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CRISPR–Cas genome-editing technologies have emerged as powerful tools for
precise DNA and RNA modulation, offering promising therapeutic strategies
for neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s
disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis
(ALS). This review critically evaluates current CRISPR/Cas applications in
neurodegeneration, with emphasis on mechanistic insights, therapeutic
outcomes, and translational feasibility. Preclinical and early translational studies
demonstrate that CRISPR–Cas platforms can correct pathogenic mutations,
suppress toxic gene expression, and restore neuronal function. Advanced
modalities, including base and prime editing, CRISPRi/a, and RNA-targeting Cas
systems, improve precision and reduce genomic damage, which is particularly
advantageous in post-mitotic neurons. Emerging CRISPR-based diagnostics
(e.g., SHERLOCK and DETECTR), AI-assisted sgRNA design, and machine-
learning approaches for predicting off-target effects further enhance the safety,
stratification, and monitoring of CRISPR therapeutics. In parallel, patient-derived
brain organoids and assembloids provide scalable human-relevant platforms
for mechanistic studies and preclinical validation. Despite this progress, major
challenges remain, including efficient delivery across the blood–brain barrier,
immune responses, long-term safety, and ethical and regulatory considerations.
Overall, CRISPR–Cas technologies hold strong potential as disease-modifying
interventions for neurodegenerative disorders, provided that advances in
delivery systems, artificial intelligence integration, and regulatory oversight
continue to evolve toward clinical translation.
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GRAPHICAL ABSTRACT

1 Introduction

Neurodegenerative disorders (NDs) are a subset of neurological
disorders characterized by progressive and irreversible neuronal
loss, leading to cognitive, motor, or functional impairments (1).
According to the Global Burden of Disease Study (GBD), NDs are
the leading cause of disability-adjusted life years (DALYs) and the
second leading cause of death worldwide. In 2016, over 276 million
DALYs were attributed to NDs, with a significant proportion due
to neurodegenerative diseases. These conditions not only reduce
life expectancy but also impose an immense strain on healthcare
systems, families, and caregivers (2).

Some of the most prevalent NDs include Alzheimer’s disease
(AD), Parkinson’s disease (PD), Huntington’s disease (HD), and
amyotrophic lateral sclerosis (ALS) (3, 4). The pathophysiology
of these disorders is complex, often involving multifactorial
genetic and environmental interactions that contribute
to neuroinflammation, protein misfolding, mitochondrial
dysfunction, and synaptic dysregulation (5).

Despite extensive research, developing disease-modifying
treatments for major NDs remains a formidable challenge. For AD,
approved therapies (acetylcholinesterase inhibitors, memantine,

and recent anti-amyloid antibodies) offer modest symptomatic
benefit or, at best, a modest slowing of clinical decline, without
halting the underlying pathological cascade (6, 7). PD management
relies primarily on dopamine replacement (e.g., L-DOPA) and deep
brain stimulation, which effectively manage motor symptoms but
do not address the progressive neurodegeneration (8, 9). HD, a
monogenic disorder, has no disease-modifying treatment; current
care is purely supportive (10, 11).

This critical therapeutic gap stems from several intrinsic
obstacles. First, the complex, multifactorial pathogenesis of
NDs involves diverse genetic susceptibilities, proteinopathies,
and dysfunctional cellular pathways, making single-target
pharmacological interventions often insufficient (12). Second,
therapeutic delivery to the central nervous system (CNS) is
profoundly constrained by the highly selective blood–brain barrier
(BBB). Rather than absolute exclusion, the BBB employs
tight junctions, efflux transporters (e.g., P-glycoprotein),
metabolic enzymes, and receptor-mediated trafficking to
regulate xenobiotic entry based on molecular size, charge,
lipophilicity, and carrier availability. Consequently, only ∼2%−5%
of small molecules and virtually no unmodified biologics
reach therapeutically relevant brain concentrations without
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specialized delivery strategies (13, 14). Third, the limited intrinsic
regenerative capacity of central neurons, coupled with late clinical
detection and heterogeneous progression rates, significantly
narrows the therapeutic window for disease-modifying
interventions (15).

Given this therapeutic stagnation, genome-editing technologies
offer the unprecedented ability to intervene at the molecular
origins of neurodegeneration (16). Many NDs possess well-
validated genetic drivers that represent rational clustered
regularly interspaced short palindromic repeats (CRISPR) targets,
including huntingtin (HTT) CAG repeat expansions in HD,
Presenilin-1 (PSEN1)/PSEN2 and amyloid precursor protein (APP)
mutations in familial AD (fAD), and alpha-synuclein (SNCA)
and leucine-rich repeat kinase 2 (LRRK2) in PD (17–19). Thus,
the genetic tractability of major NDs provides a compelling
mechanistic rationale for genome editing as a disease-modifying
therapeutic strategy.

