of
a single-stranded DNA, with greater than 200
variants [47].

The viruses were tested in vitro and in vivo
via intrahippocampal injection in Tg2576 mice.
This treatment led to a 60% reduction in AP
production in the human-derived fibroblasts
[29]. As AAV has a lower packaging capacity of
only 4.7 kb, the co-injection of two viruses
might be necessary, which complicates the
process as both might not infect the same cell
simultaneously. Compared to AAV, lentivirus is
comparatively difficult to purify in large quan-
tities and is more likely to provoke immune
reactions and integrate into the human genome
at high efficiency [46]. However, incorporation
of long DNA inserts (8-10 kb) is possible into
lentivirus, but with a lower brain spreading
efficiency [48]. Researchers showed the possi-
bility of using lentivirus to target three different
genes in SAD and familial AD, which are APP,
APOE E4, and caspase-6 [49-51].

Non-Viral Vectors

Non-viral vectors offer higher well-being, better
cost-adequacy, and flexibility as far as the size of
the transgenic part. Subsequently, they are
more appropriate for applications in AD.
Nanocomplexes can easily be formed by com-
plexing the negatively charged nucleic acid
cargo with the positively charged peptides of
CRISPR-Cas9. They are known to be less
immunogenic than the viral vectors. As they
can work with ligands, they would serve various
applications.

However, it is challenging to deliver
nanocomplexes to the brain, as they cannot
cross the blood-brain barrier (BBB) efficiently
via the systemic route, and they get actively
removed from the blood circulation by the
reticuloendothelial system (RES). Therefore,
intrathecal and intracerebroventricular injec-
tions are typically used. Direct injection

methods, however, require multiple injections
to achieve a proper distribution across the
brain, limiting their applicability. Park et al. [52]
prepared nanocomplexes made of R7L10 pep-
tide complexed with Cas9-sgRNA ribonucleo-
protein targeting the specific gene BACE1. They
state that the nanocomplexes successfully tar-
geted the BACE1 gene, attenuating the expres-
sion without a significant off-target mutation
rate in vivo.

Aside from CRISP-Cas9 delivery, other vehi-
cles conveying short interfering RNAs (siRNA)
have been created to target AD across the BBB.
Polymeric nanocomplexes of poly(mannitol-co-
polyethylenimine) carrier (PMT) modified with
rabies infection glycoprotein (RVG) have
recently been reported [48]. The polymer is
complexed to siRNA against BACE1. The
nanocomplexes were proposed to have an
improved conveyance ability because of the
RVG ligand, which improves BBB crossing and
focuses on neuronal cells. Transfection effi-
ciency is diminished by polyethylene glycol
(PEG) as it creates a positively charged shield
thwarting connection to cell membranes. It was
proposed that the RVG ligand overcomes this
issue, thereby improving the cellular uptake of
the nanocomplexes. The silencing capability of
nanocomplexes was further verified by the
reduction of AB1-42 levels in the brain cortices.
An unknown body distribution may lead to a
significant loss of therapeutic potential, since
the adequacy of such a delivery system ought to
be explored in AD models because AD affects
the permeability of the BBB, and could poten-
tially impact the targeting and viability of
nanocomplexes.

The following delivery systems could be
promising for applications in AD.

DNA nanoclews can be a possible method-
ology for conveying the Cas9-sgRNA complex.
The traditional assembly of DNA nanostructures
is based on base-pairing, which is complicated
and time-consuming. DNA nanoclews, which
were first reported by Sun et al. [53], are nano-
sized confined DNA moieties that contain
polyethylenimine to apply a positive charge for
better endosomal escape and cell uptake. Nan-
oclews carrying sgRNA-Cas9 complex targeting
enhanced green fluorescent protein (EGFP) were
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locally injected into the tumors of EGFP tumor-
bearing mice and manifested about a 25%
decreased expression of EGFP 10days post
treatment [53]. Despite their advantages, nan-
oclews might induce immunogenic reactions
that still require further investigation.

Lipid nanoparticles and polymeric nanopar-
ticles have potential as CRISPR-Cas9 delivery
tools as well. They have been extensively
employed before delivering gene editing cargos
in cancer [54], hepatitis, and other viral condi-
tions [55]. However, their possible application
in AD management remains to be investigated.

Gold nanoparticles have additionally been
used in an investigation by Wang et al. [56].
CRISPR-Gold  targeting the CXCR4 gene
attained 3-4% HDR efficiency in numerous
human cell types. A single local infusion of
CRISPR-Gold into the gastrocnemius and tib-
ialis frontal muscle in mdx mice was able to
correct the mutated dystrophin gene which is
responsible for inborn Duchenne muscular
dystrophy [56]. Moreover, the inflammatory
cytokine profile did not meaningfully change
after the injection of CRISPR-Gold, indicating
the latter’s tolerability and low toxicity.

