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CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats-
CRISPR-associated proteins) has undergone marked advancements since its
discovery as an adaptive immune system in bacteria and archaea, emerged as
a potent gene-editing tool after the successful engineering of its synthetic guide
RNA (sgRNA) toward the targeting of specific DNA sequences with high accuracy.
Besides its DNA editing ability, further-developed Cas variants can also edit the
epigenome, rendering the CRISPR-Cas system a versatile tool for genome and
epigenome manipulation and a pioneering force in precision medicine. This
review explores the latest advancements in CRISPR-Cas technology and its
therapeutic and biomedical applications, highlighting its transformative impact
on precision medicine. Moreover, the current status of CRISPR therapeutics in
clinical trials is discussed. Finally, we address the persisting challenges and
prospects of CRISPR-Cas technology.
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1 Introduction

CRISPR-Cas systems are an acquired immune system of most bacteria and archaea,
protecting them from invading viruses, bacteriophages or mobile genetic elements (Jinek
et al., 2012). The critical components of the CRISPR-Cas system include CRISPR-associated
(Cas) proteins and the CRISPR array (Huang et al., 2018). Cas9, a well-characterized protein
in this system, features endonuclease domains (HNH and RuvC) and a gRNA-binding
domain (REC) (Wang et al., 2022a). The CRISPR array consists of short repetitive DNA
sequences separated by spacers derived from prior infections (Doudna and
Charpentier, 2014).

Upon re-infection, the array is transcribed into precursor CRISPR RNA (pre-crRNA)
and processed into mature crRNAs, which, along with trans-activating CRISPR RNA
(tracrRNA), guide Cas proteins to the target DNA. A protospacer adjacent motif (PAM) site
adjacent to the target is recognised for binding, enabling Cas proteins to introduce double-
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stranded breaks (DSBs) at the target site and inactivating the virus
(Jore et al., 2012; Barrangou and Marraffini, 2014).

The mechanistic discovery of CRISPR-Cas’s principle of action
over decades of research culminated in 2012 in the engineering of
crRNAs into a single, synthetic guide RNA designed to target
specific sequences, with the potential of developing as a versatile
genome editing tool (Gasiunas et al., 2012; Jinek et al., 2012). Shortly
after, it was demonstrated that CRISPR-Cas9 technology enables
effective and targeted genome editing in mammalian cells when they
showed that DSBs created by Cas9 trigger cellular DNA repair
pathways such as non-homologous end joining (NHEJ) or
homology-directed repair (HDR). NHEJ often results in
insertions or deletions (indels), causing gene disruptions (Silva
et al., 2019). HDR, on the other hand, is a high-fidelity DNA
repair pathway that can be used with a donor template to induce
particular genetic alterations (Liao et al., 2024).

This groundbreaking innovation has enabled accurate and
specified genomic modifications more easily adapted than
traditional gene editing techniques, such as zinc-finger nucleases
(ZFNs) and transcription activator-like effector nucleases (TALENs)

(Gaj et al., 2013). While ZFNs and TALENs can also facilitate
targeted genomic editing, but they are limited by their complex
and labour-intensive design and assembly processes, which are less
practical for rapid and versatile applications. In contrast, CRISPR
technology offers a simpler, more efficient, and highly adaptable
system. Its guide RNA-based targeting mechanism allows quick
design and broad applicability across different genomic targets
(Gupta and Musunuru, 2014). This feature has given CRISPR-
Cas technology tremendous adaptability and utility in numerous
biological areas such as genetic engineering, functional genomics,
and medicinal development.

The present study comprehensively reviews the latest advances
in CRISPR-Cas technology and its applications, underscoring its
revolutionary impact on precision medicine. Its medical
applications have been divided into therapeutic and biomedical.
The therapeutic use of CRISPR-Cas-based genome and epigenome
editing includes correcting genetic disorders, antiviral therapy, and
eliminating antimicrobial resistance. It has been widely applied in
oncology due to its efficiency in engineering chimeric antigen
receptor T-cell (CAR-T cell) therapies and oncolytic viruses,
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targeting oncogenes, and modifying the tumour microenvironment.
Biomedical applications include drug target discovery, modelling
diseases, regenerative medicine, tissue engineering, cell
reprogramming, and medical diagnostics. Finally, the current
status of CRISPR therapeutics in clinical trials and the remaining
challenges in the applications of CRISPR-Cas are discussed.

2 An overview of CRISPR-Cas system

2.1 CRISPR-Cas systems, classes, and types

CRISPR-Cas systems exhibit significant diversity across
prokaryotic organisms, and they are categorised into two major
classes and six types based on their components and mechanisms of
action (Figure 1). Class 1 systems, encompassing Types I, III, and IV,
feature multi-protein effector complexes, while Class 2 systems,
comprising Types II, V, and VI, are defined by single-protein
effectors (Mohanraju et al., 2016).

Class 1 systems are more complex, with multiple proteins
contributing to their function. Among these, Type I systems,
such as Type I-A, utilise a CRISPR-associated complex for
antiviral defence, Cascade (CRISPR-associated complex for
antiviral defence), to recognise and bind complementary
sequences in dsDNA. The Cas3 helicase-nuclease is recruited
upon target recognition to unwind and directionally degrade the
DNA. This system has been studied for its role in bacterial immunity
but is less developed for genome editing due to its complexity
(Yoshimi and Mashimo, 2022).

Type III systems, such as Type III-A, use the Csm/Cmr
complex to target single-stranded RNA (ssRNA) while also

engaging in a secondary DNase activity that targets nearby
dsDNA, adding a layer of defence. These systems can cleave
RNA and DNA, with applications in bacterial immunity and
potentially in antiviral therapeutic approaches. However, the
dual cleavage activity complicates its use in precision genome
editing (Paraan et al., 2023). Type IV systems, like Type IV-A, also
target dsDNA, but their detailed mechanisms remain less
elucidated (Xu and Li, 2020).

Class 2 systems, which are simpler due to their single-protein
effectors, have been the focus of most genome editing research. Class
2 systems include the well-studied Type II, with SpCas9 from
Streptococcus pyogenes being a prominent member. SpCas9 has
become the archetype for genome editing, with its precise DNA
recognition and cleavage guided by sgRNA, targeting sequences
adjacent to PAM, typically NGG, which is necessary for
Cas9 binding and activation (Marraffini, 2016).

Type V systems, such as Type V-A (Cas12a/Cpf1), employ a
single RuvC endonuclease domain to cleave target dsDNA in a
PAM-dependent manner, followed by non-target strand cleavage
(Liao et al., 2018; Paul andMontoya, 2020). Cas12a requires a T-rich
PAM (e.g., TTTV), broadening the range of editable sequences
compared to SpCas9’s G-rich PAM. Cas12a also performs
staggered cuts in DNA, generating “sticky ends” that are
advantageous for certain genetic modifications. Moreover, Cas12a
can process its crRNA array independently, enabling more efficient
multiplexed genome editing without requiring additional tracrRNA
sequences (Paul and Montoya, 2020).

Lastly, type VI systems, represented by Cas13a, are distinct in
their ability to target and cleave ssRNA rather than DNA (Watanabe
et al., 2019). Upon binding to its target RNA, Cas13a exhibits a
unique collateral cleavage activity, indiscriminately cutting nearby

FIGURE 1
Schematic representation of CRISPR-Cas systems, categorised into Class 1 and Class 2. Each class is further divided into types and subtypes,
showing the associated complexes and their primary targets.
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non-target RNAs (Liu L. et al., 2017). The structural and functional
classifications of CRISPR-Cas systems are elaborated in greater
detail in (Makarova and Koonin, 2015). The CRISPR-Cas

systems continue to be refined for both basic research and
clinical use, with each type offering unique properties that can be
tailored to specific applications.

FIGURE 2
This figure displays a range of Cas protein variants and engineered tools derived from the CRISPR-Cas family, highlighting their diverse applications
in genome and transcriptome editing. Central to the diagram is the native Cas9-sgRNA complex, which serves as a foundation for multiple modifications.
Shown clockwise from the top left, base and prime editors (e.g., cytosine and adenine base editors, prime editors) allow single-nucleotide changes and
precise insertions without DSBs. Recombinant Cas9 proteins (Cas9-Rad51/Rad52 fusions) enhance homology-directed repair (HDR) outcomes,
while high-fidelity Cas9 variants reduce off-target effects to improve targeting specificity. Transcriptional activators (CRISPRa) and repressors (CRISPRi)
enable gene expression modulation without altering DNA sequences, using dCas9 fused to transcriptional regulators. The dCAS9-APEX2 complex, tags
nearby proteins with biotin, which is useful in proteome mapping. PAM-expanded Cas9 variants (e.g., SpRY, SpCas9-NG) target a broader range of PAM
sequences, increasing flexibility in target selection. In the lower-left corner, “Natural Cas9 Variants” encompass Cas12, which produces sticky-end DNA
cuts; Cas13, an RNA editor targeting RNA without modifying DNA; and Cas14, a small-size protein that cuts single-stranded DNA, independent of PAM
recognition. This diverse toolkit illustrates the flexibility and breadth of CRISPR-Cas systems for targeted genetic and epigenetic modifications across
various applications.
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2.2 Technological advances in CRISPR-Cas
nucleases and editing strategies

2.2.1 Genome editing tools
Over the past 30 years, CRISPR-Cas technology has evolved

dramatically, significantly advancing the field of genetic engineering
and emphasising its versatility and precision (Figure 2). The
foundational Cas9 nuclease marked a turning point by enabling
targeted DSBs in DNA, which facilitated precise gene editing (Jinek
et al., 2012). Due to the simplicity of its action and design, Cas9 has
been recognised as a powerful tool in research and clinical
applications.

The traditional CRISPR-Cas9 editing relies on inducing DSBs at
target sites. These DSBs can be repaired through the error-prone
NHEJ pathway, probably leading to indels, or through HDR, which
can be exploited to precisely incorporate donor DNA templates,
rendering it a potent gene-editing tool in the correction of genetic
disorders (Xue and Greene, 2021). However, the native Cas9 has
several limitations despite its utility, such as off-target effects and
strict dependence on NGG PAM sequences, which can restrict
editing in certain genomic regions (Zhang et al., 2015; Sato and
Kuroda, 2023).

The research innovations have focused on improving the
specificity and efficiency of CRISPR-Cas systems. Some modified
versions of Cas9, like high-fidelity Cas9 (SpCas9-HF1) and
enhanced specificity Cas9 (eSpCas9), have been developed with
decreased off-target effects by modulating protein-DNA
interaction dynamics which minimise unintended edits in non-
target genomic regions (Huang et al., 2022b). Studies have
discovered that these high-fidelity Cas9 mutants achieve
improved specificity due to a proofreading mechanism that keeps
them inactive when encounteringmismatched DNA sequences. This
mechanism prevents unintended cuts, enhancing the precision of
genome editing (Mengstie et al., 2024).

