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Abstract
The genome editing technology based on clustered regularly interspaced short palindromic repeats/CRISPR-associated pro-
tein-9 (CRISPR/Cas9), is revolutionizing research, particularly in the context of human neurodegenerative disorders. This 
review examines recent advancements in CRISPR/Cas9 and its potential to address the protein misfolding mechanisms un-
derlying these diseases. Proteins, the fundamental units of life, can misfold due to various changes, resulting in aggregation 
and contributing to devastating illnesses such as Alzheimer’s disease, Parkinson’s disease, Amyotrophic lateral sclerosis, and 
Huntington’s disease. Understanding the pathology of these disorders and the methods used for their detection is vital for de-
veloping effective treatments. CRISPR/Cas9 offers a powerful tool for combating neurodegenerative disorders at the molecular 
level. Its groundbreaking gene-editing capabilities are advancing preclinical and animal studies, paving the way for potential 
human trials and innovative therapeutic strategies. This review explores the complex challenge of protein misfolding and high-
lights how CRISPR technology could provide a crucial breakthrough in the fight against neurodegenerative disorders. It offers 
a synthesis of CRISPR advancements for neurodegenerative disorders. However, it is essential to be aware of the review’s 
limitations, including potential selection bias, the risk of oversimplification, and possible obsolescence in rapidly changing 
research fields. Despite these considerations, the transformative promise of CRISPR in understanding and potentially treating 
neurodegenerative diseases warrants continued research and thorough analysis.
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Introduction
The technology of clustered regularly interspaced short palindro-
mic repeats/CRISPR-associated protein-9 (CRISPR/Cas9) has 
revolutionized genetic editing, offering a precise tool for manipu-
lating genomes across organisms. Derived from bacterial immune 
systems, it uses the Cas9 protein and guide RNA (gRNA) to target 
specific DNA sequences.1 This precision allows for treating ge-
netic disorders, tackling diseases such as cancer, HIV, and sickle 
cell anemia, and even improving agriculture.2,3 By combining 
CRISPR/Cas9 with tools such as Cre-loxP, researchers are devel-
oping even more sophisticated approaches to targeted genome en-
gineering.1,4

One area where CRISPR/Cas9 holds immense promise is in ad-
dressing neurodegenerative diseases. These disorders, including 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyo-
trophic lateral sclerosis (ALS), are marked by the accumulation of 
misfolded proteins in the brain, leading to neuronal dysfunction.1 
Protein misfolding, where proteins adopt abnormal conformations 
and aggregate, is a complex phenomenon influenced by factors 
such as polyglutamine expansions and aging.5 This phenomenon 
plays a central role in various protein misfolding diseases, particu-
larly neurodegenerative disorders.5,6

Understanding protein misfolding is crucial for developing nov-
el diagnostic and treatment strategies. Research has shed light on 
involved mechanisms, including those related to RNA metabolism, 
protein synthesis, folding, degradation, and trafficking.5 Misfolded 
protein aggregates are a hallmark of neurodegenerative diseases,7,8 
but how these aggregates cause neuronal death is still under inves-
tigation; they are thought to acquire neurotoxic properties.6 The 
cross-talk between different misfolded proteins indicates a com-
plex interplay within these diseases.9

Given the devastating impact of neurodegenerative disorders, 
there is an urgent need for innovative therapies. Current approach-
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es include protein disaggregates, protein-remodeling factors, and 
chaperones.10–13 These strategies can reverse misfolding, prevent 
it, or disassemble aggregates. Additionally, understanding the roles 
of protein phosphorylation and flanking amino acid sequences in 
modulating misfolding will be vital for future interventions.14

Proper utilization of CRISPR technology has the potential to 
revolutionize the treatment of neurodegenerative disorders. By tar-
geting and correcting mutations associated with protein misfold-
ing, CRISPR could prevent or reduce toxic aggregate formation. 
Researchers are actively exploring CRISPR-based therapies for 
diseases such as AD, PD, and Huntington’s disease (HD), aiming 
to slow or even halt disease progression. However, challenges such 
as precise delivery into the brain, off-target effects, and ethical 
considerations must be addressed as research progresses.

This review focuses on the potential of CRISPR/Cas9 for cor-
recting protein misfolding mechanisms implicated in neurode-
generative disorders. We will analyze CRISPR’s use in cell and 
animal models, its success in targeting specific mutations, and the 
ongoing challenges in clinical translation. Our main objective is 
to assess the feasibility and potential limitations of CRISPR as a 
transformative tool for understanding and ultimately treating these 
devastating diseases.

Protein misfolding and neurodegeneration

Understanding the importance of protein folding in disease
Understanding the factors that initiate protein misfolding is essen-
tial for unraveling the mechanisms behind many diseases and revo-
lutionizing our therapeutic approaches. These triggers can range 
from genetic mutations that directly disrupt protein structure to 
cellular stressors such as oxidative stress or compromised protein 
quality control mechanisms.13,15 Even the natural decline in cellu-
lar quality control associated with aging can increase vulnerability 
to misfolding.16 Identifying these initiation factors offers crucial 
benefits: it allows us to understand disease mechanisms more 
deeply, guiding researchers toward key therapeutic targets. This 
knowledge could also enable early diagnosis through biomarkers 
and risk assessment in susceptible individuals. Furthermore, un-
derstanding these triggers paves the way for targeted prevention 
strategies, potentially involving lifestyle modifications or thera-
pies to reduce disease risk.

Most importantly, this knowledge drives the development of 
groundbreaking drugs that directly address the root cause of mis-
folding. These drugs could focus on prevention or enhance the 
cell’s ability to manage misfolded proteins. Targeting the initial 
stages of misfolding, rather than simply addressing downstream 
consequences, promises to yield more impactful treatments with 
the potential to slow or halt the progression of these devastating 
diseases.

Knowing the role of misfolded proteins in neurodegeneration
The location of protein misfolding, whether inside (intracellular) or 
outside (extracellular) cells, significantly shapes the mechanisms of 
neurodegenerative diseases.17 Intracellular misfolding disrupts vital 
cellular processes such as protein quality control and organelle func-
tion, leading to cellular stress, a key player in neurodegeneration.17 
The formation of intracellular aggregates further exacerbates the 
situation, impairing cellular transport, compromising mitochondrial 
health, and activating harmful stress responses.17,18

In contrast, extracellular misfolded proteins, especially those 
forming aggregates or plaques, induce different detrimental ef-

fects. They can trigger damaging inflammatory responses, activate 
immune cells, and disrupt the integrity of the blood-brain barrier.19 
Extracellular deposits may also contribute to synaptic dysfunction 
and neuroinflammation, harming neuronal health.

The relative impact of intracellular versus extracellular mis-
folded proteins depends heavily on the specific neurodegenerative 
disease. AD is marked by extracellular beta-amyloid plaques and 
intracellular tau tangles, contributing significantly to pathology.20 
PD, on the other hand, is primarily driven by the intracellular ag-
gregation of α-synuclein.21

It is crucial to understand the distinct pathogenic mechanisms 
linked to misfolding location – whether within the cell or in the 
surrounding environment. Intracellular misfolding directly com-
promises the cell’s function, while extracellular aggregates pro-
mote inflammation and damage neighboring cells. The complex 
interplay between these factors is an active research area, and its 
understanding is essential for developing targeted and effective 
therapies.

Understanding the dynamics of protein folding, misfolding, and 
aggregation
The alpha helix, a right-handed spiral coil, is a common structural 
feature in the native state of many proteins. Protein folding is the 
complex process by which a protein transforms from an initially 
unstructured state into its well-defined, three-dimensional struc-
ture.22 This process minimizes the protein’s free energy, driven by 
decreased entropy (reduced possible conformational states).23,24 
However, local energy minima can sometimes trap the protein in 
intermediate states, slowing its progression toward the final folded 
form.25

Misfolding occurs when this precise conformational devel-
opment goes awry due to various factors. These include genetic 
mutations in non-reproductive (somatic) cells, errors in gene 
transcription or protein translation, malfunctions in the cell’s pro-
tein folding machinery, aberrant post-translational modifications 
(PTMs) (such as phosphorylation, glycosylation, acetylation, and 
ubiquitination), disruptions in how proteins are trafficked within 
the cell, or changes in the protein’s environment.26 Misfolded pro-
teins can expose hydrophobic amino acids typically hidden in their 
core, promoting aggregation driven by hydrophobic interactions.27 
This process can lead to disordered aggregates, oligomers, and 
amyloid fibrils.28 Key factors determining a protein’s propensity to 
aggregate include its hydrophobicity, tendency to form beta-sheet 
structures, and decreased net electrostatic charge.

The kinetics of protein folding, involving the speed and path-
ways, are influenced by the amino acid sequence, environment, 
and the presence of cofactors.29 Folding pathways and energy 
landscapes help us understand this process. Protein folding ki-
netics can follow a two-state model (directly from unfolded 
to folded) or a multi-state model, which includes intermediate 
states.30,31 These intermediate states represent temporary confor-
mations adopted during the folding process and are crucial for 
understanding folding kinetics.32 Experimental techniques such 
as Nuclear Magnetic Resonance spectroscopy, protein engineer-
ing, and computational models such as molecular dynamics sim-
ulations provide valuable insights into these intermediate states 
and folding pathways.33,34

Various elements can influence the balance between proper 
folding pathways and those leading to misfolding. Chaperone pro-
teins facilitate accurate protein folding and prevent aggregation.35 
Environmental factors such as temperature and pH also affect fold-
ing kinetics.36 Furthermore, small molecules or drugs can stabilize 
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the native state or inhibit aggregation, offering potential therapeu-
tic options for diseases caused by protein misfolding.37

Finding linkage between protein misfolding and neurodegen-
erative onset
The tendency of certain proteins to form aggregates in neurode-
generative diseases is a complex process driven by several factors. 
One key element is the protein’s structure. Proteins with regions 
prone to misfolding, often due to exposed hydrophobic areas or un-
stable structures, are more likely to aggregate.38 Genetic mutations 
can also be responsible, as changes in the amino acid sequence can 
make proteins more susceptible to misfolding and clumping. Some 
proteins linked to neurodegeneration harbor mutations that directly 
enhance their aggregation potential.39

The cellular environment also plays a crucial role in influencing 
protein aggregation. Oxidative stress, changes in pH, or reduced 
availability of molecular chaperones (proteins that help with prop-
er folding) can promote the misfolding and aggregation of certain 
proteins.40 Furthermore, the cell’s systems for degrading misfold-
ed or aggregated proteins, such as the ubiquitin-proteasome system 
and autophagy, can be overwhelmed or malfunction in neurode-
generative diseases. This process leads to a buildup of aggregates 
as the cell can’t effectively remove these harmful structures.41

Each disease is associated with a specific protein that mis-
folds, acting as a hallmark of that particular condition.27 Misfold-
ing repeatedly occurs in these disorders as the misfolding protein 
evades the cell’s protein-folding machinery and quality control 
systems. This allows it to form aggregates that grow into larger 
fibrous structures.42,43 These fibers are called “amyloid fibrils” 
when formed outside the cell and “intracellular inclusions” when 
found within cells.44,45 Interestingly, despite differences in amino 
acid sequence, the proteins involved in various neurodegenera-
tive diseases share structural similarities in their aggregated states. 
This suggests that the accumulation of misfolded protein, rather 
than the specific protein involved, might be the central driver of 
these diseases.26,46 The aggregated forms often have a prevalence 
of beta-pleated sheets, a striking contrast to the alpha-helical and 
globular structures of their native, functional forms.47

Unravelling the toxicity of misfolded proteins
In neurodegenerative diseases, misfolded proteins wreak havoc by 
disrupting essential cellular functions and overwhelming the cell’s 
proteostasis mechanisms, the network responsible for maintaining 
a healthy protein production, folding, and removal balance. When 
misfolded proteins accumulate beyond the cell’s ability to clear 
them, they overwhelm quality control systems, triggering stress 
responses that contribute to neuronal dysfunction and death.48,49 
This disruption has a cascading effect, leading to impaired syn-
aptic function as misfolded proteins interfere with the release of 
neurotransmitters, hampering communication between neurons.50 
These misfolded proteins also trigger a chronic inflammatory re-
sponse in the brain, as microglia (the brain’s immune cells) release 
inflammatory substances.47

Furthermore, misfolded proteins often form toxic intermedi-
ates known as soluble oligomers during their aggregation process. 
These intermediates are even more damaging than the larger, inert 
plaques and can disrupt cellular membranes, increase oxidative 
stress, and directly interfere with cellular signaling pathways.51 
Misfolded proteins also harm mitochondria, the cell’s energy 
production centers, leading to energy deficits and the build-up of 
harmful reactive oxygen species.52 Ultimately, the accumulation 
of misfolded proteins disrupts the delicate proteostasis network, 

leading to further buildup of toxic protein aggregates and acceler-
ating cellular dysfunction and neurodegeneration.53 This cascade 
of damage underlies the cognitive decline and other neurological 
symptoms characteristic of neurodegenerative diseases.