The discovery of CRISPR-associated protein (Cas) technology
has transformed biomedical research, offering precise and
programmable tools to modify the genome and transcriptome.
Classical Cas9 enables targeted gene knockout, correction,
or insertion via guide RNA-directed cleavage (20). The
CRISPR toolbox has rapidly expanded to encompass a range
of complementary modalities. Catalytically inactive (dead)
Cas 9 (dCas9) allows transcriptional repression or activation
without altering the DNA sequence (CRISPR interference
(CRISPRi/CRISPR activation (CRISPRa), base and prime
editors facilitate single-nucleotide resolution corrections, and
RNA-targeting Cas13 systems permit transient modulation of
disease-associated transcripts (21–24). These diverse strategies
are particularly advantageous in post-mitotic neurons, where
permanent DNA breaks carry increased risk, and reversible
or finely tuned modulation of gene expression or pathogenic
transcripts may provide safer, more effective interventions.
Neurons have intrinsically limited capacity for homology-directed
repair (HDR), meaning that double-stranded breaks (DSBs)
introduced by conventional nucleases can result in persistent
genomic damage and cytotoxicity (25, 26).

By leveraging these diverse strategies, CRISPR technologies
provide the ability not only to correct causative mutations but also
to modulate pathogenic pathways, restore cellular homeostasis, and
complement conventional symptomatic therapies.

Despite these advances, significant hurdles remain, including
efficient delivery across the BBB, off-target effects, immune
activation, and ethical considerations. Addressing these barriers is
essential to realizing the full therapeutic potential of genome editing
in NDs (27).

This review aims to explore the potential applications of
CRISPR–Cas technology in the treatment of neurodegenerative
disorders, examining its mechanisms and therapeutic possibilities
across a range of conditions. Additionally, we will investigate
the challenges in applying CRISPR–Cas technology to
neurodegenerative disorders, including delivery barriers, off-target
effects, immune responses, and ethical concerns, while proposing
potential strategies to overcome these obstacles. Finally, we will
examine the status of CRISPR-based therapeutics in clinical trials,
identify gaps, and propose future directions toward the successful
application of CRISPR–Cas in neurodegenerative diseases.

2 CRISPR–Cas system

2.1 An adaptive immune system of bacteria
and archaea

The CRISPR–Cas system serves as an adaptive immune
defense mechanism in bacteria and archaea, protecting against
invading genetic elements such as bacteriophages and plasmids
(28). This system operates through three main stages: adaptation,
expression, and interference. During adaptation, foreign DNA
fragments, known as protospacers, are incorporated into the
CRISPR array as spacers. In the expression stage, the CRISPR array
is transcribed into a precursor CRISPR RNA (pre-crRNA), which
is then processed into mature crRNAs. Finally, in the interference
stage, the mature crRNA directs Cas proteins, which function as
endonucleases, to recognize the complementary sequences of the
invading genetic element and create DSBs, thereby neutralizing the
threat (29, 30).

2.2 CRISPR-Cas systems and classes

The CRISPR–Cas system is categorized into two major classes,
Class 1 and Class 2, encompassing six types and 33 subtypes. Class 1
is characterized by multiprotein effector complexes and is prevalent
in both bacteria and archaea, whereas Class 2, found exclusively
in bacteria, relies on a single multifunctional effector protein (31).
Each class is further divided into three types: Class 1 includes Types
I, III, and IV, whereas Class 2 comprises Types II, V, and VI.

The Class 1 CRISPR–Cas system, particularly Type I, employs
multiple Cas proteins that interact with crRNA to form the
CRISPR-associated complex for antiviral defense (Cascade).
Cascade binds to foreign DNA, allowing crRNA to hybridize with
the complementary strand, forming an R-loop, which is then
cleaved by Cas3, an enzyme with helicase and nuclease activity
(32). The Type I system is the most prevalent among prokaryotes
and has further subtypes, such as Type I-A to I-F, each exhibiting
distinct Cas protein compositions and mechanisms of interference
(33). Similarly, Type III systems, which use Cas10 as the signature
protein, exhibit RNA and DNA cleavage capabilities, often
functioning through a co-transcriptional targeting mechanism that
recognizes RNA and degrades DNA in a coordinated manner (34).
Type IV systems, though less characterized, are generally found
in plasmids rather than chromosomal CRISPR loci and exhibit a
minimal set of Cas proteins, including Cas12a [formerly CRISPR-
associated protein 1 (Csf1)]. Their exact function remains under
investigation, though they appear to contribute to horizontal gene
transfer regulation (35).

In contrast, Class 2 CRISPR–Cas systems rely on single-
effector proteins, such as Cas9 in Type II, Cas12 in Type
V, and Cas13 in Type VI (36). Cas9, the most well-studied
and widely utilized in genome editing, is guided by a single-
guide RNA (sgRNA) that directs site-specific DNA cleavage at
the protospacer (37). Type II CRISPR systems require a trans-
activating CRISPR RNA (tracrRNA) to assist in crRNA maturation
and target cleavage (38). Type V systems, which include Cas12
proteins, differ from Cas9 by generating staggered double-strand

Frontiers in Neurology 03 frontiersin.org

https://doi.org/10.3389/fneur.2025.1737468
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yashooa et al. 10.3389/fneur.2025.1737468