Another effective approach to minimise off-target effects is
using CRISPR nickases, which modify one nuclease domain to
cut only a single DNA strand. Unlike standard Cas9, which
creates DSBs, Cas9 nickase introduces single-stranded “nicks”
that cells can promptly repair, reducing collateral damage and
off-target mutations (Trevino and Zhang, 2014). Paired
nickases—targeting both DNA strands but separately, enhance
precision by creating DSB-like edits with minimised off-target
effects, making them highly advantageous for accurate genome
editing (Torella et al., 2024, p. 1).

Furthermore, expanding the target sequence recognition
depending on different PAM sequences has broadened its
applications. The traditional Cas9 nucleases entirely depend on
the PAM sequence—specifically, the NGG. This dependence on a
specific PAM motif can be a significant limitation, as it restricts the
range of possible target sites across the genome, particularly in
genomic regions where the NGG motif is sparse or absent. This
limitation has spurred the development of PAM-less or PAM-
relaxed Cas9 variants, with SpRY as one of the most advanced
examples. Engineered through mutations in its PAM-interacting
domain, SpRY can recognise a broader range of PAM sequences,
including NRN and NYN (where “R” is a purine and “Y” is a
pyrimidine) (Hibshman et al., 2024). This flexibility allows SpRY to
target nearly any genomic site, greatly expanding editing

possibilities, particularly in AT-rich regions where NGG motifs
are sparse (Walton et al., 2020). In addition to SpRY, other
Cas9 variants with expanded PAM compatibility have been
developed, including SpCas9-NG, which targets NG PAMs, and
xCas9, which also recognises NG, GAA, and GAT PAMs (Hu et al.,
2018; Hua et al., 2019). While these variants improve targeting
flexibility, SpRY represents a more substantial breakthrough due to
its ability to eliminate the PAM constraint effectively. This
advancement has significant implications for therapeutic genome
editing, as it provides greater flexibility to target disease-causing
mutations regardless of PAM availability (Liang et al., 2022).
Variants like SpCas9-HF1 and eSpCas9 minimise off-target edits,
and SpRY and SpCas9-NG enable expanded PAM Compatibility.
However, while improving specificity, some high-fidelity
Cas9 variants might suffer from reduced cutting efficiency
(Moreb et al., 2020; Kulcsár et al., 2022). Further optimisation is
required to balance specificity and activity. Strategies such as fine-
tuning protein-DNA interaction dynamics or enhancing guide RNA
design could help improve cleavage efficiency while maintaining
high specificity (Ryan et al., 2017).

Base editors enable targeted single-base pair conversions,
thereby reducing the off-target effects and improving the
accuracy of genome editing, hence very useful for correcting
genetic disorders caused by point mutations (Komor et al., 2016;
Liang et al., 2023). Base editors enable the accurate correction of
point mutations and eliminate the need for donor templates.
However, potential unintended base conversions can still occur at
nearby bases and can only change one base at a time, limiting their
application to large-scale edits (Doman et al., 2020; Jeong
et al., 2020).

Prime editors enable several genome editing options, including
base substitutions, insertions, and deletions of longer DNA
sequences. Prime editors utilise a Cas9 nickase (nCas9) fused
with a reverse transcriptase and a prime editing guide RNA
(pegRNA), offering greater versatility for a broader range of
genetic modifications (Anzalone et al., 2019). These editors
represent a significant advancement in Cas9 engineering and a
wide array of gene editing applications, including base
substitutions, insertions, and deletions with precision. Also, the
risk of off-target mutagenesis and safety for therapeutic
applications is much reduced compared to other editing systems
(Anzalone et al., 2019; Chen and Liu, 2023). However, reduced
efficiency, the need for optimisation for different cell types and the
complex design of pegRNA and its components make it more
technically demanding (Zhao et al., 2023).

Further advancements include developing alternative CRISPR
systems, such as Cas12 and Cas13. Cas12, which makes staggered
cuts in DNA, is particularly useful for insertions and genetic
modifications that require sticky ends. Its smaller size and
distinct PAM requirements make it a versatile tool for
applications where Cas9’s blunt cuts and NGG PAM are limiting
(Zetsche et al., 2015; Chen et al., 2018).

Cas14 is an ultra-small CRISPR-associated protein discovered in
certain archaea, notable for its size, typically under 70 kDa,
compared to the larger Cas9 and Cas12 proteins (Savage, 2019).
This smaller size makes Cas14 advantageous for gene-editing
applications requiring compact delivery systems, like adeno-
associated viruses (AAVs), which have limited payload capacity
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(Harrington et al., 2018). Cas14 uniquely targets single-stranded
DNA (ssDNA) via target binding with the gRNA without the need
for a protospacer adjacent motif (PAM), broadening its potential
target range and making it highly versatile for applications in
diagnostics, gene therapy, and microbial studies (Harrington
et al., 2018).

On the other hand, identifying RNA targeting Cas13 opened a
new avenue for RNA editing. Indeed, the RNA editing potential of
Cas13 has been exploited to detect viral RNA, including SARS-CoV-
2, using its collateral cleavage activity targeting viral RNA sequences
(Abudayyeh et al., 2017; Zhou et al., 2022). This mechanism has
been leveraged for molecular diagnostics, such as the detection of
viral RNA, and holds promise in developing treatments for RNA
viruses (Yin et al., 2020). Cas13a′s specificity for RNA without DNA
modification makes it an attractive tool for transient knockdowns in
research and potential therapeutic applications for diseases
involving RNA, such as certain viral infections and
neurodegenerative disorders (Makarova and Koonin, 2015).
While Cas13’s RNA specificity is ideal for transient knockdowns
and diagnostics, its collateral cleavage can sometimes result in off-
target RNA degradation, limiting its therapeutic potential (Ai et al.,
2022; Li et al., 2023). These improvements in the functioning Cas
enzymes underlie the transformative impact and advancement in
applying CRISPR-Cas technology in precision medicine
and treatment.

2.2.2 Genome editing strategies
Gene editing relies on precise, programmable nucleases to

generate specific genetic alterations. Key editing strategies include
knockouts, gene insertions, and epigenetic modifications. The
CRISPR-Cas9 system facilitates gene knockouts primarily by
introducing indels at specific target sites (Canver et al., 2014).
Indels are generated when the Cas9 nuclease induces a DSB in
DNA at a specific site, prompting the NHEJ repair pathway (Jinek
et al., 2012; Xue and Greene, 2021). Due to the error-prone nature of
NHEJ, insertions or deletions are randomly introduced at the
cleavage site, often resulting in frameshift mutations (Rodgers
and McVey, 2016). This mutation disrupts the open reading
frame of the targeted gene, typically resulting in a non-functional
protein and an effective gene knockout (Tsutsui and Higashiyama,
2016). This indel-based strategy has proven effective in knocking out
single genes, with applications spanning from basic research to
therapeutic interventions, such as eliminating defective genes in
monogenic diseases (Guo et al., 2018).

For larger deletions, dual Cas9 nucleases, each targeted to
different loci flanking a region of interest, enable the excision of
extensive DNA sequences. By employing two Cas9 nucleases
simultaneously, each guided to distinct loci flanking the target
gene region, a large segment of DNA can be excised between the
two DSBs (Zhou et al., 2014; Cai et al., 2018). This approach
effectively deletes entire gene regions, introns, or regulatory
sequences distant from the coding region. The resulting deletions
can span several kilobases, allowing for the removal of larger,
structurally complex genes or multiple adjacent genes. Dual
Cas9-mediated deletions are particularly valuable in studying
genetic redundancies and the function of large genes or gene
clusters within complex genomic regions (Adikusuma et al., 2018;
Eleveld et al., 2021).

In contrast, gene knock-ins, which require the precise insertion
of genetic material, are often mediated through homology-directed
repair (HDR). Following Cas9-induced DSBs, HDR uses a donor
DNA template to introduce new genetic material into the break site,
enabling precise alterations such as replacing a defective gene with a
functional allele (Yao et al., 2018).

Recently, researchers fused Cas9 with recombinases, such as
Rad51 or RAD52, which enhance homology-directed repair (HDR)
by promoting alignment and integration of donor DNA templates at
Cas9-induced DSBs (Tran et al., 2019). These fusions increase HDR
efficiency by directing repair machinery toward precise edits while
reducing indel formation typical of NHEJ. Such strategies improve
editing precision, which is especially valuable in therapeutic contexts
requiring exact gene corrections (Shao et al., 2017).

However, HDR is most active during the S and G2 phases of the
cell cycle, which limits its application in non-dividing cells (Rein
et al., 2018). Alternative pathways, such as microhomology-
mediated end joining (MMEJ), have been explored for gene
insertion in non-dividing cells, although their efficiency and
fidelity vary (Nakade et al., 2014). Precise gene knock-ins are
pivotal in functional genomics, disease modelling, and therapy
development. It enables precise insertion of DNA sequences,
facilitating gene function and protein localisation studies and
creating disease models by introducing specific mutations. In
therapeutics, CRISPR knock-ins allow the correction of genetic
mutations, offering potential treatments for genetic disorders (Xu
and Li, 2020).

Beyond direct gene changes, Cas9-mediated indels disrupting
the promoter and enhancer region can also modulate gene
expression. This strategy involves targeting indels specifically
within the promoter and enhancer sequences to impair binding
sites for transcription factors, thus reducing or silencing gene
expression (Canver et al., 2015). This strategy enables researchers
to modulate gene expression without directly altering coding
sequences, which is particularly valuable in studying gene
regulatory elements and developing therapeutics for
overexpressed oncogenes.

2.2.3 Epigenome editing tools and editing
strategies

Beyond gene editing, CRISPR-Cas can control gene expression
without altering the DNA sequence through epigenetic editing using
catalytically inactive or dead Cas9 (dCas9) fused to epigenetic
effectors (Figure 2). A primary objective of epigenetic editing
includes alterations in DNA methylation patterns, a key
epigenetic modification that typically results in the suppression of
gene expression. This is achieved by combining the dCas9 with DNA
methyltransferases such as DNMT3A to add methyl groups to
specific CpG sites (Xiong et al., 2017). On the other hand,
CRISPR-based DNA demethylation is obtained by combining
dCas9 with DNA demethylases, such as TET1. This approach
enables the selective removal of methyl groups in specific
genomic regions (Morita et al., 2016). This strategy has been
effectively utilised to manipulate gene expression patterns,
providing a method to reverse the impact of epigenetic silencing
in certain diseases where hypermethylation is a contributing factor.