Importance of PTMs in protein misfolding
PTMs are essential in protein misfolding, a central feature of neu-
rodegenerative diseases.54 These modifications, which occur after 
a protein is created, have far-reaching effects on protein structure, 
function, stability, and how a protein behaves within a cell. In neu-
rodegenerative diseases, disruptions in PTMs contribute signifi-
cantly to disease progression.

Phosphorylation, the addition of phosphate groups, is one PTM 
that dynamically alters a protein’s charge and shape, influencing 
how it interacts with other molecules. Neurodegenerative diseases 
often showcase aberrant phosphorylation; in AD, the tau protein 
becomes abnormally phosphorylated.55 This pathological change 
promotes aggregation into neurofibrillary tangles, disrupting tau’s 
normal function and contributing to neuronal damage.

Another critical PTM is ubiquitination, which involves tag-
ging proteins with ubiquitin molecules. This modification often 
signals the proteasome, the cell’s recycling machinery, to degrade 
the tagged protein. When misfolded proteins escape proper ubiq-
uitination, their clearance mechanisms fail, leading to the danger-
ous buildup of toxic aggregates within cells.56 This breakdown in 
proteostasis, the cell’s careful balance of protein synthesis and re-
moval, is a driving force in neurodegeneration.

Glycosylation, the attachment of sugar molecules, also pro-
foundly affects how proteins fold and behave. Abnormal glyco-
sylation patterns can alter the stability of misfolded proteins and 
influence their interactions within the cell. In PD, aberrant glyco-
sylation contributes to α-synuclein aggregation, an essential pro-
tein in the disease process.57

Beyond these, other PTMs such as acetylation, methylation, and 
sumoylation have the power to modulate the structure and func-
tion of proteins involved in neurodegenerative diseases.58 Changes 
induced by these modifications can impact where a protein resides 
in the cell, how it interacts with other molecules, and its tendency 
to form harmful aggregates.

Overall, PTMs hold significant sway over the fate of proteins 
involved in misfolding. When these modifications become dis-
rupted, they contribute to the damaging processes seen in neurode-
generative diseases, promoting protein aggregation, compromising 
cellular function, and ultimately fueling disease progression.

How do neurodegenerative pathologies lead to neuronal death?
The mechanism underlying neuronal demise in neurodegenerative 
disorders exhibits common characteristics, including the selective 
loss of neurons, alterations in synaptic connections, and neuroin-
flammation.47,59,60 However, the specific brain regions affected 
vary across these disorders. In the case of AD, neuronal death pre-
dominantly occurs in brain areas crucial for memory and cognitive 
functions, such as the hippocampus, amygdala, and cortical re-
gions.60 PD is characterized by the loss of neurons in the substantia 
nigra and a decline in dopamine levels within the striatum.61 HD 
is distinguished by pronounced neuronal loss in the striatum and 
cerebral cortex.62 ALS manifests as the degeneration of lower mo-
tor neurons in the spinal cord and brainstem, accompanied by the 
loss of upper motor neurons in the motor cortex.63 Transmissible 
spongiform encephalopathies are characterized by the conspicu-
ous degeneration of brain tissue, with the location and extent of 
neuronal loss exhibiting variability.64
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Neuronal loss in these conditions transpires through a pro-
grammed cell death process called apoptosis.47,65 Three hypoth-
eses have been proposed to elucidate the intricate relationship 
between protein misfolding and aggregation with neurodegenera-
tion. These hypotheses offer comprehensive explanations for the 
interplay between these processes, as illustrated in Figure 1. In 
the loss-of-function model, the crucial factor is the impairment of 
the native protein’s normal function as it gets depleted due to pro-
tein misfolding and aggregation.66 This model applies to HD, PD, 
transmissible spongiform encephalopathy, and ALS. Conversely, 
in the gain-of-toxic activity model, the protein, when misfolded or 
aggregated, acquires neurotoxic properties.67 Within the inflam-
mation model, protein aggregates induce a prolonged inflamma-
tory response within the brain, leading to neurodegeneration.68 
This phenomenon is evident through several observations, includ-
ing (a) a widespread increase in astrocyte activity and microglial 
activation,69 (b) the accumulation of inflammatory proteins within 
cerebral protein aggregates,70 (c) elevated levels of inflammato-
ry proteins in the brain,71 and (d) the administration of NSAIDs 
(nonsteroidal anti-inflammatory drugs) resulting in a reduction in 
the occurrence of AD in both animal models and humans.72 In nu-
merous diseases, a combination of these mechanisms may operate 
concurrently.

The interplay of genes and environment in neurodegeneration
Neurodegenerative diseases arise from a complex interplay of 
loss-of-function, gain-of-toxic activity, and inflammation – all 
heavily influenced by both genetic and environmental factors. Mu-
tations in genes encoding proteins essential for neuronal function 
can lead to loss-of-function, disrupting normal cellular processes 
and contributing to neurodegeneration. Similarly, environmental 
factors such as exposure to toxins or inadequate nutrition can com-
promise neuronal function.66 Another pathway to degeneration is 
gain-of-toxic activity, where mutations produce toxic, misfolded 
proteins or harmful variations of normal proteins. This leads to cel-
lular dysfunction and degeneration, which can also be triggered by 

environmental toxins such as pesticides or heavy metals.67

Genetic factors influence an individual’s susceptibility to chron-
ic inflammation within the central nervous system (CNS), contrib-
uting to neurodegenerative processes. This inflammation can be 
triggered or worsened by environmental factors such as infections, 
exposure to pollutants, or chronic stress.68 Crucially, genetic and 
environmental factors interact, and a genetic predisposition might 
dramatically increase vulnerability to specific toxins. Genetics and 
the environment can also induce epigenetic changes that alter gene 
expression, influencing the development of neurodegenerative dis-
eases. This complex interplay explains why individuals experience 
significant variations in these diseases’ onset, progression, and se-
verity. Understanding these interconnected mechanisms is essen-
tial for developing targeted treatments and personalized medicine 
strategies, offering improved support for those affected by these 
devastating disorders.

Involvement of each model in neurodegenerative diseases
Neurodegenerative diseases arise from a complex interplay of 
mechanisms that disrupt the health and function of neurons. Three 
major contributors to this damage are loss-of-function, gain-of-
toxic activity, and inflammation, each playing distinct roles in dif-
ferent diseases. In disorders such as Alzheimer’s and Parkinson’s, 
loss-of-function mechanisms are crucial. Mutations in genes es-
sential for protein processing (such as amyloid precursor protein 
(APP) or presenilin (PSEN) in Alzheimer’s) hinder neurons’ abil-
ity to function properly, while in Parkinson’s, mutations in genes 
responsible for protein degradation (such as Parkin or PINK1) lead 
to an accumulation of waste and eventually the death of dopamine-
producing neurons.66

Gain-of-toxic activity is another destructive force seen in dis-
eases such as Huntington’s and ALS. In Huntington’s, an abnormal 
expansion in the huntingtin (HTT) gene creates a toxic form of the 
HTT protein, and mutations in genes such as superoxide dismutase 
1 (SOD1) in ALS trigger harmful protein aggregations that direct-
ly damage motor neurons.67 Inflammation also plays a significant 

Fig. 1. Illustrating models depicting the mechanism of neurodegeneration linked to the misfolding and aggregation of proteins. 
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role in neurodegeneration; in multiple sclerosis, the immune sys-
tem attacks the protective myelin sheath around neurons, harming 
their communication ability. Additionally, chronic inflammation, 
fueled by cells such as microglia and astrocytes, is a significant 
factor in Alzheimer’s, accelerating the disease’s progression and 
causing cognitive decline.68

Remembering that neurodegenerative diseases often stem from 
a complex interaction of genetic and environmental factors is cru-
cial. ALS, for instance, can be caused by specific genetic muta-
tions (e.g., in the SOD1 gene) and exposure to certain environ-
mental factors. Similarly, genetic variations such as those found 
in the apolipoprotein E4 (APOE4) gene can increase Alzheimer’s 
risk, while factors such as head injuries or vascular problems can 
further heighten individual susceptibility.

Misfolding disruptions in neurodegeneration
Genetic mutations and environmental factors play a crucial role in 
developing neurodegenerative diseases. Mutations in genes such 
as APP, PSEN1, and PSEN2 can disrupt the processing of amy-
loid-beta (Aβ) protein, leading to misfolding and aggregation that 
forms the characteristic plaques of AD.73 Chronic inflammation 
and oxidative stress further contribute to this protein misfolding.74 
Additionally, specific variants of the APOE genes, such as APOE4, 
are linked to an increased risk of AD. APOE is involved in lipid 
metabolism and neuronal repair, and its variants can destabilize 
protein homeostasis, promoting the accumulation of misfolded 
proteins in the brain.75

Genetic mutations play a significant role in the development of 
PD. Specifically, mutations in the synuclein alpha (SNCA) gene, 
which encodes α-synuclein, are linked to familial forms of the dis-
ease.76 Misfolding and aggregation of α-synuclein lead to the for-
mation of Lewy bodies, ultimately disrupting cellular function.77 
Environmental factors, such as exposure to pesticides and mito-
chondrial dysfunction, can exacerbate this process and contribute 
to the accumulation of misfolded α-synuclein.78 Mutations in the 
leucine-rich repeat kinase 2 (LRRK2) gene are also associated with 
an increased risk of both familial and sporadic PD. LRRK2 plays a 
crucial role in regulating various cellular processes, and mutations 
within this gene can disrupt normal protein function. These dis-
ruptions lead to aberrant protein folding and aggregation, critical 
factors in the development of PD.79

HD is caused by an expanded cytosine adenine guanine (CAG) 
repeat in the HTT gene, resulting in an elongated polyglutamine 
tract in the HTT protein.80 The mutated HTT misfolds and forms 
aggregates, leading to neuronal toxicity.81 Environmental factors 
may influence the age of onset and progression of symptoms in 
individuals with HD.82

Mutations in the SOD1 gene are a known factor in familial ALS. 
The SOD1 protein usually plays a protective role, but these muta-
tions cause it to misfold, forming harmful aggregates within motor 
neurons.83 Environmental factors such as exposure to heavy metals 
and toxins may further promote SOD1 misfolding, contributing to 
the development of ALS.84 Another common genetic cause of both 
familial and sporadic ALS is a hexanucleotide repeat expansion 
in the chromosome 9 open reading frame 72 (C9orf72) gene. This 
expansion disrupts normal processes and results in abnormal RNA 
and protein aggregates, leading to motor neuron degeneration.85 
Understanding how genetic mutations, environmental factors, and 
protein misfolding interact is vital for creating effective ALS treat-
ments. CRISPR technology offers significant potential for preci-
sion medicine in this field. By directly targeting specific genetic 
mutations that cause protein misfolding, CRISPR could help ad-

dress the core causes of neurodegenerative diseases, leading to 
significant breakthroughs in treatment.