Recently, the wuse of microvesicles for
CRISPR-Cas9 therapeutics delivery has attracted
attention. Generally, a “producer” cell line is
transfected with sgRNA, Cas9 protein, and a
microvesicle-prompting protein (RAB proteins)
[57]. The cells produce microvesicles containing
the Cas9-sgRNA complex. Microvesicles get
shed into the medium and which is conse-
quently decontaminated and re-used to convey
their gene-altering load to the target cells.

APPLICATIONS OF CRISPR-CAS9
IN AD

The CRISPR-Cas9 technique can be used for
therapeutic purposes in both early-onset and
sporadic AD models. CRISPR can effectively
target any specific gene sequences to correct
mutation and introduce genetic elements to the
target regions of DNA in the cells or tissues. This
tool is showing efficiency to generate better
cellular and molecular replicas, knock out
function, explore the fatal neuronal damage,

mimic the disease model, and insert the guide
gene sequence into the genome [58, 59].
CRISPR-Cas9 is capable of carrying out the
whole screening of associations between the
risk variants and the cellular pathways, the
pathogenesis-related specific pathways, and the
phenotypic variations [60]. CRISPR-Cas9 has
been applied to correct certain gene sequences
and demonstrated significant consequences for
AD (Table 1). It has been largely trialed both
in vitro and in vivo. Knock-in mice models were
developed with CRISPR-Cas9 components that
transfected successfully and reported competent
results [61, 62]. Different studies already
revealed that physiological effects of AR and
abnormal misfolded AP protein generation can
be normalized and controlled through the
CRISPR-Cas9 system [63, 64]. This technique
also could be involved in epigenetic modifica-
tions and has been applied to edit a gene in
post-mitotic neurons of the adult brain [52],
correct endogenous APP at the extreme C-ter-
minus that reciprocally manipulates the amy-
loid pathway [65], and improve astrocyte
capacity to clear the accumulated Af by
knocking down calpain [66]. CRISPR-Cas9 gives
a positive indication in treating AD from those
studies. Currently, an alternative cell-based
therapy is under trial to enable the reversal of
neurodegeneration in AD.

NEW IN VITRO, IN VIVO,
AND CLINICAL MODEL
DEVELOPMENT USING CRISPR

The CRISPR-Cas9 system has achieved reliability
in genome modification and can correct the
genome of different cells and animals such as
human pluripotent cells, somatic cells, zebra-
fish, mice, and pigs. CRISPR-Cas9 has shown its
suitability for the generation of isogenic human
iPSC lines. Currently, this technique helps to
understand the effect of specific mutations in
cells and tissues which could be generated in
“diseased” and “healthy” cell lines with the
same set of genes [63, 67].

PSCs were developed for studying neurode-
generative diseases including AD. Paquet used
for the first time the CRISPR-Cas9 approach for
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Table 1 Clinical trials with CRISPR-Cas9 for Alzheimer’s disease
Targeted genes Mutations that can be Consequences References

for CRISPR-Cas9 corrected with CRISPR-Cas9

APP Deletion of Swedish mutation Reduced pathogenic AP production ex vivo and [29]
in vivo
APP Several mutations (T48P, L52P, Made a model for the impact of APP mutations in  [73]
and K53N) y-secretase cleavage and notch processing
APOE APOE E4 allele to E3 allele Conversion of Argl58 to Cys158 in 58-75% [74]
PSENI Met146Val More efficient introduction of specific homozygous  [14]
and heterozygous mutations
PSEN2 N1411 Increased AP42/40 was normalized through (32]
CRISPR-Cas to correct the mutation of
PSEN2NI4
APP Reciprocally manipulate the Attenuating B-cleavage and AP production [65]
amyloid pathway
APPS Homology-directed repair Disease models generated by CRISPR [22]
(HDR)-mediated mutation
PSENIMI Homology-directed repair Disease models generated by CRISPR [22]
(HDR)-mediated mutation
MAPT Non-homologous end joining Generation of a new Tau knockout (tau™") line in  [75]
(NHEJ)-mediated exon
removal
Bacel Manipulation amyloid-p (AB)-  Significant reduction of AB42 plaque accumulation  [52]
associated pathologies in mice
PSEN2 PSEN2N"! mutation Reduction in the AB42/40 ratio [76]

the generation of human iPSCs with heterozy-
gous and homozygous dominant early-onset
Alzheimer’s disease-causing mutations in APP
(APP5"®) and PSEN1 (PSENIM'#%V). They evalu-
ated the AB42 intensities and AB42/40 ratio in
human in APP**¢ and PSEN™'#®V knock-in cell
lines. While neuronal differentiation in those
iPSCs happened, the derived cortical neurons
showed genotype-dependent disease-associated
phenotypes revealed by the altered Ap metabo-
lism [22].