Histone modifications, including acetylation, methylation, and
phosphorylation, are another key focus of CRISPR-Cas-mediated
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epigenome editing. dCas9 can be coupled with histone
acetyltransferases (HATs) like p300 or histone deacetylases
(HDACs) to add or remove acetyl groups on histones. These
modifications can activate or repress gene expression by altering
chromatin accessibility (Hilton et al., 2015; Kwon et al., 2017). For
example, dCas9-p300, a histone acetyltransferase, has been used to
increase histone acetylation at the promoter regions of IL1RN,
MYOD, and OCT4 genes, leading to a significant transcriptional
activation of the corresponding genes (Hilton et al., 2015).
Conversely, dCas9-HDACs have decreased acetylation at
promoter regions, thereby repressing their expression (Kwon
et al., 2017).

Chromatin remodelling is another critical aspect of gene
regulation that can be modulated using CRISPR-Cas technology.
By fusing dCas9 to chromatin remodelling complexes, researchers
can reposition nucleosomes and alter chromatin structure at specific
genomic loci (Ding et al., 2019). This capability is vital for regulating
otherwise inaccessible genes due to tightly packed chromatin.
Targeted chromatin remodelling has the potential to reactivate
silenced genes, offering new therapeutic avenues for diseases
where gene repression is mediated by chromatin compaction (Li
et al., 2021b).

Moreover, CRISPR-Cas can directly promote gene expression
through CRISPR activation (CRISPRa) systems. CRISPRa involves
using dCas9 that is fused to transcriptional activators, such as the
VP64 domain, p65, or the Rta (Epstein-Barr virus transcriptional
activator) (Omachi and Miner, 2022). When directed to a specific
promoter region by a gRNA, the dCas9-activator complex enhances
the transcription of the target gene (Casas-Mollano et al., 2020). This
mechanism allows for the upregulation of gene expression,
effectively mimicking the natural activity of endogenous
transcription factors. Conversely, CRISPR Interference (CRISPRi)
involves the combination of dCas9 to transcriptional repressors,
such as the KRAB (Kruppel-associated box) domain, to inhibit gene
expression (Li et al., 2021a). When the dCas9-KRAB complex is
directed to a promoter or enhancer region, it recruits additional co-
repressors and chromatin remodelers, leading to the formation of a
repressive chromatin environment that silences gene expression
(Yeo et al., 2018). This method is beneficial for studying gene
function and therapeutic applications where gene silencing
is desired.

Epigenetic editing strategies through CRISPR-Cas systems have
been further expanded to modulate non-coding RNAs (ncRNAs)
and their regulatory functions within the genome. CRISPR
technology alters non-coding RNAs (ncRNAs) through several
innovative approaches. One method involves direct editing of
ncRNA sequences using CRISPR-Cas13. This RNA-targeting
enzyme allows for direct degradation and reduction in the levels
of targeted ncRNAs (Abudayyeh et al., 2017; Hazan and Bester,
2021). Additionally, CRISPR-Cas can be employed to modulate
ncRNA expression indirectly. For example, CRISPRi can inhibit
ncRNA gene expression, while CRISPRa enhances ncRNA
expression (Liu et al., 2017c). These methods enable researchers
to study and manipulate ncRNAs to understand their involvement
in gene regulation and various biological processes.

Finally, the dCas9 is fused to APEX2, an enzyme that labels
nearby proteins with biotin, enabling targeted proteomic mapping
(Gao et al., 2018). This protein labelling system enables precise

biotinylation and high-throughput identification of proteins
associated with selected genomic regions, shedding light on
chromatin’s architecture and gene expression regulation
(Dolgalev and Poverennaya, 2021).

The epigenetic modifications offer a reversible and controlled
approach to gene regulation, potentially useful in reprogramming
cells, studying gene regulatory networks, and developing therapeutic
strategies for diseases linked to epigenetic dysregulation. However,
the off-target effects and cytotoxicity are some of the major concerns
using these types of editors (Cai et al., 2023). Also, they are of limited
duration and might require continuous expression of the
dCas9 system, and the effectiveness of epigenetic editing can vary
based on chromatin accessibility and other epigenetic factors
(Whittaker et al., 2023).

2.2.4 gRNA modifications
gRNAs are essential for the functionality of CRISPR-Cas

systems, as they enable precise targeting by guiding Cas9 to
specific genomic loci based on sequence complementarity
(Asmamaw and Zawdie, 2021). In recent years, substantial efforts
have been directed towards engineering synthetic gRNAs to enhance
the stability, specificity, and efficacy of CRISPR-Cas9, particularly in
therapeutic applications in mammalian cells.

Specific chemical modifications, such as adding 2′-O-methyl
and phosphorothioate groups (MS), stabilise gRNA ends, protecting
against exonuclease degradation and allowing for sustained activity
within the cell (Basila et al., 2017). This stability has been crucial for
extending gRNA lifespans in environments rich in nucleases,
thereby enhancing editing efficiency without continuously
replenishing gRNA (Basila et al., 2017). In a study, modified
gRNA with MS or 2′-O-methyl 3′-thio PACE (MSP) bound with
Cas9 protein electrotransferred into human primary T cells and
CD34 + hematopoietic stem cells demonstrated a significant
increase (2.4-fold) in indel formation compared to non-modified
gRNAs (Hendel et al., 2015).

Additionally, internal modifications to gRNA, specifically in
regions like the seed sequence (proximal to the protospacer
adjacent motif or PAM site), have been explored to increase
target specificity. Locked nucleic acids (LNAs) and bridged
nucleic acids (BNAs) incorporated into the guide sequence
reduce off-target effects by reinforcing RNA-DNA hybridisation
in cases of precise base pairing while reducing binding affinity in
cases of mismatch (Cromwell et al., 2018; Sakovina et al., 2022).

Moreover, reducing immune responses in mammalian cells is
essential for therapeutic applications. By removing immunogenic
elements, such as the 5′-triphosphate group that commonly
activates intracellular immune pathways, and by introducing 2′-
O-methyl groups, researchers have minimised inflammatory
responses, rendering gRNAs more compatible with clinical use in
primary cells (Wienert et al., 2018). Other advanced gRNA
modifications also aim to augment homology-directed repair
(HDR), critical for gene correction applications, by linking gRNA
with donor DNA sequences to enhance proximity-based efficiency,
thereby increasing the fidelity and control of HDR pathways in
cellular contexts (Lee et al., 2017b). gRNA modifications
significantly refine CRISPR-Cas9 efficacy, specificity, and safety
by mitigating degradation, off-target effects, and immune
reactions. This engineered precision enables safer gene therapies
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and supports functional genomics, cellular imaging, and disease
modelling applications.

2.3 Anti-CRISPR proteins

Anti-CRISPR proteins (Acr) are naturally occurring antagonists
of the CRISPR-Cas immune system, primarily discovered in
bacteriophages, which evolved these proteins to counteract
CRISPR-mediated immunity in bacteria (Marino et al., 2020;
Gebhardt and Niopek, 2024). Mechanistically, Acr proteins
inhibit CRISPR-Cas activity by interacting directly with Cas
proteins to block DNA targeting or cleavage at various stages.
For example, AcrIIA4 binds Cas9, obstructing its DNA-binding
ability, while AcrVA1 enzymatically cleaves guide RNA in the
Cas12a complex, preventing target recognition and cleavage (Kim
et al., 2018; Knott et al., 2019). Acr proteins have critical
applications, particularly in refining gene-editing techniques by
providing controlled, post-translational inhibition of CRISPR-Cas
systems. This targeted deactivation is particularly beneficial in
therapeutic contexts, where high precision is crucial to avoid
unintended gene alterations and cytotoxicity (Kraus and
Sontheimer, 2023). Furthermore, Acr proteins can prevent
CRISPR-Cas systems from targeting specific tissues, adding a
layer of safety for CRISPR-based therapies. Additionally, they
enable new strategies in phage therapy by enhancing the
specificity of engineered bacteriophages against CRISPR-equipped
bacterial pathogens (Qin et al., 2022).

3 Delivery strategies of CRISPR-
Cas system

Gene therapy involves the efficient delivery of nucleic acids to
repair mutations, add new cell functions, or modulate gene expression.
However, delivery has limitations due to hydrolysis, low cellular
uptake, and a negative surface charge. To overcome these issues,
delivery vectors are employed and categorised into viral and non-
viral systems (Abd Ellah et al., 2021). Viral vectors use modified viruses
such as adenoviruses, retroviruses, and lentiviruses, enabling efficient
gene transfer and high gene expression levels. However, they pose risks
like immunogenicity, toxicity, and complications in large-scale
production. There is also potential for insertional mutagenesis,
where viral DNA integrates into the host genome, which could
disrupt normal gene function and lead to complications, including
cancer. Non-viral gene delivery systems are increasingly explored due
to their safer profiles but generally have lower transfection efficiencies.
These systems include physical techniques such as electroporation,
microinjection, hydrodynamic delivery, and chemical methods like
liposomes, polymers, and inorganic nanoparticles. Despite lower
efficiency, non-viral systems have shown potential for safe gene
therapy applications (Cevher et al., 2012).

3.1 Viral vectors

Viral vectors are among the most established methods for gene
delivery, leveraging viruses’ natural ability to infect cells and deliver

genetic material. In CRISPR-Cas systems, viral vectors are
commonly employed to transport Cas9 and sgRNA components
into target cells. The surface proteins of viruses can overcome
cellular barriers, allowing effective cargo deposition (i.e., DNA,
mRNA, and other materials) (Mengstie and Misganaw, 2022).

In recent decades, four major types of recombinant viral vectors
have been used in gene therapy: adenovirus (AV), adeno-associated
virus (AAV), lentivirus (LV), and gamma retrovirus (γ-RV).
Adenoviruses (AVs) are double-stranded DNA viruses known for
their efficiency in transducing a wide range of cell types. Unlike
AAVs, AVs do not integrate into the host genome, leading to
transient expression of the transgene (Wang et al., 2024a). AVs
are highly efficient in transducing both dividing and non-dividing
cells, making them suitable for in vitro, in vivo, and ex vivo
applications. AVs can carry larger genetic payloads (~8 kb),
enabling the delivery of the more commonly used
SpCas9 system. Because AVs do not integrate into the host
genome, they are associated with lower risks of insertional
mutagenesis, a significant consideration in therapeutic safety.
However, AVs are highly immunogenic, and their use in humans
can elicit robust immune responses. This immunogenicity limits
their use in repeat dosing and, in some cases, can lead to
inflammation or tissue damage. Also, AVs provide transient
expression of Cas9, which may be a drawback for therapies
requiring long-term expression and regulation (Lee et al., 2017a).