Coding genome non-coding genomics
The emergence of robust genome-wide association method-
ologies promises to explain the genetic etiology of the common 
sporadic forms of complex diseases. In addition to revealing the 
genetic susceptibility of neurodegenerative disease, genome-wide 
association studies (GWAS) should also be an unbiased generator 
of molecules relevant to disease pathogenesis.86 The etiology of 
neurodegeneration is primarily influenced by genetic variables, 
which can modify a person’s susceptibility to complicated, spo-
radic illnesses or operate as monogenic causes of heritable dis-
ease. The discovery of disease genes and risk loci has produced 
some of the most significant medical advancements in the past 
20 years and priceless insights into pathogenic mechanisms and 
disease pathways. Our understanding of the genome and the ge-
netic architecture of neurodegenerative illness is quickly develop-
ing thanks to large-scale research efforts, creative study designs, 
and methodological advancements.87 Until recently, research to 
elucidate the genetic basis of neurodegenerative brain disorders 
(NBDs) concentrated on the coding region of the genome.40 
However, a significant portion of NBD heritability remains un-
explained.40 GWAS have identified non-coding variations that are 
significantly linked to NBDs.40,59 The majority of these variations 
are found in regulatory regions, suggesting they may influence 
gene expression through enhancers, promoters, and non-coding 
RNA.40,54 GWAS has linked several genetic variations to various 
neurological disorders.13,16,22,27 While these studies have identi-
fied susceptibility loci for diseases such as PD and AD, GWAS 
variations in coding regions only account for a portion of the her-
itability, 16–36% for PD and 28% for AD.22,27,86

Similarly, in non-coding genomes, non-coding RNAs such as 
long noncoding RNA Cyrano contribute to neurodegenerative pro-
cesses by directly interacting with neurological disorders-associ-
ated loci or via intricate networks.88 Hence, instead of coding the 
genome noncoding can also be targeted by CRISPR/Cas9.

CRISPR/Cas9 for precision gene editing

CRISPR/Cas9: A genome editing revolution
CRISPR/Cas9-based genome editing has become a powerful tool 
for inducing mutations in various organisms, including bacteria, 
zebrafish, rodents, and even large mammals.89 Its origins lie in 
discovering a prokaryotic adaptive immune system against virus-
es.90,91 Initially identified in 1987 as unusual repetitive DNA se-
quences, CRISPR was later recognized as a system where bacteria 
store ‘memories’ of past viral infections, enabling them to defend 
themselves.92,93

Before CRISPR/Cas9, gene editing relied on methods such as 
zinc finger nucleases and transcription activator-like effector nu-
cleases.94,95 While effective in some cases, these techniques were 
complex, expensive, and time-consuming.96 In contrast, CRISPR/
Cas9’s ease of use, flexibility, availability of bioinformatic tools, 
and commercial reagents have made it invaluable for modifying 
genes in vitro and in vivo.97

The Cas9 endonuclease, especially the SpCas9 (streptococcus 
pyogenes Cas9) variant, has become the cornerstone of CRISPR-
based genome editing, particularly for creating knockouts and pre-
cise genetic modifications. Its ability to target virtually any DNA 
sequence with the appropriate guide RNA makes it a transforma-
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tive technology.97 CRISPR/Cas9’s efficiency, effectiveness, and 
accuracy have led to its widespread adoption for genome editing 
across various fields.98

While no editing platform is ideal for every situation, CRISPR/
Cas9 stands out in many ways. Meganucleases might be sufficient 
for applications requiring high precision but not necessarily high 
efficiency. Zinc finger nucleases or transcription activator-like ef-
fector nucleases with modified FokI domains for greater specific-
ity can also be useful.96 However, their laborious retargeting pro-
cesses limit their broader use. CRISPR/Cas9, on the other hand, 
offers exceptional adaptability since retargeting involves changing 
the single guide RNA (sgRNA).99

Additionally, the availability of diverse Cas variants (such as 
transcriptional activators/repressors and base editors) further ex-
pands its capabilities. CRISPR-Cas works with various delivery 
methods, including ribonucleoproteins (RNPs), viral vectors, and 
plasmids, increasing its versatility.100 For safety-critical applica-
tions, choosing low off-target Cas variants is crucial, and selec-
tion procedures can offset potentially lower modification rates.101 
While SpCas9 has been studied extensively, its origin in human 
pathogens raises concerns about adaptive immunity. Developing 
highly specific variants such as SpCas9-HF1 and EvoCas9 from 
non-pathogenic species addresses this issue.102

Understanding CRISPR/Cas9 systems
CRISPR/Cas systems are broadly divided into classes based on Cas 
protein structure and function. Class I systems use multi-subunit 
Cas-protein complexes, while Class II systems, such as the widely 
used type II CRISPR/Cas9, employ a single Cas protein.103–105

The heart of the CRISPR/Cas9 system consists of two key com-
ponents: the gRNA and the Cas9 protein. SpCas9, isolated from 
Streptococcus pyogenes, was the first Cas protein used for genome 
editing. This large protein acts as a multi-domain DNA endonucle-
ase, creating double-stranded breaks in the target DNA. Structur-
ally, Cas9 has two main lobes: the recognition lobe, which binds 
the guide RNA, and the nuclease lobe, which contains the RuvC, 
HNH, and protospacer adjacent motif (PAM) interaction domains 
responsible for DNA cleavage.106–108

gRNA is composed of trans-activating CRISPR RNA and 
CRISPR RNA (crRNA). The crRNA, which specifies the target 
DNA sequence, and trans-activating CRISPR RNA, which acts as 
a scaffold for Cas9 binding, are often fused into a sgRNA for use 
in genome editing.109

Mechanisms of CRISPR/Cas9 precision genome editing
Recognition, cleavage, and repair are the processes that make up 
the CRISPR/Cas9 genome editing mechanism.110,111 The intended 
sgRNA controls Cas9 and identifies the target sequence in the rel-
evant gene through its complementary base pair in the crRNA. 
Without sgRNA, the Cas9 protein remains dormant. The Cas9 nu-
clease produces double-stranded breaks (DSBs) at three base pairs 
upstream of PAM.99 The PAM sequence is a brief (between two 
and five base pairs long) conserved DNA sequence downstream of 
the cut location. The PAM sequence at 5-NGG-3 is recognized by 
the Cas9 protein, the most widely used nuclease in genome edit-
ing tools.112 When Cas9 locates a target site with the right PAM, it 
causes local DNA melting, followed by the synthesis of an RNA-
DNA hybrid.

However, the process by which the Cas9 enzyme melts the tar-
get DNA sequence is still not fully known. The Cas9 protein is 
then turned on to start cleaving DNA. Target DNA is broken down 
into complementary and non-complementary strands by the HNH 

and RuvC domains, respectively, resulting primarily in blunt-
ended DSBs. The host cellular machinery then fixes the DSB.113 
In the CRISPR/Cas9 mechanism, the Cas9 protein creates DSBs 
that must be repaired using either the non-homologous end joining 
(NHEJ) or homology-directed repair (HDR) pathways.114 NHEJ 
accelerates DSB repair by connecting DNA fragments via an enzy-
matic mechanism without foreign homologous DNA and is active 
throughout the cell cycle. It is the most dynamic and dominant 
cellular repair mechanism.

However, an error-prone mechanism can result in small random 
insertions or deletions (indels) at the cleavage site, resulting in 
frameshift mutations or premature stop.115 HDR is a very accurate 
technique that necessitates using a homologous DNA template.116 
The cell cycle is mainly active in the late S and G2 stages. HDR 
needs many donor (exogenous) DNA templates containing the de-
sired sequence when editing CRISPR. By placing a donor DNA 
template with sequence homology at the anticipated DSB location, 
HDR performs the exact gene insertion or replacement.117 Porteus 
et al.118 state that single-base-pair changes account for many hu-
man genetic disorders. These substitutions profoundly affect pro-
tein function, requiring more complex and precise editing to recre-
ate in model systems. The efficiency of precise genome editing 
(PGE) approaches, however, is often less than a tenth of that of 
methods that create less-specific indels, and much work has been 
done to increase PGE efficiency. These improvements include de-
veloping the best guide RNA and mutation-bearing donor DNA 
templates, modifying the DNA repair pathways that govern how 
edits are produced due to Cas-induced cuts, and creating Cas9 fu-
sion proteins that introduce edits through alternate methods.119

CRISPR/Cas9 mediated remediation of neurodegenerative 
disease
A few years after its discovery, the CRISPR/Cas9 genome edit-
ing tool has significantly influenced many fields, including health 
and agriculture. Researchers are confident that this technology 
will evolve to heal and cure illnesses, create more nutrient-dense 
crops,94 and eradicate infectious diseases.120 Here, the new CRIS-
PR/Cas9 applications and ongoing clinical studies that are being 
looked into are briefly highlighted for the treatment of neurode-
generative illnesses, which usually occur due to mutations that 
result in protein misfolding. The causes of protein misfolding are 
multifaceted:(i) somatic mutations in gene sequences leading to 
the production of proteins incapable of proper folding; (ii) tran-
scriptional or translational errors causing aberrant proteins that fail 
to fold correctly; (iii) breakdowns in the protein folding and chap-
erone systems; (iv) mistakes in PTMs or protein trafficking; (v) 
structural alterations triggered by environmental shifts; or (vi) the 
induction of protein misfolding through seeding and cross-seed-
ing mechanisms.121 CRISPR/Cas9 gene editing can provide new 
mechanistic insights into disease etiology and facilitate precise 
gene therapy.121,122 Gene mutations cause the majority of these 
disorders. For example, AD is caused by autosomal dominant mu-
tations in one of three genes: APP, PSEN1 and PSEN2.123 With its 
advanced versions, the CRISPR/Cas9 system is of great promise 
for treating human neurodegenerative disorders by correcting their 
mutational effect, which causes protein misfolding.124

Because of its dependable and durable nature, CRISPR/Cas9 
can be used as a programmable tool to produce DNA double-strand 
breaks in vivo and in vitro.125,126 To treat human diseases, CRISPR/
Cas9 has developed into a simple and versatile RNA-directed sys-
tem for genome editing that can be applied to a wide range of or-
ganisms and cell types, including rats, mice, zebrafish, pigs, human 
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somatic cells, and human pluripotent stem cells.127,128 Stem cells 
are an ideal platform for genome editing technologies because of 
their ability to self-renew and release endogenous proteins such as 
coagulation factor IX, VEGF, FGF-b, Ang1, and sRAGE.129 How-
ever, high passage numbers have been shown to have a deleteri-
ous effect on stem cell self-renewal activity.130 As a result, it is 
critical to generate therapeutic genome-edited stem cell lines that 
meet safety requirements while also meeting criteria such as high 
efficacy, quality, and reproducibility. Therefore, several groups are 
still investigating methods of producing effective combinations of 
gene editing tools and target cells for treating specific diseases. 
Some have found positive combinations such as neural stem cells 
with CRISPR/Cas9 for brain tumors, human embryonic stem cells 
for myocardial infarction, etc. Therapeutic improvements for neu-
rological disorders are difficult due to the limited accessibility of 
the human CNS and an insufficient understanding of disease caus-
es. Many neurological illnesses lack precise treatments, resulting 
in a high disease burden and poor outcomes for affected patients. 
The induced pluripotent stem cell (iPSC) method generates human 
neural cells, allowing for disease modeling and therapy develop-
ment. Genome editing, specifically CRISPR-Cas9 technology, has 
increased the potential of iPSCs, resulting in new models for vari-
ous illnesses, including ADand PD.131 CRISPR-iPSC-based tech-
niques have accelerated neurological disease research and bring 
us closer to a treatment for diseases including AD, PD, HD, ALS, 
and others.132