DNA breaks rather than blunt-ended cuts. Upon specific target
DNA recognition, Cas12 undergoes conformational activation
that triggers collateral, nonspecific degradation of surrounding
single-stranded DNA (ssDNA) molecules. This property forms the
mechanistic basis of CRISPR-based diagnostic platforms, where
collateral ssDNA cleavage amplifies signal following accurate target
detection (39). Type VI systems, featuring Cas13 effectors, uniquely
target RNA instead of DNA. After binding to a complementary
RNA substrate, Cas13 becomes catalytically activated and induces
indiscriminate collateral cleavage of nearby RNA molecules,
enabling programmable transcriptome editing as well as highly
sensitive RNA diagnostics (40). The diversity of CRISPR–Cas
systems highlights their evolutionary innovation and functional
specialization in prokaryotic adaptive immunity.

Despite their prevalence in nature and mechanistic
diversity, Class 1 CRISPR–Cas systems remain significantly
underrepresented in genome-editing applications. Their effector
function relies on large, multi-subunit complexes, which introduces
major challenges for clinical translation, particularly regarding
delivery into mammalian cells, vector packaging constraints,
and protein complex assembly fidelity in heterologous systems
(32, 41). Additionally, incomplete characterization of many Class
1 subtypes limits precise manipulation and safety assessments,
further constraining their therapeutic development compared
with Class 2 systems, where single-effector nucleases such as Cas9
and Cas12 are inherently more compatible with current delivery
modalities and regulatory expectations (42).

2.3 Genome editing tools: CRISPR-Cas9
and beyond

The CRISPR–Cas9 system has revolutionized genome editing
due to its high precision and programmability. The breakthrough
realization that CRISPR could be repurposed as a genome-editing
tool came from the work of Doudna and Charpentier, who
demonstrated that the Cas9 protein could be programmed with a
synthetic sgRNA to target specific DNA sequences. Their findings
laid the foundation for programmable genome modifications,
allowing precise genetic alterations in diverse organisms (20,
43). This system consists of two primary components: the Cas9
endonuclease and a guide RNA (gRNA) (44). The Cas9 protein,
originally derived from Streptococcus pyogenes (spCas9), is a
multidomain endonuclease responsible for generating targeted
DSBs in DNA, earning it the designation of a “genetic scissor.” Cas9
comprises two distinct regions: the recognition lobe (REC) and
the nuclease lobe (NUC). The NUC region contains the His-Asn-
His (HNH) and RuvC nuclease domains, which are responsible
for cleaving the complementary and non-complementary DNA
strands, respectively, as well as the protospacer adjacent motif
(PAM)-interacting domain, which is essential for target DNA
recognition (45).

The CRISPR–Cas9 genome editing process follows three key
steps: target recognition, DNA cleavage, and repair. The gRNA
comprises two essential components: a tracrRNA and a crRNA
that guides the Cas9 enzyme to a specific target site within
the genome (46). Target recognition occurs when the5′ end of

the crRNA hybridizes with a complementary sequence in the
genome, while the adjacent PAM sequence facilitates Cas9 binding.
Upon successful pairing, Cas9 induces a DSB at the target locus,
activating the cellular DNA repair machinery (47). Following DSB
formation, cells repair the damage through either non-homologous
end joining (NHEJ) or HDR pathways. NHEJ is an error-prone
mechanism that directly ligates DNA ends, often introducing
insertions or deletions (indels) that can disrupt gene function
(48). In contrast, HDR enables precise genome modifications by
utilizing a homologous DNA template, facilitating accurate base
substitutions or insertions (Figure 1) (49).

Substantial technological refinements have enhanced the
specificity and versatility of Cas9. High-fidelity variants such as
enhanced specificity Cas9 (eSpCas9) and Streptococcus pyogenes
Cas9–High-Fidelity 1 (SpCas9-HF1) have been engineered to
minimize off-target cleavage, improving editing accuracy (50). Cas9
nickases (nCas9), which generate single-strand breaks instead of
DSBs, further reduce genomic instability while enabling precise
editing (51).

Base editors, such as cytosine base editors (CBEs) and
adenine base editors (ABEs), enable targeted single-nucleotide
modifications, reducing the risk of undesired genomic alterations
(52, 53). Base editing is a kind of genome editing that can change
a base pair at the target genomic locus directly and irreversibly
without the need for donor templates, DSBs, or HDR procedures
41. Two parts make into DNA base editors: a single-stranded
DNA modifying enzyme to target nucleotide alteration and a Cas
enzyme for DNA binding. There are now two types of DNA
base editors available: CBEs and ABEs. Therefore, four transition
mutations (cytosine convent into thymine C→T, T→C, guanine
into adenine G→A, and A→G) can be installed using base editing
(23, 54). Cytosine is changed into uracil by the first base editor
(CBE1) deaminating the exocyclic amine. Uracil’s detection by cell
replication machinery as a thymine, which resulting transition the
C–G to T–A (55). Cas proteins are unrelated to gRNA’s activity and
rely on it for DNA binding. Therefore, by altering their amino acids
or changing their structural makeup, one or both of its domains
can be rendered inactive with no loss in their ability to bind.
By applying this theory, researchers have created modified Cas
endonuclease, resulting enable to disrupt the activation of Ruvc
and HNH domains to create as nCas or a dCas. All Cas proteins,
including dCas and nCas, are able to merge with various other
molecules, such as enzymes, without affecting their ability to bind
and cut independently (56).