AAVs, non-pathogenic and helper-dependent for replication,
are popular in gene therapy for delivering CRISPR-Cas9 to both
dividing and non-dividing cells due to their persistence and low
immunogenicity, which reduces adverse immune responses. A key
advantage of AAVs is their capacity to deliver HDR templates for
gene knock-in approaches, enabling precise genome editing (Duddy
et al., 2024). They also offer extended gene expression, which is
crucial for sustained therapies and can be engineered for specific
tissue targeting. However, AAVs are limited by a packaging capacity
of ~4.7 kb and face challenges with repeat dosing, as immune
memory against the capsid can hinder re-administration (Wang
et al., 2019a). Moreover, recent findings indicate that in the context
of CRISPR-Cas9 editing, AAV fragments can integrate into the
genome. This occurs potentially via vector capture at DSBs
introduced by Cas9 (Hanlon et al., 2019). These unintended
integration events raise safety concerns, particularly in
therapeutic applications, as they may lead to off-target genomic
alterations or instability.

LVs, a retrovirus subclass, are widely used in gene therapy due to
their ability to integrate genetic material into the host genome,
enabling stable, long-term gene expression. This stability makes LVs
ideal for applications requiring continuous CRISPR-Cas9 activity
over time. With a packaging capacity of around 9 kb, LVs can
accommodate larger Cas9 proteins and multiple sgRNAs, allowing
for complex gene-editing tasks. Furthermore, lentiviral vectors can
be engineered to target specific cell types by modifying their
envelope proteins, enhancing therapeutic specificity across diverse
tissues. However, genome integration presents a risk of insertional
mutagenesis, which could disrupt essential genes or activate
oncogenes, raising potential carcinogenic concerns (Hacein-Bey-
Abina et al., 2003). To address these limitations, Integration-
Deficient Lentiviral Vectors (IDLVs) have been developed. IDLVs
are engineered with mutations in their integrase gene, rendering
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them unable to integrate into the host genome. This design allows
them to deliver CRISPR-Cas9 components transiently, reducing the
risk of insertional mutagenesis while maintaining efficient
transduction, rendering it particularly advantageous for
applications requiring episomal expressions, such as transient
Cas9 activity or the delivery of HDR templates (Ortinski et al.,
2017; Cortijo-Gutiérrez et al., 2021). Although IDLVs show promise,
they often exhibit reduced expression longevity compared to
integrative LVs, which could limit their applications in therapies
requiring long-term gene correction (Yew et al., 2022). Also, while
generally less immunogenic than adenoviruses, LVs can still elicit
immune responses, especially in vivo applications (Dong and
Kantor, 2021).

Retroviruses have been utilised to deliver CRISPR-Cas9
components due to their ability to integrate genetic material into
host genomes, enabling long-term expression of the CRISPR system
in dividing cells. This is particularly useful in therapies targeting
proliferating cells, such as stem or hematopoietic cells. However,
retroviral vectors are limited by their inability to target non-dividing
cells, low in vivo transfection efficiency, and potential risks of
insertional mutagenesis, which could disrupt host genes and lead
to oncogenesis (Caffery et al., 2019).

3.2 Physical non-viral delivery methods

Physical methods, including electroporation, microinjection,
and hydrodynamic injection, facilitate the delivery of CRISPR-
Cas9 components by physically penetrating cellular barriers. Due
to their technical limitations in live animals or humans, these
methods are primarily used in ex vivo or in vitro settings.

3.2.1 Electroporation
Electroporation involves the application of an electric field to

cells, creating temporary pores in the cell membrane through which
CRISPR-Cas9 components can enter. This technique is particularly
effective for ex vivo applications, where cells can be modified outside
the body and reintroduced into the patient (Pi et al., 2024).
Electroporation allows for rapid and efficient delivery of CRISPR
components into various cell types, including primary and stem cells
(Qin et al., 2015). This method can deliver all CRISPR formats
(plasmid DNA, mRNA, or protein), allowing application flexibility.
However, the electric pulses used in electroporation can damage cell
membranes, resulting in cell death, particularly in sensitive cell
types. Moreover, electroporation parameters must be optimised for
each cell type to balance efficiency and viability, complicating the
protocol and limiting scalability for certain applications (Liu
et al., 2017a).

3.2.2 Microinjection
Microinjection is a precision technique in which CRISPR

components are injected directly into cells using a microneedle
under microscopic guidance. This method is typically applied to
single cells, such as zygotes or embryos, and allows for highly
controlled delivery. Microinjection provides precise control over
the delivery of CRISPR components, minimising off-target effects.
Microinjection allows for the delivery of any form of CRISPR
components (DNA, RNA, protein), regardless of their molecular

size. However, this technique is labour-intensive and unsuitable for
large-scale applications, limiting its use primarily to research and
preclinical studies. It also requires specialised equipment and
expertise, adding complexity and limiting widespread adoption
(Huang et al., 2022a).

3.2.3 Hydrodynamic injection
Hydrodynamic injection involves rapidly infusing a large

volume of solution containing CRISPR components into the
bloodstream, creating increased pressure that facilitates cellular
uptake. This method is most commonly applied in liver-targeted
gene editing in animal models. Hydrodynamic injection is highly
effective for liver-targeted delivery, making it useful for gene-editing
therapies targeting hepatic diseases (Lino et al., 2018; Niola et al.,
2019). This technique does not require complex equipment, making
it relatively straightforward in preclinical studies. However, the large
volume and high-pressure injection can damage blood vessels, cause
liver stress, and induce cardiac side effects, limiting its application to
animal models. Additionally, this method is effective primarily in
the liver and has shown limited efficacy in targeting other tissues,
reducing its versatility (Sinclair et al., 2023).

3.3 Chemical non-viral delivery methods

Chemical methods employ various nanoparticles and polymers
to encapsulate and deliver CRISPR components into target cells.
Nano-carriers deliver bio-macromolecular therapeutic agents like
DNAs and RNAs to target cells, overcoming their degradation and
ineffectiveness at crossing the cell-membrane barrier. These systems
enhance the stability of these agents and protect them from
premature degradation and rapid clearance in vivo.

3.3.1 Lipid nanoparticles
Lipid nanoparticles (LNPs) are spherical vesicles composed of

lipid bilayers commonly used to encapsulate nucleic acids, such as
mRNA or Cas9 protein. They can facilitate cellular entry via
endocytosis and enhance the cytoplasmic release of their payload.
LNPs are generally biocompatible and biodegradable, reducing
potential toxicity. LNPs can be functionalised to improve
targeting specificity to certain cell types, such as hepatocytes,
enhancing therapeutic efficacy (Han et al., 2022). Despite the
advantages, LNPs have some limitations. LNPs may become
trapped in endosomes upon entry into cells, requiring
optimisation to ensure cytoplasmic release of CRISPR
components. Some LNP formulations are prone to degradation
in the bloodstream, necessitating further modifications for
stability and circulation time (Kazemian et al., 2022).

3.3.2 Polymer-based nanoparticles
Polymer-based nanoparticles are synthetic carriers made from

biodegradable polymers like polyethyleneimine (PEI) or poly (lactic-
co-glycolic acid) (PLGA). They form complexes with CRISPR-Cas
components, enabling cellular uptake and controlled release.
Polymer nanoparticles allow modification to optimise
biocompatibility, release rates, and targeting capabilities (Khan,
2024). Polymer carriers can be engineered for sustained release,
which is beneficial for applications requiring prolonged exposure to
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CRISPR components (Duan et al., 2021). The limitations of
polymers, like PEI, include cytotoxicity at higher concentrations,
limiting their safe dosage and applications (Kafil and Omidi, 2011).
Furthermore, the synthesis of polymer nanoparticles requires
extensive optimisation, and the manufacturing process can be
more complex than other carriers (Zielińska et al., 2020).

3.3.3 Inorganic nanoparticles
Inorganic nanoparticles, including gold or silica-based particles,

are CRISPR-Cas systems carriers. These particles can form stable
complexes with CRISPR components, particularly useful in imaging
and tracking applications. Inorganic nanoparticles, such as gold,
have unique optical properties that facilitate real-time tracking in
vivo, aiding in monitoring the delivery process. Inorganic carriers
exhibit high stability and can be designed for controlled release and
precise targeting. However, inorganic nanoparticles may accumulate
in tissues, raising concerns about long-term toxicity and clearance.
Also, unlike organic carriers, many inorganic nanoparticles are not
readily biodegradable, complicating their clinical applications (Zhou
et al., 2024).

3.4 Other emerging delivery systems

Virus-like particles (VLPs) are noninfectious viral shells
mimicking viral structure but lacking genetic material, making
them a safer alternative to traditional viral vectors for delivering
CRISPR components. These particles offer the benefit of high
transduction efficiency with lower immunogenicity due to their
lack of viral genome, enabling them to evade immune responses that
viral vectors often trigger and rapid clearance, which reduces the risk
of prolonged immune activation. Additionally, VLPs can be
engineered for enhanced targeting specificity, enabling them to
deliver Cas9 RNP complexes efficiently to specific cells. This
approach shows promise for precise genome editing applications
across various cell types. However, some synthetic peptides used for
VLPs do not fully replicate viral structural functions, and production
challenges remain for large-scale use due to complex assembly and
potential heterogeneity (Rostami et al., 2024).

Exosomes, membrane-bound vesicles of about 30–150 nm, have
gained attention for their ability to naturally transport genetic
material with minimal immune response due to their endogenous
origin. These vesicles show high biocompatibility, long circulation,
and the ability to cross barriers like the blood-brain barrier. Due to
these properties, exosomes are cell-derived vesicles used to deliver
CRISPR components for gene editing in various diseases, with
engineered exosomes potentially enhancing target cell-specific
delivery and reducing off-target effects. Challenges in using
exosomes include low production yield and difficulties in
isolation, though scalable production and synthetic exosomes are
being developed to overcome these issues. However, production
challenges include heterogeneity, low yield, complex isolation/
purification processes, and limited natural targeting ability
without additional modifications (Rostami et al., 2024).