Delivery system of CRISPR-Cas9
CRISPR/Cas9 can be transported into different types of stem cells 
by carrier-independent (e.g., physical and mechanical administra-
tion) and carrier-dependent (e.g., nanoparticles, extracellular vesi-
cles, viral-like particles, and viruses) methods. Viral delivery is the 
most prevalent approach for CRISPR/Cas9. Several virus delivery 
systems, including adeno-associated viruses (AAV), adenoviral 
vectors, and lentiviral vectors, have been used for this purpose.133 
AAVs are often employed in CRISPR genome editing for the fol-
lowing reasons: First, AAVs can infiltrate the host cell and remain 
independently of the host cell genome, allowing the provirus to ex-
press continuously and stably for up to one to two years, which is 
useful for disease treatment. Second, AAVs’ varied capsids allow 
them to infect a wide range of tissues.134 Third, AAVs can resist 
changes in pH and temperature while retaining constant activity.135 
One major obstacle in gene therapy remains the successful deliv-
ery of specific cells, tissues, and organs for PGE using CRISPR/ 
Cas components.136 Achieving a high delivery efficiency is neces-
sary to produce successful gene editing outcomes. When selecting 
a delivery vector, caution should be exercised to understand the 
detrimental effects of vectors fully. One of the primary challenges 
is effectively delivering CRISPR/Cas9 components to the target 
cells or tissues. To facilitate the efficient release and internaliza-
tion of the CRISPR/Cas9 components into the target cells, new ap-
proaches such as advanced versions of nanoparticles, biomaterials, 
etc. must be engineered to encapsulate and safeguard them during 
delivery.137–139

Decoding the enigma of protein misfolding with CRISPR/
Cas9

Investigating protein misfolding genes via CRISPR studies
The CRISPR/Cas9 system was investigated for several uses in 
genome editing and gene therapy, focusing on genes linked to 

protein misfolding disorders. Due to the presence and accumula-
tion of typical proteins or peptides, such as β-amyloid peptides 
and phosphorylated tau proteins in AD, α-synuclein in PD, and 
mutant HTT in HD, older people are at greater risk of acquiring 
neurodegenerative disorders.140 The ability of patients to detoxify 
or activate self-healing processes is generally diminished in these 
disorders, mainly attributed to aging. Table 1 summarizes some of 
the major findings, recommendations, and potential applications 
of CRISPR/Cas9 in resolving neuro-diseases in humans.100,141–159 
Several studies showcasing the application of CRISPR to target 
genes linked to protein misfolding have been comprehensively dis-
cussed in the following section:

AD: A CRISPR perspective
It has been proven that amyloid β-peptide and tubulin-associated 
protein accumulation are related to AD. These peptides are heav-
ily accumulated in brain interstitial fluid and neurons.160,161 The 
PSEN1M146L allele that causes AD can be selectively disrupted 
using the CRISPR/Cas9 method, and the abnormal A42/40 ratio 
that causes the disease in people who carry this mutation can be 
partially fixed. Researchers engineered a mouse model of the hu-
manized APOE4 gene, a known risk factor for AD, in 2020, using 
CRISPR technology. This model was used to investigate the role of 
APOE4 in protein misfolding and neurodegeneration.162,163 Sever-
al groups have developed Cas9 activator nano complexes to speed 
up the distribution of Cas9 activators; these non-viral delivery sys-
tems have excellent potential therapeutic uses, especially for CNS 
illnesses.164,165 The CRISPR-Cas9 system is employed to reduce 
BACE-1 expression in AD by utilizing guide RNAs to target and 
bind to specific sequences within the BACE-1 gene, facilitating the 
Cas9 enzyme to induce precise DNA cleavage, subsequently trig-
gering cellular repair mechanisms that result in reduced BACE-1 
expression, thereby mitigating the production of Aβ plaques as-
sociated with Alzheimer’s pathology.

In vivo experiments using these methods have been successful 
in reducing BACE-1 expression or elevating ADAM10 expression 
in animal models of AD. In both instances, the outcome was a de-
crease in amyloid β production and a concurrent improvement in 
AD-like pathology.

CRISPR insights into PD
PD is a neurodegenerative disorder in which the substantia ni-
gra and basal ganglia of the brain lose their dopaminergic (DA) 
neurons, and toxic deposits known as Lewy bodies accumulate 
in these areas of the brain. According to clinical tests, individuals 
with this illness exhibit involuntary movements, including shak-
ing, stiffness, and trouble balancing and coordination.166 Research-
ers used a clever CRISPR-dCas9-mediated approach to modify 
the methylation state of the SNCA gene, which is increased in PD 
patients.167 Specifically, they recruited a specific histone lysine 
demethylase, JARID1A, to the SNCA promoter of PD-iPSCs and 
reported that their system was sufficient to decrease the expres-
sion of α-synuclein.168 This study paved the way for a cutting-edge 
PD treatment strategy. Similar to AD, PD has experienced the im-
plementation of CRISPR/Cas9 technology to reverse known PD-
causing mutations directly or to eliminate the expression of mutant 
genes.

The overproduction of α-synuclein, reactive microgliosis, neu-
rodegeneration, and Parkinson’s-related motor symptoms were 
all significantly reduced after the A53T-SNCA gene was deleted 
using the CRISPR/Cas9 system.169 In 2021, Li et al. created an 
effective rhesus monkey model of PD using gene editing.170 For 
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this study, a viral vector CRISPR/Cas9 system was used to target 
the PINK1 locations in the substantia nigra under MRI supervi-
sion. This group of adult monkeys demonstrated a rapid (six to ten 
months) PD progression process with all the typical symptoms of 
the disease, such as bradykinesia, tremor, and postural instability, 
as well as critical pathological indicators of PD, such as severe 
nigral DA neuron loss and obvious α-synuclein pathology. In addi-
tion, an intriguing study on nigral neurons used the CRISPR/Cas 
system to remove the genes for PAR-KIN (PRKN), DJ-1 (PARK7), 
and ATP13A2 (PARK9). Examining transcriptome and proteome 
data, it was discovered that oxidative stress is a common dysregu-
lation mechanism across all isogenic cell types.171

Exploring ALS through CRISPR
Recent research showed that the CRISPR/Cas9 system may suc-
cessfully expel hexanucleotide repeat expansion from the C9ORF72 
gene, the most common genetic cause of ALS and frontotemporal 
dementia.141 Transgenes (hSOD1-G93A) responsible for ALS have 
been edited using CRISPR/Cas9 technology in two transgenic 
mice.172 In two separate hSOD1-G93A transgenic mouse models 
of ALS (G1H and G1L), they demonstrated that the in vivo gene-
editing method efficiently targets hSOD1, leading to a disease-free 
state.172 A study described a CRISPR/Cas9 approach that is quick, 
easy, and effective for correcting specific point mutations associated 
with ALS in human iPSCs without using antibiotic selection.173 They 
either corrected mutations such as I114T in SOD1 in patient iPSCs 
or generated mutations such as G94A in SOD1 and H517Q in fused 
in sarcoma in control iPSCs.173 In one study, CRISPR-Cas9 therapy 

was used to fix the SOD1 mutant gene, which led to an increase in the 
number of motor neurons, a delay in the onset of the disease, and a 
longer lifespan in ALS animals.142 Several research studies have pro-
vided evidence that mutations in the C9orf72 gene impact subsequent 
protein synthesis and can lead to the early death of neurons by either 
causing a harmful gain or loss-of-function.141,174 Consequently, re-
ducing the expression of C9orf72 is a potentially promising approach 
to slowing down the progression of ALS disease.

CRISPR-driven approaches to HD
Located on chromosome 4, the HTT gene is responsible for the 
neurodegenerative condition known as HD (HD). Poly-glutamine 
(CAG) repeats are overexpressed in the altered gene, resulting in 
aberrant, harmful protein synthesizing.175 Shin and associates used 
a modified CRISPR/Cas9 approach based on SNPs that changed 
PAMs.176 With a thorough understanding of the HTT gene hap-
lotype structure, this approach targeted CRISPR/Cas9 regions 
unique to each patient. Selectively, inactivating the mutant HTT al-
lele for a specific diplotype.176 Additionally, this study resulted in 
the same mice living longer and showing improvement in specific 
motor deficits, highlighting the potential of CRISPR/Cas9 technol-
ogy as a treatment option for HD and reiterating its potential for 
treating other autosomal dominant neurodegenerative disorders.177

CRISPR/Cas9 for precision editing in misfolding disorders
The CRISPR/Cas9 technique can potentially reverse or change the 
genetic abnormalities that cause disorders linked to protein mis-
folding. Accumulation of misfolded proteins and resultant tissue 

Table 1.  Findings and potential applications of CRISPR/Cas9 in neurodegenerative disorders

Pathology Target gene Model Result Reference

Alzheimer’s 
disease

Bace1 gene 5XFAD mouse, APP 
knock-in (KI) mouse

Decreased APP and reduced levels of Ab 143,144

APP gene Mouse Decrease in amyloid β peptide levels. Improved 
cognitive function in mouse models

100,145

APOE4 gene Mouse Transition from the APOE4 allele to the APOE3 allele. 146,147

iPSCs Reduction in Tau Hyper-phosphorylation 148

Parkinson’s 
disease

Vps35 D620N Mouse Mouse model of PD 149,150

α-synuclein gene Pig Pig model of PD. Suppression of α-synuclein expression; 
Attenuation of motor symptoms in animal models

151–153

DNAJC6 ESCs Stem cell model of PD 154

Huntington’s 
disease

HTT gene Pig Pig model of HD 155,156

HTT gene HD140Q-Ki mice Decreased early neuropathological alterations in 
the striatum. Correction of CAG repeat expansion; 
Alleviation of motor deficits in cell and mouse models

149,157

Amyotrophic 
lateral sclerosis

C9orf72 Mouse Reduction in synaptic dysfunction 149,158

SOD1 gene SOD1G93A mutant 
neonatal mice

Diminished motor neuron quantity. 
Weakened muscle strength.

141,142,159

ALS, amyotrophic lateral sclerosis; APOE4, apolipoprotein E4; APP knock-in (KI) mouse, amyloid precursor protein knock-in mouse; Bace1, beta-secretase 1 gene; C9orf72, chromo-
some 9 open reading frame 72; CAG, cytosine adenine guanine; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein-9; DNAJC6, 
DnaJ heat shock protein family (Hsp40) member C6; ESCs, embryonic stem cells; HD140Q-Ki mice, transgenic mouse model expressing human huntingtin with 140 CAG repeats; 
HTT, huntingtin; iPSCs, induced pluripotent stem cells; PD, Parkinson’s disease; SOD1, superoxide dismutase 1; SOD1G93A mutant neonatal mice, transgenic mice expressing a 
mutant form of SOD1 with a glycine to alanine substitution at position 93; Vps35 D620N, vacuolar protein sorting 35 D620N mutation; 5XFAD mouse, transgenic mouse model 
for Alzheimer.
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damage are key characteristics of diseases associated with protein 
misfolding. These disorders can be mitigated or potentially cured 
through, correcting or modifying the underlying genetic mutations 
responsible for improperly folding proteins.

Therapeutic approach for PD using CRISPR/Cas9
Structural investigations and in vitro tests were used to demon-
strate the mechanism of CRISPR/Cas9 in PD. In brief, CRISPR/
Cas9 works by sequential processes. The Cas9 endonuclease is 
first expressed, and then an sgRNA sequence with a 20-nt comple-
mentary sequence to the target DNA is created. Cas9 will finally 
clear the PAM site, close to the 3′ end of the target area.178 Cas9 
has an auto-inhibitory configuration when not linked to sgRNA 
because the RuvC domain blocks the HNH domains’ active sites.

When sgRNA is attached, it changes into a DNA-recognition-
competent conformation that opens a central channel among the 
two lobes for DNA binding.179 The sgRNA-Cas9 complex ad-
heres to the PAM through the PI domain after first searching for 
it through three-dimensional diffusion in the desired DNA. DNA 
strand separation starts at the PAM-proximal region and allows 
for synthesizing an sgRNA-DNA duplex.180 When the target DNA 
and gRNA have structural similarities, strands unwind and split.181 
Creating a complete R loop in the PAM-proximal area triggers an-
other conformational change in the HNH domain, which causes 
DNA breaks by triggering the nuclease activity of both the RuvC 
and HNH domains. An intense connection between sgRNA and 
DNA further accelerates this process.182,183 Before being released 
for reuse by other cellular components, Cas9 is tightly attached to 
the DNA cleaved as its target.109 The DSBs that Cas9 generates 
are connected via either NHEJ or HDR (Fig. 2a). Because NHEJ 
links the broken ends of the targeted DNA to create sporadic DNA 
indels, it is very error-prone.