Prime editing, which employs an engineered reverse
transcriptase fused to Cas9 nickase, facilitates the precise
insertion or deletion of genetic sequences without requiring donor
templates, thereby increasing editing efficiency and accuracy
(54). The prime editing method was developed by Anzalone in
2019, which decreases the number of inadvertent errors (54, 57).
Researchers demonstrated that prime editing effectively installs
all 12 potential base-to-base transformations without requiring
donor templates of DNA or inducing DSBs in the target sequence,
because this method doesn’t depend on DSB 46. It consists of a
prime editing guide RNA (pegRNA) and Cas9 (H840A) nickase; the
pegRNA is longer than gRNA. The engineered reverse transcriptase
(RT) results from fusing pegRNA and Cas9 (H840A) nickase. RT
serves as the enzyme that uses the pegRNA as a template to
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FIGURE 1

The schematic diagram represents the mechanism of CRISPR–Cas genome editing. An sgRNA is necessary for CRISPR–Cas genome editing because
it guides the Cas endonuclease to a particular area of the genomic DNA, causing a double-strand break. Transgenic DNA can be produced by
supplying donor DNA in trans, but without donor DNA, the host cell will repair the double-strand break, leading to an insertion or deletion that may
disturb a gene’s open reading frame. The figure was designed with BioRender (http://Biorender.com/). CRISPR, clustered regularly interspaced short
palindromic repeats; Cas, CRISPR-associated protein; crRNA, CRISPR RNA; gRNA, guide RNA; DNA, deoxyribonucleic acid; PAM, protospacer
adjacent motif; NHEJ, non-homologous end joining; HDR, homology-directed repair.

synthesize the edited DNA sequence during prime editing. The
prime editing has been designed and screened in human cells.
There are prime editing systems that process by incorporating Cas9
(H840A) nickase and RT enzyme, and mutations are introduced
when transversions occur (58–60). pegRNA includes tracrRNA and
spacer, in addition to gRNA, gRNA connected to a specific gene of

RNA sequence, which consists of a primer binding site (PBS), the
PBS site contains a complementary sequence to the target region
of the edited sequence of DNA. Once the target DNA is bound by
the CRISPR–Cas9 system, nCas9 cuts the opposing DNA strand
to create a single-stranded break (SSB) in the DNA. Using Cas9
fused to RT, the SSB of the DNA sequence links to the PBS site in
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TABLE 1 The strengths and challenges of contemporary CRISPR editing modalities.

Platform Strengths Key limitations/challenges Typical use-cases

Cas9 nuclease High editing efficiency for knockouts;
well-established

DSBs → indels, large
deletions/translocations; off-targets; PAM
constraints; delivery & immunogenicity

Gene knockout, HDR with donor
templates, large edits (268).

Base editors (CBE/ABE) Precise single-base conversion without
DSB; high efficiency within window

Editing window and bystander edits;
sequence context; deaminase off-targets
(DNA/RNA)

Repair of point mutations (transition
edits), disease modeling (377).

Prime editors Versatile (all base changes, small indels)
without DSBs or donor

Variable locus efficiency; larger proteins/RNA
components; delivery complexity

Precise “search-and-replace” edits where
HDR is inefficient (378).

RNA editors (Cas13,
other RNA effectors)

Transient, reversible modulation;
antiviral diagnostics/therapies

Potential collateral activity; transient effect
(needs repeat dosing); delivery to cytosol

Transcript knockdown, RNA base
editing, antiviral applications,
diagnostics (61).

CRISPR, clustered regularly interspaced short palindromic repeats; Cas, CRISPR-associated protein; DSB, double-strand break; HDR, homology-directed repair; PAM, protospacer adjacent
motif; CBE, cytosine base editor; ABE, adenine base editor; RNA, ribonucleic acid.

the sgRNA, acting as a primer to create a new DNA fragment. The
targeted DNA will subsequently be replaced by this freshly created
DNA (56).

RNA-targeting CRISPR systems (Cas13 and newer RNA
effectors) allow for programmable changes to transcripts without
changing DNA permanently. This is useful for reversible changes,
antiviral strategies, and diagnostics. However, RNA editors have
their own problems, such as collateral cleavage in some cases,
activity that depends on the sequence, and the need for repeated
dosing for therapeutic effects. Newer engineered variants, on the
other hand, show better specificity and less collateral activity (61).
Table 1 shows some strengths and challenges of contemporary
CRISPR editing modalities.