Advancing CRISPR-Cas gene-editing therapies relies heavily on
developing efficient and safe delivery systems that can navigate
complex biological barriers and minimise risks. Among the various
delivery platforms explored, AAVs and LNPs have emerged as the

most promising for in vivo CRISPR applications. With their proven
track record in gene therapy, AAVs offer sustained gene expression,
low immunogenicity, and tissue-targeting flexibility, making them
ideal for applications requiring long-term therapeutic effects in both
dividing and non-dividing cells. However, they are limited by
packaging constraints and potential immune memory responses,
which must be managed in therapeutic contexts requiring repeat
doses (Wang et al., 2024b). On the other hand, LNPs bring versatility
to CRISPR delivery by supporting the transient expression of
CRISPR components, particularly Cas9 mRNA, which reduces
the risk of prolonged genome editing and off-target effects. Their
biocompatibility and capacity for molecular customisation enable
efficient liver and lung targeting, and continuous advances in LNP
formulations enhance their stability and endosomal escape
efficiency (Mohammadian Farsani et al., 2024). Thus, AAVs and
LNPs represent a balanced combination of efficacy, safety, and
targeted delivery potential for in vivo CRISPR-Cas systems.

For in-vitro applications, electroporation remains an excellent
method despite the challenges, offering high efficiency and
versatility in CRISPR-Cas9 delivery across various cell types.
Electroporation can facilitate optimal delivery with careful
optimisation, making it a valuable tool for ex vivo therapeutic
strategies where modified cells are reintroduced into the patient
(Laustsen and Bak, 2019). As research progresses, optimising these
platforms and developing new approaches will be essential to
achieving precise and safe genome editing, ultimately bringing
CRISPR closer to clinical and therapeutic applications. A
comprehensive summary of the purpose, advantages, and
limitations of various delivery systems for CRISPR-Cas
technology, critical to its efficacy as a therapeutic agent, is
provided in Table 1.

4 Key application of CRISPR-Cas
technology in medicine

4.1 Genome-editing CRISPR-based
therapies: correction of genetic disorders

Genetic disorders are caused by alterations in an individual’s
genomic sequence, often resulting from mutations in specific genes.
These disorders encompass a broad spectrum of diseases, often
inherited from parents to offspring through defective genes.
Mutations play a central role in these disorders by producing
non-functional or harmful proteins, ultimately causing cellular
dysfunction and diseases of various severity (Jackson et al., 2018;
Roth and Marson, 2021). The impact of such mutations on human
health can be profound, manifesting as chronic illnesses and
physical disabilities and often resulting in substantial medical and
economic burdens on patients and healthcare systems (Miller et al.,
2020). The burden of inherited diseases is substantial, both in terms
of human suffering and economic costs. Conditions such as sickle
cell disease and thalassemia, for example, impose heavy demands on
healthcare resources due to their chronic nature and the need for
ongoing treatment (Miller et al., 2020).

CRISPR-Cas technology has emerged as a transformative tool in
genetic medicine, paving the way for developing novel therapies for
previously untreatable and deadly inherited diseases by providing
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targeted DSBs for precise gene knockouts, single-stranded breaks,
specific nucleotide changes, insertions, or corrections, restoring
normal gene function. CRISPR-based somatic gene editing alters
non-reproductive cells, ensuring modifications are not inherited,
and shows great promise in treating genetic disorders and cancers
(Yang et al., 2021; Chanchal et al., 2024). Moreover, research
conducted in cell cultures, animal models, and hematopoietic
progenitor cells (HPCs) has demonstrated the efficacy of
CRISPR-based therapies in correcting mutations and actively
restoring normal gene function (Liu et al., 2021). In a study,
CRISPR-Cas9 was used to treat β-thalassemia by editing the α-
globin locus in human hematopoietic stem/progenitor cells
(HSPCs). The strategy combines α-globin downregulation (via
HBA2 gene deletion) and β-globin expression enhancement
(through β-globin transgene integration). The approach
successfully corrected the pathological phenotype in cellular
models and maintained long-term repopulation in
xenotransplanted mice. In β-thalassemia patient HSPCs, it
corrected the α/β globin imbalance, and Cas9 nickase editing
provided a safer, precise alternative (Pavani et al., 2021).

Hemochromatosis, a prevalent inherited metabolic disorder in
white populations, often results from a C282Y mutation in the HFE

gene, where a G > Amutation at c.845 disrupts HFE protein folding,
preventing it from reaching the cell membrane. This absence
inhibits interaction with transferrin receptors 1 and 2, leading to
iron overload (Fleming et al., 2005). In a study, optimized gRNAs
were screened in cell culture, and an AAV8 split-vector delivering
adenine base editor ABE7.10 with a specific gRNAwas tested in 129-
Hfetm.1.1Nca mice. A single injection corrected the mutation in
over 10% of cells and improved hepatic iron metabolism, offering a
potential gene correction therapy for this common hereditary
disease (Rovai et al., 2022).

Cystic fibrosis (CF), a recessive disorder arising from diverse
mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene, affects individuals with mutations
unresponsive to CFTR modulators, leaving approximately 8% of
patients without effective treatments (Cutting et al., 2019). A
mutation-agnostic strategy was proposed using CRISPR-Cas9 to
insert CFTR cDNA with a transcription termination sequence into
exon 1 of the CFTR locus, enabling the expression of functional
CFTR mRNA under natural transcriptional regulation. This
approach demonstrated safety, with minimal concerns about
genomic rearrangements or regenerative decline in edited basal
epithelial cells. While the findings support this strategy as a

TABLE 1 Purpose, advantages, and limitations of delivery systems of CRISPR-Cas technology.

Delivery system Purpose Advantages Disadvantages

Adenovirus (AV) Broad gene delivery with transient
expression

Efficient for various cell types, no genome integration
(lower insertional mutagenesis risk), large

capacity (~8 kb)

Highly immunogenic, transient expression,
limiting repeated dosing

Adeno-associated
Virus (AAV)

Long-term gene expression in
dividing/non-dividing cells

Low immunogenicity, long-term expression, tissue-
targeting potential, and able to deliver HDR
templates for gene knock-in experiments

Limited capacity (~4.7 kb), risk of genome
integration, and immune memory hinders re-

administration

Lentivirus (LV) Stable gene delivery by genome
integration

Long-term expression, high capacity (~9 kb), tissue-
targeting capability

Insertional mutagenesis risk, immune response
concerns, especially in vivo

Integration deficient
Lentivirus versus Lentiviruses

(IDLVs)

Transient CRISPR-Cas9 delivery Reduced risk of insertional mutagenesis, while
maintaining efficient transduction

Reduced expression longevity compared to
integrative LVs; may not suffice for long-term

therapies

Gamma Retrovirus (γ-RV) Stable gene delivery for dividing
cells

Persistent gene expression in dividing cells Limited to dividing cells, insertional
mutagenesis risk, low efficiency in vivo

Electroporation Permeabilise cell membranes with
electric fields to insert components

Effective for various cell types, applicable to all
CRISPR formats (DNA, mRNA, protein)

It can cause cell death, and complex
optimisation is required for each cell type

Microinjection Direct CRISPR component
injection into cells under
microscopic guidance

Precise control over delivery, minimal off-target
effects

Labor-intensive, limited to single-cell
applications, requires specialised equipment

Hydrodynamic Injection Rapid injection for liver-targeted
delivery

Effective for a liver-targeting, simple technique High-pressure risks (e.g., vessel damage, liver
stress), limited to liver tissue

Lipid Nanoparticles Encapsulate nucleic acids, facilitate
cellular entry via endocytosis

Biocompatible, allows cell-specific targeting (e.g.,
hepatocytes)

Risk of endosomal trapping, potential
degradation in the bloodstream

Polymer-Based Nanoparticles Deliver nucleic acids with
controlled release

Modifiable for biocompatibility, sustained release Cytotoxicity at higher doses, complex synthesis,
requires extensive optimisation

- Inorganic Nanoparticles Deliver CRISPR components useful
for tracking and imaging

High stability, controlled release, optical properties
for tracking

Risk of tissue accumulation, potential long-term
toxicity, often not biodegradable

Viral-like Particles Deliver CRISPR components with
lower immunogenicity

High transduction efficiency, lower immune
response, customisable targeting

Synthetic peptide limitations, complex
production process

Exosomes Deliver CRISPR with natural cell-
derived vesicles

High biocompatibility and low immune response can
cross barriers (e.g., blood-brain barrier)

Low production yield, complex isolation and
purification, limited targeting without

modifications
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durable therapy for CF, questions remain about the impact of low-
level chromosomal aberrations (~1%) and the challenges of effective
cell implantation or targeted in vivo delivery to airway epithelial
basal cells (Porter and Lueck, 2024).

Alzheimer’s disease is a progressive neurodegenerative disorder
characterized by cognitive decline, memory loss, and personality
changes, largely due to the accumulation of amyloid-β plaques and
tau tangles in the brain (Sheppard and Coleman, 2020). In vivo gene
editing in adult brain neurons could offer a promising approach for
neurological disease treatment. A study developed CRISPR-Cas9
nano-complexes, demonstrating efficacy in the adult mouse brain
with minimal off-target activity. Targeting the Bace1 gene, this
system reduced amyloid beta (Aβ)-related pathologies and
cognitive impairments in two Alzheimer’s disease mouse models,
highlighting the broader potential of CRISPR-Cas9 for treating
neurodegenerative diseases (Park et al., 2019).

Severe combined immunodeficiency (SCID) encompasses
genetic disorders that hinder lymphocyte maturation and
function, causing profound immune deficiency (Justiz-Vaillant
et al., 2023). A study explored the CRISPR-Cas9 approach to
correct SCID-causing mutations by editing the patient’s
hematopoietic stem and progenitor cells (HSPCs) ex vivo. By
engineering SCID-like mutations in healthy donor CD34+

HSPCs, researchers developed a model to study gene correction
strategies. Using this model, they performed gene correction in
RAG2-SCID patient-derived HSPCs, producing CD3+ T cells with
diverse T cell receptors, suggesting the feasibility of restoring
immune function through targeted gene editing (Iancu et al., 2022).

Recently, a vast number of genetic disorders have undergone
CRISPR-Cas gene therapy, primarily in proof-of-principle studies.
Table 2 summarises several diseases, their associated gene
mutations, the targets of CRISPR-Cas interventions, and findings
of studies. This table offers a detailed overview of current research,
focusing exclusively on cases where CRISPR-Cas technology has
been employed to directly target and correct genetic mutations.
These advancements hold tremendous promise for effectively
treating inherited diseases.

4.2 Epigenome-editing CRISPR-
based therapies

The epigenome encompasses all the chemical modifications to
DNA and histone proteins within a cell, playing a crucial role in
regulating gene activity, maintaining cellular identity, and facilitating
dynamic responses to environmental stimuli. In normal physiological
conditions, the epigenome orchestrates the intricate regulation of gene
expression, ensuring that genes are activated or silenced in a context-
specific manner (Hamilton, 2011). DNA methylation typically occurs
at cytosine residues within CpG dinucleotides and is associated with
transcriptional repression (Jin et al., 2011). Histone modifications,
such as acetylation, methylation, and phosphorylation, can either
promote or inhibit gene expression depending on the specific nature
and context of the modification (Bannister and Kouzarides, 2011).
Additionally, non-coding RNAs, includingmicroRNAs and long non-
coding RNAs, contribute to the regulation of gene expression by
interacting with mRNA and chromatin-modifying complexes
(Bannister and Kouzarides, 2011; Wei et al., 2017).