In contrast, HDR uses an intricate repair strategy to fix the dam-
age by incorporating a similar donor DNA template.184 These two 
methods allow for direct homologous recombination or random 

insertion/deletion mutation in the presence of a donor template.185 
Cas9 (dCas9) nuclease deactivation also creates a potent tool 
for modifying gene transcription. The combination of activator 
domains such as V16 and VP64 activates the target gene, while 
the fusion of dCas9 with a repressor domain such as Krüppel-
associated box makes the repression of desired genes possible. 
Connecting DNA methyltransferase 3A, DNA demethylase ten-
eleven-translocation, or p300 core with dCas9 results in epigenetic 
modification.185 The dCas9-Regulatory Domain Complex engages 
the appropriate gene activators/repressors to perform the regula-
tory function after binding to the target DNA region (Fig. 2b).

Thus, CRISPR advancements in correcting protein misfolding 
extend to epigenetic modifications by enabling precise editing of 
the underlying DNA sequence, influencing gene expression, and 
potentially mitigating neurodegenerative effects associated with 
aberrant protein folding.

CRISPR/Cas9 therapeutics for protein misfolding in AD
Point mutations or deletions in the genes encoding the APP, PSEN1, 
and PSEN2 usually cause an early-onset dominant inherited type of 
AD.172 Subunits of γ-secretase, PSEN1, and PSEN2, contribute to 
the increased synthesis of the β-amyloid peptide,186 thereby chang-
ing the cleavage point in APP to cause mutation. Such mutations can 
be corrected via CRISPR/Cas9.187 iPSC-derived nerve cells origi-
nated from basal forebrain cholinergic iPSC neurons of a patient 
with the PSEN2N141I mutation have been altered using CRISPR/
Cas9 to fix a PSEN2 predominant alteration (Fig. 3).188 By using 
the CRISPR/Cas9 technology, amyloid-β-induced protein cysteine 
oxidative change can be successfully mitigated in HT22 cells by 
downregulating the quantity of the Thioredoxin-interacting protein 
(Txnip), which proves to be an effective target in the cure of AD.189

Applying CRISPR/Cas9 in HD treatment
Certain guide RNAs direct the Cas9 protein to target particular 
sections of DNA. A specific recognition area known as the PAM 

Fig. 2. CRISPR/Cas9 mediated gene editing in PD. (a) CRISPR/Cas9-based gene editing mechanism in PD; (b) Regulation of transcription using CRISPR and 
Cas9. AC, activating Cas; dCas9, dead Cas9; Me, methylation; PAM, protospacer adjacent motif; PD, Parkinson’s disease; sgRNA, single guide RNA; CRISPR/
Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein-9.
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sequence appears next in gene editing procedures. The initial protein 
used in gene editing, known as PAM, typically has 2–5 nucleotides 
and comprises PAM, nucleotide guanine guanine, or nucleotide ad-
enine guanine nucleotides.190 Synthetic guide RNAs are coupled 
with Cas9 nuclease forms to create complexes that can be directed 
to specific DNA locations.191 HD can be effectively treated using 
the CRISPR/Cas9 method, which modifies the HTT gene’s encod-
ing without permanently altering the genome (Fig. 4).192–194 Addi-
tionally, the mHTT genes responsible for the genetic changes linked 
to the CAG-expanded gene in patient-derived fibroblasts are inac-
tivated using the CRISPR/Cas9 system. Thus, a total drop occurs 
in RNA and mHTT protein.195 Therefore, applying CRISPR/Cas9 
involves the precise targeting and editing of the mutant HTT gene, 
focusing on selectively modifying the expanded CAG repeat region. 
This intricate genetic intervention is designed to curtail the produc-
tion of the deleterious mutant HTT protein, ultimately alleviating the 
neurodegenerative consequences linked to HD.

Researchers have investigated the potential of CRISPR/Cas9 to 
target the mutant HTT gene in HD using both in vitro and in vivo 
approaches. In vitro studies have used cell culture models such as 
human embryonic stem cells (hESCs) or induced pluripotent stem 
cells (iPSCs) derived from HD patients. These cells were modified 
with CRISPR/Cas9 to disrupt the expanded CAG repeat region of 

the mutant HTT gene. Researchers then analyzed the edited cells 
for reduced mutant HTT expression and changes in associated cel-
lular characteristics.196–198

Similarly, in vivo studies employ animal models such as mice 
harboring the human mutant HTT gene. Researchers directly in-
troduced CRISPR components (gRNAs and Cas9) into specific 
tissues, often the brain, using delivery methods such as viral vec-
tors. The goal was to edit the mutant HTT gene within the living 
organism. Subsequently, they assessed the edited mice for reduced 
mutant HTT expression and improvements in behavioral and neu-
rodegenerative symptoms associated with HD.197,198

In specific studies targeting the mutant HTT gene using CRIS-
PR/Cas9, both in vitro and in vivo methodologies have been em-
ployed to assess the efficacy of mutant HTT editing. For instance, 
a study might use a viral vector to deliver CRISPR components 
selectively to neurons in the mouse brain, aiming to edit the mu-
tant HTT gene and observe subsequent effects on disease progres-
sion.197

CRISPR/Cas9 strategies for ALS
SOD1, C9orf72, TAR DNA-binding protein 4, and RNA-binding 
protein fused in sarcoma are the most widely investigated ALS 
genes. They are thought to be responsible for about 75% of famil-

Fig. 3. Depiction of CRISPR/Cas9 mediated genome alteration in AD. AD, Alzheimer’s disease; CRISPR/Cas9, clustered regularly interspaced short palindro-
mic repeats/CRISPR-associated protein-9; ELISA: enzyme-linked immunosorbent assay; gRNA, guide RNA; PAM, protospacer adjacent motif; sgRNA, single 
guide RNA; tracrRNA, trans-activating CRISPR RNA.
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ial ALS cases.159

To use Cas nuclease to target specific DNA sequences, sgRNA 
must be placed near PAM sequences. Common methods for in-
troducing the Cas protein-coding gene and sgRNA plasmids into 
cells include electroporation and lipid-based transfection. Other 
techniques for delivering CRISPR/Cas9 include the formation 
of RNP complexes and their incorporation within lentiviruses or 
AAV, as discussed in references.199–201 DSBs in Genomic DNA 
are caused by Cas nuclease binding once they enter the nucleus 
and are repaired by the cell’s repair machinery.202 When a donor 
template is present, these DSBs are frequently fixed via non-ho-
mologous end joining NHEJ or HDR. NHEJ-generated insertions 
and deletions knock out a protein-encoding gene at a cleavage site, 
whereas HDR causes insertions or substitutes segments of DNA 
with a donor template.203,204 This approach raises potential safety 
issues, which could lead to harmful significant deletions, unfa-
vorable chromosomal rearrangements, or unfavorable mutagenesis 
effects.205 To address this constraint and enhance the safety and 
versatility of the CRISPR/Cas9 system, a groundbreaking category 
of genome editing tools known as CRISPR single-base editors has 
emerged recently. By integrating a Cas9 nickase with nucleobase 
deaminases, CRISPR single-base editors can accurately and di-
rectly introduce point mutations into chromosomal DNA without 
creating double-strand breaks.206 So far, there are two primary cat-
egories of base editors that have been created: adenine base edi-
tors (ABEs), which facilitate A/T to G/C conversions, and cytosine 
base editors (CBEs), which enable the transformation of G/C base 
pairs into T/A base pairs.207

CRISPR/Cas9-based disease modeling stands out as a superior, 
more precise, efficient, and versatile method when contrasted with 
conventional disease modeling techniques (Fig. 5). This ground-
breaking approach has brought about a profound transformation 
in genetic and disease research by empowering the development 
of exceptionally targeted and precise ALS disease models. Conse-
quently, it has significantly advanced our comprehension of ALS 
disease mechanisms and the potential for therapeutic advance-
ments.

Successful neurodegenerative disorder tests and their implica-
tions for treatment
Successful neurodegenerative disorder tests represent a corner-
stone of modern healthcare, offering invaluable insights into dis-
ease pathology, prognosis, and treatment response. Their contin-
ued refinement and integration into clinical practice hold immense 
promise for improving outcomes and quality of life for individuals 
affected by these debilitating conditions. Table 2 provides instanc-
es of effective experiments in the treatment of neurodegenerative 
disorders and their significance.142,147,149,196,208–210

CRISPR-mediated phenotypic and functional improvement
CRISPR-based therapies offer exciting potential for addressing a 
wide range of diseases where the underlying problem is protein ag-
gregation, which is the clumping of misfolded proteins that cause 
cellular damage. This hallmark feature is characteristic of various 
neurodegenerative disorders, including AD and PD. In Alzhei-
mer’s, CRISPR might directly edit genes such as APP or PSEN1, 

Fig. 4. Method of CRISPR/Cas9 mediated gene editing in HD.193 CAG, a codon in DNA that codes for the amino acid glutamine or a trinucleotide repeat se-
quence found in certain genes; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated protein-9; gRNA, guide RNA; HD, 
Huntington’s disease; NCG, nucleotide cytosine guanine; NGG, nucleotide guanine guanine; NGT, PAM, protospacer adjacent motif; SNP, single nucleotide 
polymorphism.
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which are involved in forming Aβ plaques.211 CRISPR could po-
tentially lessen plaque buildup by reducing the Aβ production or 
altering its aggregation properties. A similar approach could be 
applied to HD, where CRISPR could disrupt cellular pathways 
that promote the aggregation of the mutant HTT protein, poten-
tially delaying the onset or reducing the severity of Huntington’s 
symptoms.212

The potential of CRISPR extends beyond neurodegenerative 
diseases. In transthyretin amyloidosis, CRISPR could boost genes 

responsible for clearing misfolded transthyretin protein, enhancing 
cellular “housekeeping” and mitigating disease.213 Even in prion 
diseases such as Creutzfeldt-Jakob disease, where normal prion 
proteins convert into a misfolded form, researchers are exploring 
using CRISPR to disrupt the genes involved in this conversion.214 
Additionally, while not strictly neurodegenerative, cystic fibrosis 
involves protein misfolding. Here, CRISPR-based therapies might 
correct mutations in the CFTR gene, restoring functional CFTR 
protein production, potentially leading to improved lung function 

Fig. 5. Disease modeling using CRISPR/Cas9 versus conventional methods. ALS, amyotrophic lateral sclerosis; CRISPR/Cas9, clustered regularly interspaced 
short palindromic repeats/CRISPR-associated protein 9.
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and addressing the underlying cause of the disease.
While extensive research is still needed, early studies highlight 

the potential of CRISPR-based therapies in reducing the adverse 
effects of protein aggregation. Mitigating this aggregation could 
improve cellular function, slow disease progression, and ultimate-
ly lead to better management of these complex diseases. Long-
term studies are crucial to fully understand the impact of CRISPR 
on protein aggregation and its potential to transform treatment ap-
proaches.