Sun and his team generated 138 mutations
in PSEN1 from neuroblastoma (N2a) cell lines
and applied the CRISPR-Cas9 system to create
mutant cells. This finding evaluated the gain or

loss of function effects of mutations depending
on amyloid production and the AB42/40 ratio
[68].

Sigma-1 receptor (S1R) is a transmembrane
protein located at the endoplasmic reticulum
and plays a role in the stability of mushroom
spines in hippocampal neurons. The agonists of
the receptor display neuroprotective properties
in cellular and animal models of AD [69]. Rys-
kamp et al. studied the association of S1R in the
maintenance of mushroom spine stability in
hippocampal neurons from wild-type or PSEN1
knock-in mice using CRISPR-Cas9 [70]. CRISPR-
Cas9 could also target the nerve cells in older
animals. It is thought swine disease models may
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replicate the phenotypes of human diseases
more faithfully than mice models. Using
CRISPR-Cas9 technology, Holm et al. endeav-
ored to produce transgenic pigs expressing dis-
ease-associated mutations in 2016 [71]. Sasaguri
et al. applied this tool in which catalytically
deactivated Cas9 (dCas9) or Cas9 nickase
(nCas9) was united with cytidine deaminases to
transform C:G base pairs to T:A base pairs at
target sites with a reduced rate of indel forma-
tion in the presence of sgRNAs, for production
of multiple animal models with a number of
distinct disease-related and disease-unrelated
point mutations in the PSENI and APP genes.
To create this, they inoculated RNA solutions
containing several types of base editors and
sgRNAs into the cytoplasm of C57BL/6] zygotes
and then embryos at the 2-cell-stage were
transported to host ICR female mice. Later, they
analyzed the functional consequences of these
mutations in vivo and found higher levels of
Ap42 [72].

In vivo genome editing in post-mitotic neu-
rons of the older brain may be a beneficial
approach for handling neurological diseases. In
this process, CRISPR-Cas9 nanocomplexes
composed of R7L10 peptide complexed with
Cas9-sgRNA ribonucleoprotein showed efficacy
in the adult mouse brain, with the lowest off-
target consequences. CRISPR-Cas9 nanocom-
plexes target BACEI-suppressed Ap-associated
pathologies and cognitive deficits in mouse
models of Alzheimer’s disease. Park et al.
examined CRISPR-Cas9-loaded nanocomplexes
that can efficiently target BACE1 in the post-
mitotic neurons of the adult mouse brain and
reveal their therapeutic application in five
familial Alzheimer’s disease (5XFAD) and APP
knock-in Alzheimer’s disease mouse models
[52].

CHALLENGES AND FUTURE
DIRECTIONS

CRISPR has gained keen attention as a thera-
peutic tool for genome editing in mammals and
is experiencing prominent growth by imple-
mentation and trials. There are still many rele-
vant shortcomings that must be overcome

before their clinical implementation in the
treatment of AD. Nowadays, gene therapy pos-
sesses the potential to reverse several degenera-
tive disorders; nevertheless, current use is
limited because of practical challenges. CRISPR
technology application in AD is under chal-
lenge since most of the AD cases are sporadic
and have various unidentified causes. Only a
small (> 0.1%) percentage of patients have a
mutation in the gene encoding APPs [77].
Additionally, there is uncertainty in getting
optimum identified subjects who can be diag-
nosed and treated earlier in the course of
symptomatic diseases [78]. Researchers have
found maximum late-onset AD progress for a
long time before the clinical manifestation of
symptoms, thereby creating an uncertain win-
dow for intervention [79].

The specificity and sensitivity of CRISPR-
Cas9 are a basic priority for its therapeutic
action. In this matter, off-target mutations are
one of the biggest hurdles that can impair the
functionality of edited cells; that is why gene
delivery to the target sites of cells might be
futile. The outcome of aimless or off-targeting
events induces an adverse iatrogenic effect in
healthy tissue, which could potentiate germline
mutations [80]. Cho et al. stated that off-target
cleavage was almost untraceable when cleavage
sites are unique with homologous sequences
absent elsewhere in the genome [81]. Lack of
complete knowledge of CNS biomarkers is
another major barrier for proper cell targeting
and cell signaling responses; however,
improvements in CSF biomarker, brain imag-
ing, and diversified vector modeling are poised
to improve the specificity [82].

A range of sensitive readout methods for
identifying genome-wide Cas9 off-target activ-
ity have been developed that provide useful
tools for evaluating specificity and safety of
Cas9 applications in basic and clinical research
[83, 84]. On-target specificity can be further
improved by using double-nicking [85, 86] or
truncated sgRNA approaches [87, 88]. They
managed to perform seventh-generation ade-
nine base editing (ABEs), allowing the conver-
sion of A-T to G-C in genomic DNA by RNA
adenosine deaminase to operate in DNA,
through the fusion of a CRISPR-Cas9 mutant to
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its catalytic site. The results exhibited 50%
editing efficiency in human cells with high
purity (99%) and low rates of indels (0.01%),
producing a more efficient approach for the
introduction of specific mutations.