Epigenome editing refers to the targeted modifications of
epigenetic aspects, including DNA methylation, histone
modifications, and chromatin remodelling, without changing the
DNA sequence. Applying this technique broadens the therapeutic
potential of CRISPR-Cas systems beyond traditional gene editing,
providing new therapeutic options for diseases linked to aberrant
epigenetic changes.

CRISPR-Cas technology has significantly advanced the field of
epigenome editing, offering targeted interventions across various
diseases. For neurological disorders, enzymes such as dCas9-
DNMT3A and dCas9-Tet1 are employed to modulate gene
expression in conditions like Parkinson’s disease and Fragile X
syndrome, resulting in improved neuronal function and gene
regulation (Kantor et al., 2018; Liu et al., 2018). CRISPR-Cas9
targets the BCL11A enhancer to adjust fetal haemoglobin levels
in haematological disorders, presenting a novel therapeutic strategy
(Canver et al., 2015). Cardiac diseases benefit from dCas9-KRAB’s
ability to repress the CALM2 gene in long-QT syndrome,
normalising cardiac cellular functions (Limpitikul et al., 2017). In
musculoskeletal diseases, dCas9-KRAB and dCas9-VP64 address
inflammatory signalling and muscle dystrophies by targeting
relevant genes such as TNFR1/IL1R1 and Lama1 (Farhang et al.,
2017). Pulmonary and metabolic disorders are targeted with dCas9-
Dnmt3A and dCas9-ATS-9R, respectively, showing potential for
reversing gene overexpression and managing metabolic conditions
(Qu et al., 2018; Chung et al., 2019). Liver diseases, including cancer,
are treated using dSaCas9-KRAB and dCas9-cre-CRISPRa systems,
which target genes like Pcsk9 and proto-oncogenes, offering
advances in cholesterol management and cancer genetics
(Thakore et al., 2018; Wang et al., 2018a; Wangensteen et al.,
2018). Retinal diseases benefit from dCas9-KRAB’s role in
converting rod cells into cone-like cells, while autoimmune
conditions are managed by dCas9-VP160 and CRISPR-Cas9
systems targeting inflammatory pathways and gene reactivation
(Jing et al., 2015; Giménez et al., 2016; Moreno et al., 2018).
Various cancers, including prostate, liver, colon, lung, breast,
melanoma, and bladder, are addressed using different CRISPR-
Cas systems to suppress oncogenes, activate tumour suppressors,
and modulate regulatory RNAs.

The advancements in CRISPR-Cas technology for epigenome
editing have profoundly impacted the field of medicine by offering
precise tools for modulating gene expression while avoiding the need
for direct DNA sequence alterations. This approach minimises the
risks associated with permanent genetic modifications and provides
a promising avenue for therapeutic interventions across various
diseases. For detailed descriptions of these applications and their
outcomes, refer to Table 3. This table provides an in-depth look at
how CRISPR-Cas systems target specific epigenetic modifications
and their therapeutic potential across various diseases.

4.3 Applications of CRISPR-Cas technology
in oncology

4.3.1 Advancing CAR-T and NK cell
immunotherapies

One prominent application of CRISPR-Cas9 technology is its
application in engineering T-cells express CARs. CAR-T cell therapy
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TABLE 2 CRISPR-Cas-based gene corrections for genetic disorders.

Target
organ

Disease Study target Findings Ref no.

Blood Hemophilia B F9 Corrected F9 gene in iPSCs using CRISPR-Cas9;
restored F9 expression in hepatocyte-like cells

Morishige et al. (2020)

Blood Hemophilia A F8 (large chromosomal
inversions)

Reverted chromosomal inversions in F8 using CRISPR-
Cas9; restored F8 function in endothelial cells

Park et al. (2015)

Bone Marrow Fanconi Anemia Fancf Corrected FANCF mutation with CRISPR-Cas9;
improved cell survival and proliferative advantage

Vrugt et al. (2019)

Lung Cystic Fibrosis CFTR Corrected CFTR mutations in lung cells using SORT
LNPs with CRISPR-Cas9; restored CFTR function

Wei et al. (2023)

Lung α1-Antitrypsin Deficiency SERPINA1 (PiZ
mutation)

Gene editing via adenovirus in the AATDmouse model
corrected the PiZ mutation, improving liver histology

and reducing fibrosis

Bjursell et al. (2018)

Liver Hemochromatosis HFE (C282Y mutation) AAV8 vector expressing adenine base editor corrected
HFE mutation in mice, improving iron metabolism

Rovai et al. (2022)

Liver Familial hypercholesterolemia PCSK9 CRISPR-Cas9 targeting PCSK9 in hepatocytes reduced
LDL-cholesterol levels by 60% in mice and primates

Hoekstra and Van Eck (2024)

Liver Phenylketonuria (PKU) PAH AAV2/8 vectors and vanillin co-administered to
promote gene correction in PKU mice, partially

restoring PAH activity and reducing blood
phenylalanine levels

Richards et al. (2019)

Liver Hereditary Tyrosinemia Type
I (HTI)

FAH Cas9 nickase gene editing in HTI rats corrected the Fah
mutation, leading to liver regeneration, weight gain, and

survival, with minimal off-target effects

Shao et al. (2018)

Liver Hereditary Tyrosinemia Type
I (HTI)

FAH Base editing corrected a start codon mutation in HTI
mice, restoring Fah gene expression and improving
liver function without causing off-target effects

Yang et al. (2020)

Liver Glycogen Storage Disease type Ia
(GSD-Ia)

G6PC (G6PC-p.R83C
mutation)

CRISPR-Cas9 editing corrected the G6PC-p.R83C
variant in a GSD-Ia mouse model, stabilizing glucose

levels and preventing hypoglycemia

Arnaoutova et al. (2021)

Muscle Duchenne Muscular
Dystrophy (DMD)

DMD CRISPR-Cas9-mediated gene editing of the DMD gene
in all studies targeting different exons proved highly

efficient

Long et al. (2014), Nelson et al.
(2016), Tabebordbar et al. (2016)

Muscle Limb-girdle Muscular Dystrophy CAPN3 (c.550delA
mutation)

CRISPR-Cas9 successfully corrected the CAPN3
c.550delA mutation in patient-derived iPSCs and

primary human muscle stem cells, restoring the wild-
type sequence and CAPN3 protein expression

Müthel et al. (2023)

Eye Leber Congenital Amaurosis Type
10 (LCA10)

CEP290
(IVS26 mutation)

CRISPR-Cas9 successfully removed a pathogenic splice
donor mutation in the CEP290 gene, restoring normal
gene expression in mouse and non-human primate

models

(Maeder et al., 2019, p. 10)

Eye Retinitis Pigmentosa Nrl CRISPR-Cas9 targeting Nrl improved rod survival and
preserved cone function in mice with retinal

degeneration

Yu et al. (2017)

Eye Cataracts Crygc CRISPR-Cas9 corrected Crygc mutations in mice via
HDR, with rare off-target effects; the corrected mice

were fertile and passed on the mutation

Wu et al. (2013)

Kidney Autosomal Dominant Polycystic
Kidney Disease (ADPKD)

PKD2 (R803X
mutation)

CRISPR-Cas9 corrected the R803Xmutation in an iPSC
line, maintaining normal cell function and

differentiation

Liu et al. (2020)

Ear Deafness Atp2b2, Tmc1 CRISPR-Cas9 editing in mice with Atp2b2 mutations
improved outer hair cell function and hearing; dual-

targeting also showed partial hearing recovery

Tao et al. (2023)

Skin Recessive dystrophic epidermolysis
bullosa (RDEB)

COL7A1 New nonviral carriers delivered CRISPR-Cas9 to delete
COL7A1 exon 80 mutation, restoring type VII collagen

production

Wang et al. (2023b)

(Continued on following page)
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is a genetically modified T-cell that expresses CARs, targeting
tumour-associated antigens (TAAs) or tumour-specific antigens
(TSAs) with high specificity, thereby targeting and eliminating
cancer cells (Jogalekar et al., 2022). The therapy involves
harvesting T cells from the patient’s blood, genetically
engineering them to express CARs, expanding them ex vivo, and
reinfusing them into the patient. CRISPR-Cas9 technology has
enhanced CAR-T therapy by enabling precise genetic edits that
improve T cell functionality, persistence, and specificity (Dimitri
et al., 2022). For example, CRISPR-mediated knockout of immune
checkpoint molecules, such as programmed cell death protein 1(PD-
1), demonstrated promising antitumor activity of CAR-T cells by
inhibiting their exhaustion and enhancing persistence in the hostile
tumour microenvironment (TME) (Yan et al., 2024). Similarly,
deleting (CTLA-4) in T-cells significantly enhanced their anti-
tumour activity through increased secretion of TNF-α and IFN-γ
(Zhang et al., 2019).

Targeted knock-in at loci such as T Cell Receptor Alpha
Constant (TRAC) allows stable CAR insertion without the risk of
random integration and the secondary effects such as clonal
expansion, oncogenic transformation, and diversified CAR
expression associated with viral-mediated transfection. Studies

have shown that CAR-T cells engineered through CRISPR-
mediated knockin at T-cell receptor alpha constant (TRAC) loci
exhibit consistent CAR expression, enhanced anti-tumour efficacy
and persistence (Eyquem et al., 2017).

CRISPR-Cas9 has enabled the generation of universal CAR-T
cells by allowing precise genetic modifications to reduce
alloreactivity and make CAR-T cells more suitable for off-the-
shelf use. The process involves editing key genes, such as TRAC
and T-cell receptor beta constant 1 (TRBC), which encode the TCR
chains, to create TCR-knockout CAR-T cells. This disruption
prevents graft-versus-host disease (GVHD). Additionally,
strategies such as beta-2-microglobulin (B2M) knockout can
further reduce alloreactivity by eliminating major
histocompatibility complex (MHC) class I expression.
Multiplexed knockout of TRAC, B2M, and PD-1 in CD19-
specific CAR-T cells demonstrated enhanced anti-tumor activity
and reduced alloreactivity, offering promise for more accessible,
universal CAR-T therapies (Stenger et al., 2020; Song et al., 2024).

Cancer immunotherapy requires effective immune cell
trafficking and infiltration into the tumour tissue. An effective
strategy to enhance this process is to engineer and modify
immune cells with specific chemokines or their receptor

TABLE 2 (Continued) CRISPR-Cas-based gene corrections for genetic disorders.