Impacts of CRISPR-based therapy on disease phenotypes and 
protein aggregation
CRISPR-based therapies offer exciting potential for addressing 
diseases caused by protein aggregation, where misfolded pro-
teins clump together and damage cells. This hallmark feature is 
observed in various neurodegenerative disorders, including AD 
and PD. CRISPR interventions could target this problem in several 
ways. For instance, in AD, CRISPR might directly edit genes such 
as APP or PSEN1, which are involved in forming Aβ plaques.211 
Altering these genes could potentially reduce plaque buildup. 
Similarly, in HD, CRISPR could disrupt cellular pathways that 
promote the aggregation of the mutant HTT protein, slowing or 
preventing the formation of harmful protein clusters.212

Beyond neurodegenerative diseases, CRISPR holds promise 
for other conditions involving protein misfolding. In transthyretin 
amyloidosis, CRISPR could boost genes responsible for clearing 
misfolded transthyretin protein, enhancing cellular “housekeep-
ing” and mitigating disease.213 Researchers are even exploring us-
ing CRISPR to disrupt the expression of genes that convert normal 
prion proteins into their misfolded form, potentially opening up 
new avenues for combating prion diseases such as Creutzfeldt-Ja-
kob.214 Additionally, while not primarily a neurodegenerative dis-
ease, cystic fibrosis involves protein misfolding; CRISPR-based 
therapies might correct mutations in the CFTR gene, restoring 
functional protein production.

While extensive research is still needed, early studies highlight 
the potential of CRISPR-based therapies in reducing the adverse 
effects of protein aggregation. Mitigating this aggregation could 
improve cellular function, slow disease progression, and ultimate-
ly lead to better management of these complex diseases. Long-
term studies are crucial to fully understand the impact of CRISPR 

on protein aggregation and its potential to transform treatment ap-
proaches.

Progression and breakthroughs in CRISPR technology
Although precision genetic engineering for gene repair or gene 
replacement therapy has trailed behind, CRISPR/Cas9 has found 
considerable application in the prior decade in loss-of-function 
mutations. Only a few research studies have successfully replaced 
genetic mutations with HDR using CRISPR/Cas9 in vivo.215 Ex 
vivo applications in monogenic illnesses are increasingly frequent, 
although substantial on-target indels may appear, necessitating 
time-consuming and expensive quality control and comprehen-
sive screening of edited cells.215 Many studies investigate fusing 
different proteins and small molecules to Cas9 to address these 
constraints and favor HDR DNA repair over the more widespread 
NHEJ.216 Thus, accurate genome editing using CRISPR/Cas9 
necessitates high-efficiency HDR.217 As a result, significant ad-
vances have been made to improve the efficiency of HDR, includ-
ing cell cycle control, localization of regulatory proteins in HDR, 
epigenetic alteration, and local donor saturation, which can favor 
HDR in gene knock-in experiments employing Cas9 direct fusion 
variants.

HDR uses a donor DNA template to repair the DSB precisely.218 
Supplying an external repair template may introduce a broad range 
of precise genomic alterations, such as fixing pathogenic SNPs and 
specifically targeting deletions and inserting target gene sequenc-
es.219,220 HDR frequencies are frequently modest in mammalian 
cells compared to indel formation.221 This process restricts its use 
and makes further enrichment procedures in mammalian cells im-
practical for therapeutic purposes. Although HDR may yield spe-
cific genomic modifications in the presence of donor templates, its 
poor efficiency compared to NHEJ and MMEJ repair remains an 
obstacle to genome editing applications.222 Cas9-based approach-
es, such as base editing and prime editing, allow for targeted re-
placements and small insertions without needing a DSB (Fig. 6).223 
These techniques, however, are confined to single-nucleotide al-
terations or insertions of less than 50 bases and have been linked 
to off-target RNA editing.224 As a result, HDR remains the most 
adaptable approach for targeted replacements and insertions. As 
a result, numerous approaches for increasing HDR frequency in 
PGE in mammalian cells have been developed. Many strategies 

Table 2.  Instances of effective experiments in the treatment of neurodegenerative disorders and outlining their significance

Neurodegenera-
tive Disorder Experimental Treatment Key Findings/Implications References

Alzheimer’s 
disease

In animal models, targeting the APOE4 gene variant, a 
risk factor for Alzheimer’s, with CRISPR/Cas9 showed 
potential for reducing the risk or severity of the disease. 

Insights into the role of genetics in 
Alzheimer’s and the possibility of 
gene-editing to modify risk factors.

147,149

Parkinson’s 
disease

Research on gene editing in animal models has shown 
the possibility of targeting genes such as LRRK2 
to reduce neurodegeneration in Parkinson’s.

Exploration of gene-editing as a 
potential treatment strategy for PD.

208

Huntington’s 
disease

Correction of the HTT gene mutation in 
animal models resulted in reduced disease 
symptoms and improved motor function.

Potential for gene-editing therapies 
to mitigate the effects of HD by 
targeting the causative mutation.

209,196

Amyotrophic 
lateral sclerosis

Preclinical studies demonstrated the potential 
to correct SOD1 mutations in motor neurons, 
reducing disease progression in animal models. 

Hope for gene-editing interventions 
in ALS therapy by addressing genetic 
mutations associated with the disease.

142,210

AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; APOE4, apolipoprotein E4; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated 
protein 9; HD, Huntington’s disease; HTT, huntingtin; LRRK2, leucine-rich repeat kinase 2; PD, Parkinson’s disease; SOD1, superoxide dismutase 1.
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have been employed to increase HDR frequencies, which utilize 
cellular manipulations to control cell cycle progression,225 inhibit 
NHEJ pathway,226 or upregulate HDR-related.227 Other methods 
use Cas9-protein fusions to covalently attach HDR ssDNA tem-
plates to Cas9, recruit HDR factors, change the epigenetic state, or 
temporally control Cas9 expression.228 These techniques improve 
HDR results but may harm genomic integrity and cell fitness. 
They frequently also demand complicated conjugation or exact 
timing.229

However, widespread uses of HDR are also restricted by its de-
pendence on sister chromatids or exogenously supplied homolo-
gous template DNA segments.221 A broad spectrum of organisms’ 
genomes can now be edited using DSB-free CRISPR/Cas9-based 
editing methods such as Base editing and Prime editing.230

Base editors allow the conversion of a targeted base to another 
without requiring donor repair templates or DSB. Base editors let 
you convert a targeted base to another without using a donor repair 
template or DSB. The base editors are composed of an enzymati-
cally defective Cas protein, usually called nCas9 (Cas9 nickase) or 
dCas9 (dead Cas9), and a cytidine or adenosine deaminase, which 
results in ABEs or CBEs, respectively. Whereas ABEs mediate 
the conversion of A to G by A-to-I deamination, CBEs produce 
C-to-T substitutions by C-to-U deamination and subsequent DNA 
replication.231 Prime editing is the first genome-editing method 
that supports all 12 base-to-base conversions, insertions, and dele-

tions without DSBs or donor DNA. Its diverse editing capabilities 
can fix up to 89% of human genetic illnesses. PEs are made up of 
nCas9 (H840A) coupled with an engineered reverse transcriptase 
and a prime-editing guide RNA that specify the target site and 
encode the desired modification.232 Although these are highly re-
markable, due to some limitations such as low editing efficiency in 
both donor-dependent and donor-independent methods in therapy, 
there is still a need to develop more efficient solutions that are 
user-friendly, secure, and effective solutions.

Confronting the complexities of misfolded proteins in neurode-
generative disease management
The formation and progression of the neurodegenerative illnesses 
previously discussed are linked by the buildup of misfolded pro-
teins and the resulting disruption of cellular functions. The specific 
proteins involved in each disease acquire aberrant conformations 
and do not fold properly, but many nuances remain to be figured 
out. These misfolded proteins frequently aggregate and build up in 
the brain, disrupting organelles’ function (such as the mitochondria 
or the endoplasmic reticulum), impairing protein degradation path-
ways, or changing the distribution of cellular components, among 
other effects.233

Genetic mutations, environmental stress, post-translational al-
terations, chaperone failure, abnormalities in proteostasis, or struc-
tural changes are a few causes of protein misfolding.19 This pro-

Fig. 6. General overview of the advanced CRISPR/Cas9 gene-editing tools. (a) Exogenous desired DNA template to introduce the desired nucleotide se-
quence in the correction of the neurodegenerative disease-causing gene. (b) The prime editor consists of Cas 9nickase, reverse transcriptase, and pegRNA 
(Prime editing guide RNA). Cas9, CRISPR-associated protein 9; CRISPR/Cas9, clustered regularly interspaced short palindromic repeats/CRISPR-associated 
protein-9; DSBR, double-strand break repair; ND, nucleotide deletion; PegRNA, prime editing guide RN; RT, reverse transcriptase or retrotranscriptase; 
sgRNA, single guide RNA.
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cess may result in the earlier cascade of molecular events affecting 
health. Sometimes, changes to the proteins’ coding genes can di-
rectly impact how the proteins fold. These modifications or muta-
tions could affect the protein’s structure or amino acid sequence, 
increasing the likelihood of misfolding.19 Examples are HTT or 
presenilin gene mutations, which cause HD and AD, respectively.

PD and HD are both neurodegenerative conditions that have in 
common an aging-dependent buildup of misfolded proteins and se-
lective neurodegeneration. For instance, the clinical characteristic 
of PD in patient’s brains is the presence of cytoplasmic misfolded 
proteins, known as Lewybodies, which comprise ubiquitinated 
α-synuclein, Parkin, syphilin, and neurofilaments.234 On the other 
hand, aggregates or inclusions created by mutant-HTT within an 
enlarged polyQ tract can be found in the brains of HD patients.235 
Using animal models has tremendously aided in researching neu-
rological diseases and discovering therapeutic targets.236 The abil-
ity of CRISPR/Cas9 to specifically target any gene in one or two 
alleles of the embryonic genome opens up a new possibility for 
utilizing this cutting-edge technology to develop animal models of 
neurodegenerative diseases, as many neurodegenerative diseases 
can result from genetic DNA abnormalities.237 Developing large 
animal models of human diseases using conventional gene-target-
ing technology was difficult because few embryonic stem cell lines 
were available.238 Disease models in large animals are essential for 
analyzing the etiology and management of both neuropsychiatric 
illnesses.

For instance, CRISPR/Cas9-mediated mutations can resemble 
Parkin and Pink1 gene knockouts because the loss of function 
of these genes can lead to PD.239 CRISPR/Cas9 generates the 
same muscular atrophy phenotype seen in patients by functional-
ly disrupting the dystrophin gene in founder monkeys.240 Parkin 
or Pink1 will completely disappear when both alleles are altered 
by CRISPR/Cas9, simulating the genetic changes seen in PD pa-
tients. Additionally, deleting the Parkin and Pink1 genes will en-
able investigations of the synergistic impact of the loss of these 
crucial genes because CRISPR/Cas9 may target several genes 
in the same cells. In fact, by focusing on the Parkin and Pink1 
genes, CRISPR/Cas9 has been utilized to create pig models of 
PD. Tables 3 and 4 show several drug-target pairs for neurode-
generative diseases associated with misfolded proteins and ongo-
ing gene therapy clinical trials for neurodegenerative disorders, 
respectively.

Challenges in CRISPR-mediated neurodegenerative disease 
research
CRISPR-Cas9 therapy for neurodegenerative diseases faces the 
hurdle of delivering the gene-editing tools to the brain safely and 
effectively. Researchers must ensure these components reach the 
specific brain regions the disease affects without damaging other 
areas. Additionally, minimizing the risk of off-target effects, where 
unintended changes occur elsewhere in the genome, is crucial for 
patient safety. Some of the challenges are discussed below.

Off-target effects
A major challenge in CRISPR/Cas9-based therapy is the compara-
tively limited effectiveness of HDR in contrast to NHEJ.241 NHEJ 
excels in generating minor insertions or deletions (indels) for dis-
rupting mutations.242 Substantial endeavors have been directed to-
ward augmenting the efficacy of HDR. Recent innovations involve 
an altered CRISPR/Cas9 system utilizing a mutated Cas9 domain 
to yield a CRISPR nickase.208 This adapted system has exhibited 
heightened accuracy and efficiency, resulting in a notable reduc-
tion in unintended off-target effects.204 One of the most intricate 
challenges revolves around reducing unintended effects when 
utilizing the CRISPR/Cas protein system. Numerous researchers 
have endeavored to create modified systems exhibiting heightened 
precision and more effective gene targeting, a pursuit notably evi-
dent in the extensive research being conducted. The phenomenon 
becomes even more imperative in clinical trials where precise drug 
targeting is paramount, yet the absence of fully perfected methods 
for precise drug delivery remains a notable limitation.243 As a re-
sult, extensive studies were conducted to elevate the efficiency and 
precision of the CRISPR/Cas protein system, focusing on prioritiz-
ing HDR over NHEJ.