Beyond Cas9, other CRISPR-associated proteins have
significantly expanded the potential application. Cas12 (Type V)
effectors differ from Cas9 by generating staggered double-strand
breaks and exhibiting collateral ssDNA degradation, making them
useful for genome editing and diagnostic applications such as
DNA endonuclease-targeted CRISPR trans reporter (DETECTR)
(62, 63). Cas14/Cas12f and engineered miniaturized variants
such as miniaturized CRISPR-associated nuclease (CasMINI)
provide compact alternatives suitable for delivery via adeno-
associated viruses (AAVs), facilitating in vivo applications where
vector size is limiting (64, 65). Cas13 (Type VI) targets RNA
rather than DNA, and has been adapted into programmable
RNA-editing systems such as RNA editing for programmable A
to I replacement (REPAIR) and RNA editing for specific C to
U exchange (RESCUE), which catalyze adenosine-to-inosine or
cytosine-to-uracil conversions in transcripts, allowing transient,
reversible editing without altering the genome (61, 66).

Emerging CRISPR-associated transposase (CAST) systems
integrate RNA-guided targeting with transposon machinery,
enabling programmable, DSB-free DNA insertions that bypass host
repair pathways, thus increasing precision and efficiency for certain
genome engineering applications (67).

Finally, CRISPR has been harnessed for gene regulation
without altering DNA sequences. CRISPRa employ dCas9 fused
to transcriptional activators to upregulate gene expression,
while CRISPRi use dCas9-repressor fusions to silence gene
transcription, facilitating functional genomics studies and potential
therapeutic gene modulation (68, 69). Collectively, these platforms

demonstrate the increasing diversification of CRISPR-based
technologies, spanning DNA and RNA editing, precision base
modifications, delivery system optimization, and transcriptional
regulation, thereby expanding their translational potential in next-
generation therapeutics.

3 Application of CRISPR–Cas in
neurodegenerative disorders

3.1 CRISPR–Cas in Alzheimer’s disease

AD is a progressive ND that impairs cognitive functions,
including memory, reasoning, and daily living tasks (70, 71).
The disease is a major cause of dementia among the elderly. It
is characterized by the presence of amyloid-beta (Aβ) plaques
and neurofibrillary tangles in the brain, which impair neurons
and contribute to the degeneration of brain tissue (72, 73). The
disease initiates with slight memory challenges that progress to
severe cognitive and physical impairments, ultimately resulting
in complete dependency and premature death (74). The disease
disseminates throughout diverse communities at a prominent
global health scale due to its elevated prevalence rates. There are
5.5 million individuals in the United States with AD. In 2016,
the global number of individuals with dementia reached 43.8
million, reflecting a 116% increase since 1990, according to recent
studies (75).

Development of AD largely driven by hereditary elements
follows several pathophysiological paths. Many times, mutations
in the APP, PSEN1, and PSEN2 genes link fAD to one another
(76). The APP gene codes the amyloid precursor protein on
chromosome 21, which β-secretase and γ-secretase break to
generate Aβ peptides. Applying mutations in APP produces overly
high synthesis of Aβ, particularly the Aβ42 variant, which readily
accumulates to generate amyloid plaques, a key hallmark of AD
(77). Importantly, members of the γ-secretase complex, PSEN1 and
PSEN2, respectively encode PSEN1 and PSEN2 proteins (18, 78).
Early-onset fAD is caused by mutations in these genes altering
γ-secretase activity, hence increasing the Aβ42/Aβ40 ratio and
promoting Aβ aggregation (79).

Frontiers in Neurology 06 frontiersin.org

https://doi.org/10.3389/fneur.2025.1737468
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Yashooa et al. 10.3389/fneur.2025.1737468

Apart from amyloid pathology, tau protein dysfunction
also speeds the development of disease. Although microtubule-
associated protein tau (MAPT) gene mutations are rare in AD,
tau proteins in affected individuals hyperphosphorylated, therefore
losing their ability to stabilize microtubules (80). Along with
impairments in neuronal activity, this instability results in paired
helical filaments and neurofibrillary tangles (81–83).

Moreover, exacerbating AD development is
neuroinflammation. Released by active microglia and astrocytes,
reactive oxygen species and pro-inflammatory cytokines damage
neurons. Variations in the triggering receptor expressed on myeloid
cells 2 (TREM2) gene, which affects microglial activity, have
also been associated to increased AD risk, therefore underlining
the critical role immune responses play in the evolution of
disorders (84–87).

CRISPR–Cas9 represents a formidable gene-editing technique
for AD, facilitating the precise modification of pathogenic genes,
such as rectifying or eliminating APP, β-site amyloid precursor
protein cleaving enzyme 1 (BACE1), and PSEN1/2 mutations to
diminish the production and aggregation of harmful Aβ (88);
the conversion of Apo-lipoprotein E ε4 allele (APOE4) to the
protective APOE3 or APOE2 isoforms, thereby reducing Aβ

accumulation, tau pathology, and neuronal susceptibility; the
modulation of neuroinflammation through the targeting of CD33,
glia maturation factor (GMF), or other immune mediators to
enhance microglial clearance of amyloid plaques and inhibit
detrimental cytokine signaling (89); and the amplification of
neuroprotective pathways by promoting non-amyloidogenic APP
processing (α-cleavage) or bolstering microglial functions that
maintain neuronal integrity (88). These attributes render CRISPR
a versatile method for rectifying genetic disease etiologies,
reducing the accumulation of deleterious proteins, mitigating
inflammation, and enhancing cerebral resilience. This approach
enables researchers to acquire accurate AD models in vivo and in
vitro, enhancing the comprehension of disease mechanisms, and
aiding in the identification of novel therapy alternatives (Figure 2).