Target
organ

Disease Study target Findings Ref no.

Nervous
System

Amyotrophic lateral
sclerosis (ALS)

SOD1 CRISPR-Cas9 reduced mutant SOD1 levels in mice,
improving motor function and extending survival

Gaj et al. (2017)

Nervous
System

Alzheimer’s disease (AD) ApoE4 CRISPR-Cas9 specifically knocked out ApoE4 in mice,
reducing protein levels by 70% with no effect on ApoE3

Rabinowitz et al. (2019)

Nervous
System

Parkinson’s disease (PD) Tyrosine
hydroxylase (th)

SAM system activated endogenous tyrosine
hydroxylase in astrocytes, producing dopamine and

improving motor function in rats

Narváez-Pérez et al. (2024)

Nervous
System

Neurofibromatosis type 1 (NF1) Nf1 CRISPR-Cas9 generated a rat model with allele-specific
neurofibromin truncation, revealing pain mechanisms

and potential therapeutic targets

Moutal et al. (2017)

Nervous
System

Fragile X syndrome (FXS) FMR1 CRISPR-Cas9 was utilised to excise the expanded CGG-
repeat; transcriptional reactivation was observed in 67%
of hybrid colonies and 20% of iPSC colonies, with
FMRP production and reduced DNA methylation

Xie et al. (2016)

Immune
system

Chronic granulomatous
disease (CGD)

CYBB CRISPR-Cas9 corrected CYBB intronic mutations in
iPSCs, and restored oxidative burst function in
phagocytes, demonstrating a viable gene therapy

approach

Flynn et al. (2015)

Immune
System

Severe combined
immunodeficiency (SCID)

RAG2 CRISPR-Cas9 edited CD34+ HSPCs from healthy
donors to model SCID and therapeutic outcomes;
successful gene correction in RAG2-SCID patient-

derived HSPCs with diverse TCR repertoires

Iancu et al. (2022) and Brault
et al. (2023)

Immune
System

Severe combined
immunodeficiency (SCID)

IL2RG CRISPR-Cas9-based targeted insertion (TI) of IL2RG in
HSPCs showed superior NK cell development and

reduced off-target effects compared to the lentivector
(LV) approach

Immune
System

Wiskott-Aldrich syndrome (WAS) WAS CRISPR-Cas9 correctedWASmutations in HSPCs with
up to 60% efficiency, restored WASp expression, and
showed no major genotoxicity in transplanted mice

Rai et al. (2020)

Systemic
diseases

Hutchinson-Gilford progeria
syndrome (HGPS)

LMNA Adenine base editors (ABEs) corrected pathogenic
HGPS mutations in fibroblasts and mice, improved
lifespan, and improved vascular pathology, showing

promise for in vivo base editing

Koblan et al. (2021)
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TABLE 3 Epigenetic editing by different Cas variants in different diseases.

Target organ/
Disease

Epigenome editor Study target Findings Ref.

Neurological disorders dCas9- DNMT3A SNCA gene in Parkinson’s disease Precise reduction in SNCA mRNA and protein levels,
leading to the restoration of neuronal phenotypes

associated with the disease

Kantor et al.
(2018)

Neurological disorders dCas9-Tet1 FMR1 gene in Fragile X syndrome Reversed hypermethylation and subsequent restoration
of FMR1 expression, improving neuronal phenotypes

Liu et al. (2018)

Neurological disorders CRISPR-Cas9 UBE3A gene in Angelman
syndrome

Reactivation of the paternal UBE3A gene, leading to
improvements in behavioural phenotypes

Wolter et al.
(2020)

Hematological
disorder

CRISPR-Cas9 BCL11A enhancer for fetal
haemoglobin

BCL11A enhancer validated as a therapeutic target for
genome editing in β-hemoglobin disorders

Canver et al.
(2015)

Cardiac disease dCas9-KRAB CALM2 gene in long-QT
syndrome

Selective repression of the mutant CALM2 gene, resulting
in the normalisation of cellular function

Limpitikul et al.
(2017)

Musculoskeletal
Diseases

dCas9-KRAB TNFR1/IL1R1 in inflammatory
signalling

Enhanced cell survival and differentiation under
inflammatory conditions

Farhang et al.
(2017)

Muscle atrophy CRISPR-Cas9 miR-29b Mitigated muscle atrophy and improved exercise
capacity in mice

Li et al. (2020)

Neuromuscular
disorders

dCas9-VP64 Lama1 gene in MDC1A Upregulated Lama1 expression prevented muscle fibrosis
and paralysis, even reversing symptoms in affected mice

Kemaladewi
et al. (2019)

Muscular dystrophy dCas9-VP160 Lama1 gene Significant upregulation of Lama1 in muscle tissues,
offering a potential therapeutic approach for myopathies

Perrin et al.
(2017)

Pulmonary Disease dCas9-Dnmt3A DSP gene Reversed overexpression of DSP via targeted DNA
methylation

Qu et al. (2018)

Metabolic Disease dCas9-ATS-9R Fabp4 gene Reduced body weight, inflammation, and hepatic
steatosis in a mouse model

Chung et al.
(2019)

Metabolic Disease dCas9-VP64 Sim1 and Mc4r genes Restored obesity phenotype in haploinsufficient mice Matharu et al.
(2019)

Liver Disease dSaCas9-KRAB Pcsk9 gene Achieved long-term reduction in serum Pcsk9 and
cholesterol levels

Thakore et al.
(2018)

Retinal Disease dCas9-KRAB Nrl gene Converted rod cells into cone-like cells, preventing cone
cell loss

Moreno et al.
(2018)

Autoimmune Disease dCas9-VP160 INS gene Successfully reactivated the silenced human INS gene in
fibroblasts derived from T1D patients without altering

DNA methylation

Giménez et al.
(2016)

Autoimmune Disease CRISPR-Cas9 miR-155 Generated a miR-155 knockout macrophage cell line,
which decreased proinflammatory cytokine production

Jing et al. (2015)

Multisystem Disorders Cas9-MS2-P65-HSF1 (MPH) Various genes Enabled in vivo gene activation, leading to symptom
improvement in mouse models

Liao et al. (2017)

Prostate Cancer dCas9-KRAB PSA gene Suppression of PSA gene expression, leading to reduced
tumour growth and migration, and promotion of

apoptosis in prostate cancer cells

Yang et al.
(2023)

Colon Cancer dCas9-TET1CD SARI promoter Targeted demethylation reactivated SARI expression,
exerting antitumour effects by modulating cell

proliferation and apoptosis

Wang et al.
(2019c)

Lung Cancer dCas9-DNMT3a SMARCA2 promoter Promoter hypermethylation resulted in the
downregulation of SMARCA2, highlighting its role as a

tumour suppressor in lung cancer

Wu et al. (2019)

Lung Cancer dCas9 with effector domains
(VP64, p300, VPR, SAM)

MASPIN and REPRIMO tumour
suppressor genes

Combined CRISPR-dCas9 with multiple effector
domains effectively reactivated MASPIN and REPRIMO

genes, inhibiting cell proliferation and inducing
apoptosis

Garcia-Bloj et al.
(2016)

Breast Cancer dCas9-DNMT3a CDKN2A, RASSF1, HIC1, PTEN De novo DNA methylation led to the repression of
CDKN2A, preventing cellular senescence and promoting

tumour initiation

Saunderson
et al. (2017)

(Continued on following page)
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receptors, which significantly direct and control cell migration to
specific tissue sites (Du et al., 2022). For instance, engineered T-cells
expressing higher levels of c-c motif chemokine ligand 19 (CCL19), a
chemokine ligand, significantly improved CAR-T cell tumour
infiltration and survival (Adachi et al., 2018).

Beyond CAR-T cells, CRISPR-Cas9 technology is being used to
modify and improve the efficacy and persistence of CAR-expressing
natural killer (CAR-NK) cells for cancer immunotherapy. In a study,
CRISPR-Cas9 was utilised to upregulate CXC chemokine receptor 2
(CXCR2) and interleukin-2 (IL-2) expression on NK-92 cells. The
upregulation of CXCR2 and IL-2 was demonstrated to enhance NK-
92 cell migration to tumour sites, improve cell proliferation, and
increase cytotoxicity. Additionally, these gene-edited NK-92 cells
exhibited greater inhibition of human colon cancer growth in vivo,
reducing tumour burden and a marked extension of survival time in
tumour-bearing mice (Gao et al., 2021).

Further studies showed that disrupting the natural killer group
2 member a (NKG2A) gene, killer cell lectin like receptor C1
(KLRC1), which encodes an inhibitory receptor on NK cells that
often limits their tumour-killing ability through interaction with
HLA-E on acute myeloid leukaemia (AML) cells, on CD33-specific
CAR-NK cells demonstrated enhanced resistance to immune
suppression. Moreover, these gene-edited CAR-NK cells showed
increased anti-cancer activity, demonstrating significant cytotoxic
effects against AML in laboratory and animal models (Bexte
et al., 2024).

To minimise immune rejection and enhance compatibility in
NK cell therapies, CRISPR-Cas9 was used to knock out the B2M
gene, eliminating the surface expression of HLA class I molecules. A
single-chain HLA-E molecule was co-expressed to prevent NK cell
fratricide from “missing self” signals. These engineered NK cells
retained functional characteristics, including cytotoxicity against
AML cell lines, without activating allogeneic T cells. This
modification supports the feasibility of using non-HLA-matched,
“off-the-shelf” NK cells for cancer immunotherapy (Hoerster
et al., 2021).

CRISPR-Cas9 technology has been used to reprogram immune
cells’ intrinsic capabilities. For example, CRISPR-Cas9 was utilised
to engineer macrophages with signal regulatory protein alpha (SIRP-
α) knockout, eliminating the “do not eat me signal”. This
modification has four-fold enhanced the phagocytic capacity of
the macrophages (Ray et al., 2018). Integrating CRISPR-Cas
technology into cancer immunotherapy development techniques
holds significant potential for successfully treating cancerous
diseases and achieving more efficient and personalised
therapeutic approaches.

4.3.2 Modifying oncogenes and tumour
suppressor genes

Oncogenes, which are the mutated or overexpressed proto-
oncogenes, contribute to tumourigenesis by driving uncontrolled
cell proliferation and survival (Kontomanolis et al., 2020). In
contrast, tumour suppressor genes (TSGs) usually prevent cancer
by regulating cell growth and promoting apoptosis. They require
biallelic inactivation for tumourigenesis; their mutation or deletion
results in uncontrolled cell division and cancer development (Wang
et al., 2018b).