Complex multigene interactions
Neurodegenerative diseases present a complex challenge due to 
their multifactorial nature. Often, these diseases involve mutations 
or variations in multiple genes,86,87 intricate genetic interactions,88 
and the influence of epigenetic factors and environmental trig-
gers.19,54,55,74 To tackle this complexity, researchers are turning to 
sophisticated CRISPR technologies. Recent developments, such as 
multiplexed CRISPR systems, allow for the simultaneous target-
ing of several genes,98 offering the potential to correct multiple 

Table 3.  Drug-target pairs for neurodegenerative diseases associated with misfolded proteins

Compound name Company Disease indication Mechanism of action Status

TRx0237 TauRx Therapeutics Alzheimer’s disease Tau aggregation inhibitor Phase II clinical 
trials completed

AADvac1 Axon Neuroscience SE Alzheimer’s disease Active tau-based 
immunotherapy

Phase I clinical 
trials completed

ACI-35 AC Immune AG Alzheimer’s disease Phospho-tau vaccine Phase I trial active

Arimoclomol OrphazymeApS Amyotrophic lateral sclerosis HSP activation Phase II/III active

Nuedexta Avanir Pharmaceuticals Amyotrophic lateral sclerosis 
and Parkinson’s disease

Unknown for PD treatment; 
NMDA receptor antagonist

FDA approved

Deferiprone Generic Parkinson’s disease Iron chelator Phase II recruiting

Istradefylline Kyowa Hakko Kirin Parkinson’s disease Adenosine A2A 
receptor antagonist

Approved in Japan; 
no FDA approval

AC Immune AG, analyst consultant immune aktiengesellschaft; ACI-35, AC Immune AG’s vaccine for Alzheimer’s disease; FDA, Food and Drug Administration; NMDA, N-Methyl-
D-Aspartate.
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disease-causing mutations simultaneously. Additionally, CRISPR 
tools are being adapted to address epigenetic modifications along-
side DNA changes,98,108 which could be critical in diseases where 
epigenetic dysregulation plays a role.54,55

CRISPR may also be a powerful tool when used synergisti-
cally with other therapeutic strategies. For example, combining 
CRISPR-based gene correction with drug delivery could address 
genetic and environmental factors contributing to neurodegenera-
tive diseases.102 Furthermore, animal and cellular disease models 
generated using CRISPR technology provide researchers with vital 
insights into the complex genetic interplay underlying these dis-
eases.111,112

Ethical and regulatory frameworks
Integrating CRISPR/Cas9 technology into preclinical or clinical 
trials is riddled with many ethical considerations. Chief among 
these ethical concerns are apprehensions regarding CRISPR tech-
nology’s potential and technical constraints. The plausibility of un-
intended off-target effects, incomplete editing, and limited efficacy 
is a restraining factor for using CRISPR in clinical applications.244 
There is also an element of uncertainty regarding the enduring im-
pact on modified organisms and whether the corrections will be 
hereditary. Moreover, the application of CRISPR is hampered by 
the incomplete comprehension of genetic compositions and bio-
logical traits.245

Ethical guidelines and regulatory oversight
The potential of CRISPR technology to make heritable changes 
to the human genome raises profound ethical concerns, prompt-
ing ongoing efforts to establish clear guidelines and regulatory 
frameworks.5,9 Key concerns include ensuring equity and access to 
potential CRISPR-based therapies,5 establishing robust informed 
consent mechanisms,5,9 and fostering open dialogue between sci-
entists, ethicists, and the public.4,5 These measures are crucial to 
address societal implications, build trust, and ensure the responsi-
ble use of this powerful technology.

Implementing conscientious and transparent practices is par-
ticularly important when considering germline editing, where the 

potential for unintended long-term consequences and potential 
misuse must be carefully weighed.4,5,9 As CRISPR technology ad-
vances, it’s imperative to address these ethical challenges along-
side scientific progress.9 This process is essential for unlocking the 
potential of CRISPR in neurodegenerative disease treatment while 
ensuring its responsible and equitable application.

Safety and long-term monitoring
Ensuring safety and assessing long-term consequences present a 
challenge that necessitates extensive preclinical examination and 
sustained monitoring of treated individuals. Safety concerns may 
arise due to unintended off-target effects,114,115 immune respons-
es,18,52 or unforeseen consequences of gene editing.101 Hence, it is 
critical to do comprehensive preclinical testing to detect and alle-
viate any hazards.118,120 Researchers must conduct comprehensive  
safety assessments of the medication in animal models before ini-
tiating human trials.111,120

Long-term monitoring is crucial to assess the sustained efficacy 
of CRISPR-based therapies and to monitor for any delayed or un-
expected side effects.101,102 Neuro-degenerative diseases are often 
chronic and progressive, and their treatments need to demonstrate 
lasting benefits.122 By continuously monitoring treated individuals 
over an extended period, we can gain valuable insights into the 
long-term effects and efficacy of CRISPR interventions.

Future perspectives in CRISPR-mediated neurodegenerative 
disease research
The CRISPR system encounters challenges when it comes to gene 
editing.241 CRISPR/Cas9 holds significant promise, yet its recent 
identification and use in human applications impede its clinical 
study utility. The application of CRISPR/Cas in the context of neu-
rodegenerative diseases confronts several formidable challenges, 
each requiring innovative strategies for resolution: Understanding 
CRISPR/Cas9 delivery mechanisms.

The foremost challenge in working with the CRISPR system 
is effectively delivering it to target cells.246,247 This is crucial for 
minimizing off-target effects and ensuring precise gene editing. 

Table 4.  Ongoing gene therapy clinical trials for neurodegenerative disorders (Clinicaltrials.gov.org)

Disorders Trial code Delivery route Gene therapy Phase

Alzheimer’s disease NCT00876863 Direct basal 
forebrain injection

AAV2-NGF Phase II

Huntington’s disease NCT02519036 Intrathecal injection ASOs to HTT messenger RNA Phase III

NCT03225833, NCT03225846 Intrathecal injection ASOs to HTT mutant pre-messenger RNA Phase I

Parkinson’s disease NCT03065192, NCT01793543 Intraputaminal injection AAV2-AADC Phase I

NCT01621581 Intraputaminal injection AAV2-GDNF Phase I

NCT02418598 Intraputaminal injection AAV2-AADC Phase II

NCT00400634, NCT00985517 Intraputaminal injection AAV2-neurturin Phase II

NCT00627588 Intraputaminal injection Lentivirus-AADC Phase I

NCT00643890 Injection into the sub 
thalamic nucleus

AAV2-GAD Phase II

Amyotrophic 
lateral sclerosis

NCT01041222 Intrathecal injection ASOs to SOD1 Phase I

AADC, aromatic l-amino acid decarboxylase; AAV2, adeno-associated virus serotype 2; ASOs, antisense oligonucleotides; GDNF, glial cell line-derived neurotrophic factor; HTT, 
huntingtin; NCT, national clinical trial; NGF, nerve growth factor; SOD1, superoxide dismutase 1.
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Various physical and viral delivery systems have been explored, 
including electroporation, nanoparticles, and lipid-mediated trans-
fection. Physical methods are generally safer and less expensive 
but aren’t always valuable for in vivo situations, where viral vec-
tors are more common. While physical delivery is effective for 
creating knockout cell lines and animal models, its efficacy in in 
vivo applications can be relatively low. Viral delivery systems, par-
ticularly AAV and lentivirus, are recognized as highly efficient for 
introducing plasmid-based CRISPR/Cas9 into mammalian cells, 
both in vitro and in vivo.248–250 AAVs are known for their non-
pathogenic and low immunogenic properties and their ability to in-
fect various cell types. However, AAVs have size limitations.247,251 
Dual AAVs have been explored to deliver Cas-9 encoding DNA 
and sgRNA separately to address the issue.247,252,253 Lentivirus-
mediated CRISPR/Cas9 offers high infection efficiency even in 
non-dividing cells,254,255 making it ideal for gene modification in 
tissues such as the liver and brain.

Introducing CRISPR components into the brain for neurode-
generative disease treatment carries the risk of triggering immune 
responses, potentially leading to inflammation and unintended 
consequences that could impact the safety and efficacy of the ther-
apy.256 Understanding and managing these immune responses is 
crucial for successfully developing CRISPR-based interventions. 
Researchers are actively investigating the immune system’s innate 
(non-specific) and adaptive (specific) arms to address these chal-
lenges. The innate immune system might recognize elements such 
as viral vectors or the bacterial Cas9 protein as foreign,18,91 while 
the adaptive immune system could develop antibodies specifically 
targeting Cas9, limiting the effectiveness of repeated treatments.2

To mitigate these risks, researchers are exploring several strate-
gies. These include modifying delivery vehicles to be less visible 
to the immune system (e.g., using nanoparticles or exosomes),104 
ensuring only transient expression of Cas9 to minimize prolonged 
exposure,120 and potentially co-administering targeted immuno-
suppressants to dampen the immune response temporarily.91 Ex-
tensive preclinical testing in animal models is essential to evaluate 
how different CRISPR systems interact with the immune system, 
allowing for the refinement of these mitigation strategies.111 As 
these approaches move into clinical trials, careful immune moni-
toring of patients will be paramount to ensure the continued opti-
mization and safe application of CRISPR-based therapies for neu-
rodegenerative diseases.101

Improving patient-specific approaches
Neurodegenerative disorders often manifest genetic diversity 
among patients, and the genetic anomalies contributing to these 
conditions can vary from individual to individual.126,130 Conse-
quently, a uniform treatment approach may not be as effective in 
addressing the heterogeneous genetic factors that underlie these 
diseases.129 Patient-specific strategies entail thoroughly examining 
the patient’s unique genetic mutations and developing a CRISPR-
based therapy that precisely targets and corrects these specific mu-
tations.127,131 This personalized approach has the potential to yield 
more tailored and potentially more efficient treatments for each 
patient.128,132 Furthermore, it can reduce the risk of unintended ge-
netic alterations and enhance the overall safety and effectiveness 
of the CRISPR-based treatment.127

Hence, it is critical to conduct comprehensive preclinical test-
ing to detect and alleviate any hazards. Researchers must conduct 
comprehensive safety assessments of the medication in animal 
models before initiating human trials.111,120 By customizing the 
treatment in this manner, researchers aspire to directly confront the 

fundamental genetic factors behind neurodegenerative diseases, 
offering individualized care that could lead to improved treatment 
outcomes.128,132

However, it’s crucial to acknowledge that implementing pa-
tient-specific approaches in clinical settings demands comprehen-
sive genetic analysis and the development of tailored treatment 
plans, which can be intricate and resource-intensive.129,131

A primary focus in CRISPR research lies in continuously en-
hancing its precision and minimizing the potential for off-target 
DNA modifications. To achieve these goals, several innovative 
strategies are being explored. Researchers are engineering Cas9 
variants with heightened fidelity, incorporating mutations that re-
fine their DNA-binding and cutting mechanisms for reduced off-
target effects.257 Additionally, the remarkable diversity of natu-
rally occurring CRISPR systems offers potential alternative Cas 
enzymes, some of which demonstrate superior specificity com-
pared to the commonly used Cas9.258 Furthermore, the mode of 
CRISPR/Cas9 delivery can influence precision. Direct delivery of 
pre-assembled Cas9 protein and guide RNA complexes, known as 
RNP delivery, has shown the potential to reduce off-target edits 
compared to traditional DNA-based delivery methods.259 These 
cutting-edge advancements offer the promise of CRISPR systems 
with exceptional accuracy, enabling safer and more effective thera-
peutic applications in the future.