Cell models are extensively utilized in application on many
neurodegenerative disorders, including AD, due to the absence of
ethical dilemmas, the brevity of the experimental duration, and the
cheap associated costs. Over the past few decades, numerous in
vitro cellular models of AD have been developed.

Researchers have effectively employed CRISPR–Cas9 to
eliminate the APP and BACE1 genes in neural cell types. This
resulted in a significant reduction in the synthesis of Aβ, a primary
therapeutic target for AD. The previous study demonstrated that
the ablation of APP in brain cells via CRISPR–Cas9 diminished
both Aβ expression and amyloid pathology. This indicates its
potential as a gene therapy alternative for individuals with
APP mutations (89, 90). Sun et al. (91) employed CRISPR–
Cas9 to modify the C-terminus of endogenous APP, markedly
diminishing β-secretase cleavage and redirecting processing toward
non-amyloidogenic α-secretase, thus decreasing Aβ generation.

Previous studies were conducted to reduce the Aβ utilizing
CRISPR technique the knockout of PSEN1 and PSEN2 genes (92–
95). In addition, researchers effectively introduced this mutation
into brain cells utilizing Cas9 nickase–deaminase, significantly
reducing Aβ generation (96). Simultaneously, Song et al. (97)
discovered that the suppression of KIBRA (Kidney and Brain

expressed protein) in HT22 cells inhibited proliferation and
induced death, whereas treatment with Aβ1–42 oligomers was
administered (96, 98). Prime-Base editing was used to treat AD via
utilizing CRISPR to correct the gene defects, and the results shows
reduction in Aβ peptide accumulation. Several studies have been
performed in vitro utilizing CRISPR–Cas9 technology to modify
and editing the APOE gene, as this method has the potential to
convert high-risk APOE4 alleles into protective alleles such as
APOE3 or APOE2 to reduce the AD risk (99).

In addition to constructing AD cell models, CRISPR–Cas9
technology can also be utilized to develop AD animal models
to improve and correct the cognitive function in AD. Serneels,
T’Syen (100) Developed a novel model utilizing the CRISPR–Cas9
technique to construct a humanized A sequence in the APP gene
of both species (100). Another study utilized animal models in
vivo to improve cognitive function and correct APP and BACE1
genes in AD. It demonstrated that the CRISPR system can suppress
Aβ, having a significant effect on both pathology and cognitive
function (101–103).

Furthermore, CRISPR-based gene editing techniques,
particularly base editing and prime editing, exhibit the capacity
to rectify harmful AD mutations without inducing double-
strand DNA breaks. The genetic modification executed by
base editors led to significant enhancements in tau pathology
and cognitive recovery in the examined mice (58, 104, 105).
APOE possesses various variations, including APOE2, APOE3,
APOE3r, and APOE4. Komor et al. (59), the transfer of APOE3
to APOE4 in mouse astrocytes was achieved by changing
Cincodon158 to T using the CRISPR–Cas9 system, indicating
that point mutations were corrected by the CRISPR–Cas9
approach (59).

Prime-Base editing serves as a genome-editing technique that
offers extensive genetic modification possibilities via mutation
repair without inducing DSBs to address AD. In vivo research
focused on AD-related applications needs greater exploration
(104–106), such as a study by Park et al. (103) via utilizing Cas9
nanocomplexes with sgRNAs targeting the tyrosine hydroxylase and
BACE1 genes were administered into mouse primary neural cells to
evaluate the efficacy of Cas9 nanocomplexes. Furthermore, Takalo
et al. (107) utilizing the CRISPR–Cas9 gene editing technique and
evaluating the preventive effects of the Plc2-P522R variant.

Patient-derived induced pluripotent stem cells (iPSCs) have
garnered growing interest due to their distinctive physiological
characteristics. AD mutant genes, such as PSEN1, PSEN2, and
APP, in iPSC-derived neurons provide exceptional platforms for
elucidating disease mechanisms and formulating novel therapeutic
strategies. Studies demonstrated that gene editing using CRISPR–
Cas9 can mitigate the impairments linked to AD by addressing
synaptic dysfunction and altered signaling pathways (108–111).
Researchers have created gene-edited induced pluripotent stem cell
models to investigate genetic mutations associated with AD, as
well as knockout genes implicated in Alzheimer’s pathogenesis,
including ATP-binding cassette subfamily A member 7 (ABCA7)
(112–114). The integration of animal models and CRISPR-edited
iPSCs enhances scientists’ understanding of AD risk factors and
therapeutic options (115). CRISPR-engineered iPSC and organoid
models have elucidated critical mechanisms in AD, including
lipid metabolism (APOE), endosomal dysfunction (APP/PSEN1),
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FIGURE 2