In AD treatment, all sorts of endeavors need
to reach affected cells in the CNS, which have
complexity and cellular diversity posing the
additional challenge of penetrating the BBB
[89]. To sort out the targeted cells a proficient
method was developed; fluorescence-activated
cell sorting (FACS) is used to illuminate fluo-
rophore-tagged nuclei of target cells to allow
purification and path-imaging of genomic DNA
and nuclear RNA. Swiech et al. interrogated an
in vivo genome assay where AAV containing
SpCas9-sgRNAs applied via stereotactic injec-
tion, targeting MECP2, Dnmtl, Dnmt3a, and
Dnmt3b genes in the adult mice brain, and they
found multiple-gene modification in post-mi-
totic neurons in brain imaging [90].

Designing an efficient delivery system that
encodes gRNA and Cas9 is vital for transfection
and gene editing events. Though various viral
and non-viral vectors were developed strategi-
cally, efficient and specific gene replacement is
quite perplexing, and ideal delivery systems
remain to be developed. In vivo gene editing in
post-mitotic cells has not been perfected yet,
and virus-mediated CRISPR-Cas9 editing is
associated with complications owing to the
integration of carriers into the host genome, so
the risk of an immune response against Cas9
should be addressed. In vivo delivery utilizing a
virus vector can trigger an intense immune
response if the therapy does not become suc-
cessful; when in vivo gene editing is concerned,
immunogenicity issues associated with the Cas9
protein should be considered [91]. Similarly, it
has been found that AAV vectors have limited
transgene capacity and the large size of the
commonly used Streptococcus pyogenes (S. pyoge-
nes) Cas9 variant poses a significant challenge
for AAV-mediated delivery [90]. Plasmids con-
taining gRNA and Staphylococcus aureus sequen-
ces might be integrated into host genome
randomly, resulting in recognition problems
and may show the toxic effect to host cells [11].
Smaller Cas9 orthologous, such as those derived
from S. aureus, are easier to pack [92], making

them an attractive option for in vivo genome
editing in the brain. Charlesworth et al. [93]
showed the presence of humoral responses and
specific antigen presenting T cells against
SaCas9 (Cas derivative of S. aureus) in a healthy
human [93]. Delivery of genetically engineered
gene therapy vector using adeno-associated
virus serotype 2 delivering NGF demonstrated
promising results and there was no evidence of
accelerated decline post gene therapy delivery
[94].

CRISPR-based gene editing in microglial cells
as therapeutics has proven to be challenging.
Researchers assayed in vitro microglial cell gene
editing using two different approaches to
achieve GMF gene editing in BV2 microglial
cells: the first approach used AAV-SaCas9-GMF-
sgRNA and the second approach used a dual
lentiviral vector system (LV-EFla-Cas9) that
expresses S. pyogenes Cas9. They got valid find-
ings and confirmed successful GMF gene editing
in BV2 cells, which might lead to developing
the next generation of personalized molecular
medicine for AD [95].

Some reports have indicated to improve HDR
efficiency by biochemically altering the HDR or
NHE]J pathways. A study in human cells
explained that the use of asymmetric ssDNA
donors of optimal length increased the rate of
HDR by up to 60% for a single nucleotide sub-
stitution [96]. Liang et al. achieved up to 56%
efficiency in precise genome editing in HEK293
cells for the cutting efficiency of gRNAs, though
the HDR pathway remains a rate-limiting step
for seamless genome editing [97].

However, a long path needs to be overcome
when applying the CRISPR-Cas approach to
treat the AD; to manipulate advanced CRISPR-
Cas technology in AD modeling and therapeu-
tics development, a plethora of open challenges
have to be addressed together with safety and
ethical concerns [98]. Delivering Cas9 proteins
and guide RNA into brain cells must be opti-
mized through trials to meet standard efficacy,
specificity, and sensitivity requirements.
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CONCLUSION

CRISPR-Cas9 has opened a new window for
treating any target disease efficiently and can
correct mutant protein expression in specific
cells, tissue, or animals. It expedites the
screening of probable deterioration in meta-
bolic pathways, regulates the exposure of
inflammatory molecules, and includes epige-
netic modifications. It can be function on sev-
eral numbers of  autosomal-dominant
mutations that induce early-onset AD or any
genetic risk factors that relate to late-onset AD.
For the CRISPR-Cas9 technique to succeed in
treating AD, specific targeting genes, cell lines,
expression vectors, and animal model trials
need to be validated and revealed.
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