Enhancing delivery modalities
One of the most significant hurdles in developing CRISPR-based 
therapies for neurodegenerative diseases lies in the safe and ef-
fective delivery of gene-editing components to the affected brain 
regions. The blood-brain barrier (BBB), a highly selective barrier 
designed to protect the brain from toxins and pathogens, poses a 
particular challenge for drug delivery. Researchers are actively 
developing specialized delivery modalities to overcome this ob-
stacle, including nanoparticles, viral vectors, and alternative sys-
tems. Nanoparticles, such as lipid-based or gold nanoparticles, can 
encapsulate CRISPR components and be modified with molecules 
to help them cross the BBB.104,133 Researchers are also explor-
ing how to use receptors naturally found on the BBB to shuttle in 
CRISPR-carrying nanoparticles or viral vectors and even inves-
tigating focused ultrasound to disrupt the BBB and enhance the 
delivery of therapeutics temporarily.19

Viral vectors, particularly AAVs, are often used for gene thera-
pies, and researchers are optimizing them for CRISPR delivery. 
The focus is on identifying AAV serotypes best suited for crossing 
the BBB and targeting specific cell types within the brain.134,135 
Beyond these traditional approaches, innovative strategies are 
constantly emerging. These include using exosomes (naturally oc-
curring extracellular vesicles) and cell-penetrating peptides, which 
may offer unique advantages for delivering CRISPR components 
to the brain.104 Continued research into these diverse delivery mo-
dalities will be crucial to refining the precision, safety, and efficacy 
of CRISPR-based therapies for neurodegenerative diseases.104

Advances in base editing
Traditional CRISPR-Cas9 systems, while powerful, introduce 
DSBs in DNA that can lead to unintended mutations as the cell 
attempts to repair the damage.114,115 To address this limitation, 
advancements such as base editing with CBEs and ABEs offer a 
more precise alternative, allowing for the direct conversion of one 
specific DNA base to another without creating DSBs.98,102 This 
process significantly reduces the risk of off-target effects.98

Building upon this precision, prime editing takes gene editing 
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even further by using a modified Cas9 enzyme fused to reverse 
transcriptase and a specially designed guide RNA.98,119 This sys-
tem can directly “write” new genetic information into a specified 
DNA location, enabling small insertions, deletions, and all pos-
sible base-to-base conversions with unprecedented control.98,119

Base editing and prime editing hold immense promise for neu-
rodegenerative diseases, where even single-point mutations can 
have devastating consequences.122 Their ability to precisely cor-
rect disease-causing mutations without the risks associated with 
traditional CRISPR/Cas9 could revolutionize treatment approach-
es.122,124 While still in their early stages, these technologies are 
rapidly evolving, with researchers focusing on improving their 
efficiency, reducing off-target effects even further, and develop-
ing effective delivery methods for the brain.102,125 These advance-
ments have the potential to usher in a new era of safer and more 
targeted therapies for neurodegenerative diseases.

Implications and insights
Protein misfolding is a key feature in numerous diseases, including 
neurodegenerative disorders such as Alzheimer’s, Parkinson’s, and 
Huntington’s. CRISPR/Cas9 gene editing presents a revolutionary 
approach to potentially address this issue by directly targeting un-
derlying genetic mutations or modulating the pathways involved 
in protein folding and cellular responses to misfolded proteins. De-
spite challenges in efficient delivery to affected tissues and mini-
mizing off-target effects, advancements in CRISPR technology 
are rapidly progressing.260 Understanding the complex biological 
networks involved in misfolding diseases is essential for optimal 
target selection. While ethical considerations are necessary, ongo-
ing research demonstrates the immense potential of CRISPR/Cas9 
to address protein misfolding, with promising results in cell culture 
and animal models highlighting its potential to transform the treat-
ment of these diseases.

Major findings
Protein misfolding is central to numerous neurodegenerative dis-
eases, making it a prime target for therapeutic intervention. The 
CRISPR/Cas9 gene editing system offers a revolutionary approach 
to modifying genes responsible for these misfolded proteins direct-
ly. This system uses a gRNA to target a specific DNA sequence. 
The Cas9 enzyme creates a double-stranded break, enabling pre-
cise gene modification.260 Researchers have successfully applied 
CRISPR/Cas9 to target genes implicated in neurodegenerative dis-
eases in cell cultures. For instance, a study demonstrated a reduc-
tion in α-synuclein aggregates, a hallmark of PD, after correcting a 
mutation in the SNCA gene. While these successes are promising, 
challenges such as potential off-target effects and efficient deliv-
ery of CRISPR/Cas9 components to affected cells remain active 
research areas.114,115,121

Importantly, studies demonstrate that CRISPR/Cas9 gene edit-
ing can reduce misfolded protein levels, as assessed by techniques 
such as immunostaining and western blotting.261 Furthermore, cor-
recting misfolded proteins using CRISPR/Cas9 has been linked to 
improvements in various cellular health markers. These improve-
ments include increased cell viability, decreased indicators of cel-
lular stress, and restored mitochondrial function, which are fre-
quently disrupted in neurodegenerative diseases.262

However, recent findings suggest that cells might sometimes 
respond to CRISPR/Cas9 editing by activating compensatory 
mechanisms (Fig. 7). A recent study reported that editing a gene 
implicated in AD triggered the upregulation of a related protein, 

partially offsetting the intended therapeutic benefit.263 These com-
pensatory mechanisms illuminate the interconnected nature of bio-
logical networks involved in neurodegenerative diseases. This em-
phasizes that a multi-target CRISPR/Cas9 editing approach could 
provide a more comprehensive and lasting therapeutic solution, 
focusing on multiple points in the protein misfolding pathway.

Connections to recent work
The transformative reach of CRISPR/Cas9 gene editing extends far 
beyond neurodegenerative diseases. Significant advances in cor-
recting disease-related gene mutations have been reported across 
numerous conditions. These successes include promising break-
throughs in treating sickle cell disease and beta-thalassemia, where 
CRISPR/Cas9 has been used to modify genes involved in haemo-
globin production.264,265 Furthermore, researchers have successfully 
employed CRISPR/Cas9 to address cystic fibrosis by targeting the 
mutated CFTR gene and restoring its function in cell models.266

While the direct use of CRISPR-Cas9 to target protein misfold-
ing is still a developing field, recent studies demonstrate its grow-
ing potential. For example, a study successfully reduced the aggre-
gation-prone mutant huntingtin protein, a key target in HD, using 
CRISPR/Cas9.77,212 This work aligns with these pioneering efforts 
by focusing on the fundamental problem of protein misfolding. 
Importantly, these findings on compensatory mechanisms raise 
crucial considerations for refining future CRISPR-based therapies.

Interestingly, evidence of compensatory mechanisms in re-
sponse to CRISPR-mediated gene editing is also emerging in other 
disease areas. In Duchenne muscular dystrophy, studies have re-
ported that the CRISPR-based correction of the dystrophin gene 
could trigger the upregulation of a related protein, utrophin.267 This 
potentially influences therapeutic outcomes. While the in-depth 
study of such mechanisms in the context of CRISPR editing is 
ongoing, these studies highlight the vital significance of neurode-
generative diseases. This process emphasizes the need for further 
research to fully understand the broader biological consequences 
of CRISPR editing, ultimately enabling the design of therapies that 
anticipate and effectively manage these cellular adaptations.

Limitations
While the successful use of CRISPR-Cas9 in correcting disease-
related gene mutations is demonstrated in cell cultures across 
conditions such as sickle cell disease, beta-thalassemia, and cystic 
fibrosis,264–266 translating these findings into safe and effective hu-
man treatments presents several challenges. It’s important to ac-
knowledge that cell cultures represent a simplified environment 
and cannot fully replicate the complexity of a living organism. 
Recent studies, including work on HD,77,212 suggest the potential 
of CRISPR-Cas9 to target protein misfolding directly. However, 
further research is needed to address crucial concerns such as the 
potential for off-target edits, where unintended DNA sequences 
might be modified. Rigorous safety validation and ongoing refine-
ments of the CRISPR/Cas9 system are essential to mitigate the risk 
of these off-target effects. Recent studies contribute to these efforts 
by highlighting compensatory mechanisms following CRISPR-
based intervention, as observed in other diseases such as Duchenne 
muscular dystrophy.267 Understanding such cellular responses is 
vital for developing therapies that anticipate and effectively man-
age potential adaptations, ultimately advancing the promise of 
CRISPR/Cas9 toward clinical applications.

Future directions
Recent findings on compensatory mechanisms highlight the need 
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for multi-target CRISPR/Cas9 strategies in neurodegenerative dis-
eases.60,65,86 Future studies should explore the benefits of simulta-
neously editing multiple genes involved in the misfolding pathway 
to achieve more effective and long-lasting therapeutic effects.98,129 
This approach can potentially counteract compensatory mecha-
nisms and provide more comprehensive treatment.102

A significant hurdle in realizing the potential of CRISPR/Cas9 
for these diseases lies in developing safe and efficient methods 
to deliver the editing components to the brain.104,133 Advances in 
delivery strategies, such as viral vectors or nanoparticle formula-
tions,104,134,135 are crucial for overcoming the blood-brain barrier 
and achieving targeted delivery to affected neurons.

Despite these challenges, CRISPR/Cas9 gene editing holds rev-
olutionary potential for treating neurodegenerative diseases.122,123 

By meticulously investigating compensatory mechanisms, contin-
uously refining the technology, and pushing the boundaries of tar-
geted delivery, CRISPR-based therapies offer the exciting prospect 
of addressing the root cause of these disorders.124

Conclusion
The intersection of CRISPR/Cas9 technology and the immense 
challenges posed by protein misfolding in neurodegenerative dis-
orders represents a pivotal turning point in biomedical research. 
This comprehensive review has delved into the intricate web con-
necting protein misfolding, neurodegeneration, and the potential 
of CRISPR-based interventions. We’ve explored the mechanisms 
of protein folding and the devastating consequences of misfolding, 

Fig. 7. Exploring the role of CRISPR advancements in correcting protein misfolding in neurodegenerative diseases. APOE, apolipoprotein E; APP, amyloid 
precursor protein; BACE 1, beta-secretase 1; C9orf72, chromosome 9 open reading frame 72; CAG, cytosine-adenine-guanine repeat; CRISPR, clustered 
regularly interspaced short palindromic repeats; DNAJC6, DnaJ heat shock protein family (Hsp40) member C6; HTT, huntingtin; SOD1, superoxide dismutase 
1; Vps35 D620N, vacuolar protein sorting 35 D620N mutation.
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establishing a foundation for understanding how CRISPR/Cas9 
might offer new therapeutic avenues.

CRISPR/Cas9 has evolved from its origins in bacterial immu-
nity to become a remarkably precise tool for genome editing. This 
review meticulously outlines its mechanisms, emphasizing its abil-
ity to target the genetic roots of protein misfolding. Our explora-
tion of neurodegenerative diseases, including AD, PD, ALS, and 
HD, underscores CRISPR’s potential to address various disease-
causing mutations.

Crucially, this review highlights the translational potential of 
CRISPR/Cas9. Successful case studies demonstrate its promise in 
correcting protein misfolding, offering a path toward personalized 
medicine tailored to individual patients’ genetic profiles. This pro-
cess opens a new era of precise, targeted therapies.

While CRISPR represents remarkable progress, challenges and 
ethical considerations remain. This review emphasizes ongoing 
research on enhancing CRISPR safety, refining targeting, mitigat-
ing off-target effects, and addressing immune responses. The im-
perative for ethical frameworks to guide the responsible use of this 
powerful technology is also stressed.

This review spotlights the transformative role of CRISPR in 
addressing protein misfolding, a central driver of neurodegenera-
tive disease. Synthesizing current knowledge and outlining future 
directions provides a roadmap for tackling these devastating ill-
nesses. By expanding our understanding of delivery mechanisms, 
base editing, and patient-specific approaches, along with contin-
ued ethical vigilance, we can harness the full potential of CRISPR/
Cas9. This research ultimately offers a beacon of hope, moving us 
closer to treatments capable of changing the lives of those affected 
by these life-altering conditions.
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