Diagrammatic illustration of the CRISPR–Cas9 system in the study and treatment of Alzheimer’s disease (AD) and shows how CRISPR–Cas9 can be
used to target genetic alterations and pathways linked to AD. The figure was designed with BioRender (http://Biorender.com/). CRISPR, clustered
regularly interspaced short palindromic repeats; Cas9, CRISPR-associated protein 9; sgRNA, single-guide RNA; PAM, protospacer adjacent motif;
HDR, homology-directed repair; MMEJ, microhomology-mediated end joining; DNA, deoxyribonucleic acid; Aβ (amyloid beta), amyloid-β peptide.

electrophysiological abnormalities (PSEN2), and neuroimmune
interactions (APOE Christchurch). These human-relevant systems
are highly effective for identifying disease pathways and evaluating
treatment alternatives (116–119). Stem cell models integrated with
gene editing technologies facilitate the development of patient-
specific therapies, paving the way for clinical applications.

Stem cell-derived models, in conjunction with gene editing,
exhibit potential to enhance the development of tailored AD
therapies. Table 2 Illiterates applications of CRISPR–Cas in AD.
Utilizing CRISPR, scientists acquire enhanced insights into AD
progression and develop successful therapeutic approaches.

Jia et al. (120) created a CRISPR-powered aptasensor
that detects Aβ biomarkers via fluorescence detection via
CRISPR-Cas12a. There is currently little study on the use of
CRISPR-Cas13 and CRISPR-Cas3 in AD diagnosis. Although
its potential in diagnostic domains has not been thoroughly
investigated, Ca3′s primary DNA deletion function remains its
most prominent feature.

3.2 CRISPR/Cas in Parkinson’s disease

PD, the second prevalent neurodegenerative ailment, is marked
by the degradation of dopaminergic neurons, which results in
particular motor symptoms such as rigidity, bradykinesia, and
tremor (121). After the loss of neuronal, the Lewy bodies appeared
with cytoplasmic inclusions, which are mostly composed of
aggregates of α-synuclein protein misfolded and perhaps diffusion

in a prion-like shape among interconnected areas synoptically
(122). PD can be classified into two forms: sporadic and familial.
The familial form accounts for only 10%−15% of all PD cases. The
hereditary versions are attributed to mutations in multiple genes,
including SNCA, parkin (PRKN), PTEN-induced kinase 1 (PINK1),
DJ-1/Parkinson’s disease protein 7 (PARK7), and LRRK2. SNCA
and LRRK2 mutations cause autosomal-dominant types of PD,
while PRKN, PINK1, and DJ-1 mutations cause autosomal recessive
variants (123). Although the origins of sporadic forms are currently
unknown, certain genetic and environmental risk factors have been
discovered. For instance, genetic polymorphisms in the LRRK2 and
SNCA genes elevate the likelihood of developing sporadic PD (124).

Between 1992 and 2021, global PD cases escalated from 450,000
to 1.34 million, with crude incidence rates increasing from 8.19 to
16.92 per 100,000 and age-standardized incidence rates rising from
11.54 to 15.63 per 100,000. Incidence rates increased significantly
in persons aged 60 and beyond, reaching a zenith in those aged 85
and above. Forecasts indicate that by 2030, worldwide PD cases will
total 1.93 million, with an age-standardized incidence rate of 27 per
100,000 (125).

PD is a ND mostly attributed to genetic abnormalities and
environmental stresses (126). Genetic alterations in critical genes
such as SNCA, LRRK2, PARK2, PINK1, and Glucocerebrosidase
1 (GBA1) are central to the disorder. Mutations in SNCA result
in the improper folding of SNCA protein, leading to aggregation
into Lewy bodies, which are indicative of PD in the brain
(127). Mutations in LRRK2 that enhance gene function result
in increased kinase activity, which is detrimental to neurons.
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TABLE 2 Applications of CRISPR–Cas in Alzheimer’s disease.

Gene target Model Editing modality Delivery
vector/method

Result Refs.

BACE1 (reduce Aβ

production)
In vivo mouse AD
models

CRISPR-Cas9 nuclease
(knockdown/KO)

Nanocomplexes/AAV or RNP
nanocarriers (in-brain
delivery)

Targeting Bace1 in adult mouse brain
reduced Aβ pathology and improved
cognitive readouts in two AD mouse
models. Demonstrates feasibility of
in-brain CRISPR editing to lower amyloid.

(103)

APP (protective
A673T/pathogenic
mutations)

In vitro (neurons,
iPSC) & in vivo
ambitions

Base editing and prime
editing to install/correct
single-base changes (A673T
protective variant; familial
APP mutations)

Plasmid/BE mRNA
transfection or
AAV/dual-AAV for in vivo
prime editing

Base editors and prime editors have been
used to insert the protective A673T (or
correct pathogenic APP alleles) in cells
and tested for translation to
neurons/mouse models showing precise
installation with lower indels vs. nuclease.

(96)

APOE4 → APOE3
correction/modeling

Human iPSC lines
→ neurons/
astrocytes;
organoids

CRISPR-Cas9 HDR (isogenic
lines), prime editing
(optimized pegRNAs)

Electroporation/RNP/plasmid
transfection for iPSC;
dual-AAV prime editing for in
vivo approaches

Isogenic CRISPR correction of
APOE4→ APOE3 in human iPSC altered
lipid metabolism and neuronal/astrocyte
phenotypes; optimized prime editing
pipelines enable high-efficiency correction
in iPSCs/organoids.

(379)

TREM2 (microglial
function
modulation)

In vitro microglial
lines (BV2), in vivo
mouse models

CRISPR-Cas9
knockout/knock-in; gene
dosage modulation
(transgene)

Lentiviral/CRISPR plasmid
transfection for cell lines;
genetic transgenesis or viral
approaches in mice

CRISPR-engineered TREM2 variants in
microglia change phagocytosis and
inflammatory signatures; increasing
TREM2 dosage reprograms microglia and
ameliorates neuropathology in AD
models.

(380)

MAPT
(tau)/tauopathy
modeling or
modulation

iPSC neurons,
organoids,
transgenic mice

CRISPR-Cas9 (mutant
introduction or correction),
CRISPRi for expression
modulation

Plasmid/viral vectors
(lentivirus/AAV) in vivo or in
vitro transfection

CRISPR has been used to introduce tau
mutations into iPSCs/organoids to model
tau pathology and to test tau-lowering
strategies; CRISPRi approaches can reduce
MAPT expression in neuronal models.

(381)

Sortilin-related
receptor 1 (SORL1),
PSEN1/PSEN2
(fAD genes)

iPSC & organoid
models; some
mouse models

CRISPR-Cas9 HDR
(knock-in/knock-out);
base/prime editing for
single-base changes

Electroporation/RNP/lentivirus
for cellular work; transgenic
approaches in animals

Generation of isogenic iPSC and organoid
models carrying PSEN1/2 or SORL1
variants demonstrates altered Aβ

processing and cellular phenotypes useful
for mechanistic studies and preclinical
testing.

(382)

Protective mutation
installation in vivo
(proof-of-concept)

Mouse brain
(astrocytes &
neurons)

Prime editing (dual-AAV PE
systems)

Dual-AAV pegRNA + PE
machinery (v3em PE-AAV
systems)

In vivo prime editing in mouse brain
achieved therapeutically relevant editing
efficiencies (reported up to ∼40% in
cortex) and installed putative protective
mutations for AD in astrocytes with
minimal off-target readouts.

(383)

Organoids:
multi-cell modeling
(amyloid, tau,
microglia
interactions)

3D cerebral
organoids from
CRISPR-edited
iPSCs

CRISPR-Cas9 editing in iPSC
stage (HDR, base/prime
editing) → differentiate into
organoids

Electroporation/transfection
at iPSC stage; viral
transduction of progenitors

CRISPR-edited iPSCs permit building
organoids that recapitulate
familial/sporadic AD features (plaque-like
amyloid, tau changes, altered microglia
responses), enabling mechanistic and
drug-testing platforms.

(384)

AD, Alzheimer’s disease; CRISPR, clustered regularly interspaced short palindromic repeats; Cas9, CRISPR-associated protein 9; Aβ, amyloid-β peptide; iPSC, induced pluripotent stem cell;
KO, knockout; HDR, homology-directed repair; RNP, ribonucleoprotein complex; AAV, adeno-associated virus; BE, base editing/base editor; PE, prime editing; pegRNA, prime-editing guide
RNA; APP, amyloid precursor protein; BACE1, β-site amyloid precursor protein cleaving enzyme 1; APOE, apolipoprotein E; TREM2, triggering receptor expressed on myeloid cells 2; MAPT,
microtubule-associated protein tau gene; PSEN1/PSEN2, presenilin 1 and 2; SORL1, sortilin-related receptor 1; 2D, two-dimensional cell culture; 3D, three-dimensional culture.

Mutations in PARK2 and PINK1 disrupt mitochondrial quality
control, leading to mitochondrial malfunction, poor mitophagy,
oxidative stress, and ultimately, the demise of dopaminergic
neurons (128). Neurons exhibit increased toxicity when mutations
in the LRRK2 gene lead to the enzyme acquiring excessive kinase
activity. The PARK2 gene regulates parkin activity, which acts as an
E3 ubiquitin ligase; however, its dysfunction results in the buildup
of protein damage (128). Neuronal damage exacerbates when
GBA1 mutations induce mitochondrial malfunction and elevate
oxidative stress inside cells (129, 130). Genetic abnormalities alter

protein degradation pathways, impair mitochondrial function,
and interfere with oxidative stress responses, ultimately leading
to PD symptoms through the degeneration of dopaminergic
neurons in the substantia nigra (131). Impaired mitochondria
result in heightened oxidative stress and diminished ATP synthesis,
causing neuronal damage. The development of PD occurs due
to mutations in PINK1 and PRKN that impair mitochondrial
quality control mechanisms (131). PD neuroinflammation occurs
when activated microglia secrete tumor necrosis factor-alpha
(TNF-α), interleukin (IL)-1β, and reactive oxygen species, which
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