CRISPR-Cas9 disrupts oncogenes or repairs mutations in tumour
suppressor genes, restoring their function and providing targeted
interventions in cancer treatment. The MYC gene is frequently
amplified and overexpressed in various cancers, including breast,
lung, and colorectal. Knocking out MYC oncogenes has been
shown to reduce cell proliferation in animal models (Chehelgerdi
et al., 2024). Another application is the potential reactivation of tumour
suppressor genes, like tumor protein p53 (TP53), which is often
mutated in many cancers. CRISPR-Cas9 could be utilised to correct
TP53mutations in cancer, restoring its normal function, which induces
cell cycle arrest and apoptosis in cancer cells (Mirgayazova et al., 2020).
In another instance, corrections of kirsten rat sarcoma viral oncogene
homolog (KRAS) G12D mutation, observed in many cancers, showed
reduced cell growth compared to the wild-type cells with KRAS G12D
mutations (Lentsch et al., 2019).

TABLE 3 (Continued) Epigenetic editing by different Cas variants in different diseases.

Target organ/
Disease

Epigenome editor Study target Findings Ref.

Breast Cancer CRISPR-Cas9 miR-3662 microRNA Inhibition or knockout of miR-3662 reduced TNBC cell
proliferation and migration, decreasing tumour growth
and metastasis. This had an impact on Wnt/β-catenin

signalling

Yi et al. (2022)

Melanoma and TNBC dCas9-VPR PTEN gene Activation of PTEN by dCas9-VPR restored its
expression, suppressed oncogenic pathways, and reduced
tumour growth and migration, particularly in BRAF

mutant melanoma

Moses et al.
(2019)

Bladder cancer dCas9-VP64 KLF4, a transcription factor
associated with carcinogenesis

Overexpression of KLF4 inhibited tumourigenesis and
epithelial-mesenchymal transition (EMT) in UBC cells,

suggesting its potential therapeutic application

Xu et al. (2017)

Medulloblastoma dCas9-VP160 MYC gene Induced MYC expression resulted in large cell anaplastic
medulloblastomas, providing a model for pre-clinical

studies of MYC transcription regulation

Vo et al. (2018)

Glioblastoma CRISPR-Cas9 miR-10b microRNA Knockout of miR-10b proved lethal to glioma cells,
eliminating tumour growth and neoplastic

transformation, highlighting miR-10b as a critical
regulator of GBM.

Fatimy et al.
(2017)

Frontiers in Genome Editing frontiersin.org16

Azeez et al. 10.3389/fgeed.2024.1509924

https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


CRISPR-Cas technology has also been effective in targeting viral
oncogenes, which are highly implicated in the development and
progression of several cancer types. An impressive application is a
direct disruption of viral DNA integrated into the host genome,
thereby inhibiting oncogene expression and inhibiting
tumourigenesis (Oppel et al., 2018). This method has shown
promising results in the context of human papillomavirus
(HPV)-related cancers. HPV is a significant cause of the
development of head and neck squamous cell carcinomas
(HNSCCs) and cervical cancer, primarily by expressing human
papillomavirus oncoprotein e6 and e7 (E6 and E7) oncogenes
(Szymonowicz and Chen, 2020). The E6 protein induces the
tumour suppressor protein p53 degradation, inhibiting cell
apoptosis and enhancing uncontrolled cellular proliferation.
Simultaneously, the E7 protein inactivates the retinoblastoma
protein (pRb), impairing cell cycle control and further
contributing to oncogenesis (Janiszewska et al., 2024). In a study,
targeted knockdown of the promoter region of HPV-16 E6 and E7
oncogenes, or the transcripts by CRISPR-Cas9, achieved significant
therapeutic outcomes (Zhen et al., 2014). This method significantly
reduced the proliferation of cervical cancer cells in vitro, which was
correlated with elevated levels of p53 and p21 protein. Moreover,
transplanting these edited cells into nude mice resulted in
substantially declining tumour formation and growth (Zhen
et al., 2014). Another study revealed that the in-vivo delivery of
the CRISPR-Cas9 complex via PEGylated liposomes eradicated
cancer cells and showed complete survival of the HPV-induced
cervical cancer animal model (Jubair et al., 2019).

These findings demonstrate the effectiveness of CRISPR-Cas9
technology as a therapeutic approach for treating HPV-related
malignancies and a promising method for eliminating
viral oncogenes.

4.3.3 CRISPR-based oncolytic viruses
Virotherapy is a novel approach to cancer treatment based on

the ability of oncolytic viruses (OVs) to lyse cancer cells. OVs are
genetically modified viruses that selectively lyse and destroy
malignant cells while sparing normal tissues (Lin et al., 2023).
Manipulating viral genomes, especially for oncolytic herpes
simplex viruses (oHSVs), has classically relied on laborious
methods involving homologous recombination via bacterial
artificial chromosomes (BACs). Luckily, the emergence and
development of CRISPR-Cas9 technology has significantly
enhanced this process. CRISPR-Cas gene editing is utilised to
introduce oncolytic viruses with therapeutic genes, enhancing
their cancer tissue selectivity and suppressing antiviral protective
mechanisms employed by malignant cells (Wang et al., 2022b). In
one study, the Herpes Simplex Virus type 1 (HSV-1) genome was
altered using CRISPR-Cas9 to replace the herpes simplex virus
1 protein icp34.5 (ICP34.5) coding area with murine interleukin
12 (IL12) and CXC motif chemokine ligand 11 (CXCL11), and to
delete the herpes simplex virus 1 protein icp47 (ICP47) gene. These
genetic alterations markedly reduced viral pathogenicity and
increased tumour selectiveness. The results showed great promise
for treating colorectal cancer (CRC) (Zhang et al., 2023b).

Other variants of HSVs have been engineered using CRISPR-
Cas9. ICP6-mutated Herpes Simplex Viruses (HSVs), including
rHSV1/ΔRR (with a deletion of the ribonucleotide reductase ICP-

6) and rHSV1/ΔICP6 (a complete deletion) revealed potent
cytotoxicity and selectivity for targeting tumour cells from in-
vitro studies. Similarly, in-vivo, they demonstrated reduced
pathogenicity while substantially reducing tumour burden and
improved survival rates. The rHSV1/ΔRR variant, notably,
elicited a robust antitumor immune response, marked by
increased neutrophil infiltration and elevated levels of antitumor
cytokines (Ni et al., 2022).

Leveraging the CRISPR-Cas9-assisted recombinant vaccinia
virus engineering (CARVE) system, a recombinant vaccinia virus,
STINGPOX, has been successfully engineered, expressing three
distinct transgenes at separate genomic loci. A transgene encodes
a bacterial diadenylate cyclase, which synthesises cyclic di-AMP—a
potent agonist of the stimulator of interferon genes (STING)
pathway. This agonist effectively stimulates interferon (IFN)
signalling, a critical component of the antitumor immune
response. The ability of STINGPOX to induce IFN signalling was
confirmed in primary human cancer tissue explants. Furthermore,
when STINGPOX was combined with the checkpoint inhibitor anti-
PD-1, it significantly increased post-cancer survival in an
immunocompetent mouse model of colon cancer (Whelan et al.,
2023). These developments demonstrate the exceptional capacity
and promising efficacy of CRISPR-based oncolytic viruses to target
cancer cells precisely.

4.3.4 Tumour microenvironment and drug
resistance

The TME is a network surrounding the tumour that includes
stromal cells, extracellular matrix (ECM) proteins, immune cells,
blood vessels, and soluble factors. These components work together
to dynamically regulate tumorigenesis and therapeutic responses
(Anderson and Simon, 2020).

Stromal cells, such as myofibroblasts and cancer-associated
fibroblasts (CAFs), play important roles by altering the ECM and
secreting substances that promote the growth and invasion of
tumour cells (Guo and Xu, 2024). Malignancy frequently triggers
pathological changes to the ECM, which can change tissue stiffness
and affect the movement of tumour cells, making drug delivery
complicated (Winkler et al., 2020). Tumour-associated
macrophages (TAMs), another cell type found in the TME, can
either promote the growth of tumours via immune suppression and
angiogenesis or obstruct anti-tumour immunological responses,
thereby affecting the efficacy of immunotherapies (Pan et al.,
2020). The formation of new blood vessels, driven by factors like
VEGF, results in a disorganised vascular network that impedes
effective drug penetration (Lugano et al., 2019). Additionally,
soluble factors such as cytokines and growth factors modulate
the TME’s impact on drug efficacy and immune interactions
(Zhang et al., 2010). These factors contribute to therapeutic
resistance by affecting drug distribution, metabolism, and
immune surveillance, presenting significant challenges for cancer
treatment strategies (Wang et al., 2023a).

CRISPR-Cas9 technology and novel delivery systems have
emerged as a powerful tool for elucidating and manipulating the
TME to improve therapeutic outcomes. In a study to address
challenges in delivering gene-editing tools to solid tumours, a
multiplexed dendrimer LNP system was developed to co-deliver
focal adhesion kinase (FAK) siRNA, Cas9 mRNA, and sgRNA to
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tumours, enhancing gene editing efficiency. This system, siFAK +
CRISPR-LNPs, improved gene editing in tumour spheroids over
ten-fold through higher cellular uptake and penetration by FAK
knockdown. This method also diminished ECM stiffening and
effectively inhibited programmed death-ligand 1 (PD-L1)
expression via CRISPR-Cas9 to dramatically suppress tumour
growth and metastasis in 4 mouse cancer models (Zhang
et al., 2022).

The CRISPR-Cas9 system is applied to modify CAFs inside the
TME through targeting fibroblast activation protein (FAP) and
C-X-C Motif Chemokine Ligand 12 (CXCL12). Abrogating these
genes potentially reduces the pro-tumourigenic impact of CAFs by
reducing collagen deposition and mitigating their ability to recruit
immunosuppressive cells (Kalluri, 2016). Ultimately, this strategy
may render the TME less pro-tumorigenic and more accessible to
effective therapeutic intervention (Zhang et al., 2024).

CRISPR-Cas9 technology is increasingly utilised to address the
mechanisms of cancer drug resistance by targeting resistance
pathways, specifically, the genes involved in drug metabolism,
efflux pumps, or resistance-associated mutations. A study utilised
CRISPR-Cas9 to disrupt the function of ABCB1 (ATP-Binding
Cassette Subfamily B Member 1). This gene encodes
P-glycoprotein, a prominent efflux pump responsible for drug
extrusion from cancer cells. Inhibiting the expression of ABCB1
can reduce drug efflux and thereby increase the intracellular
concentration of chemotherapeutic agents, enhancing their
efficacy (Yang et al., 2016). Studies have demonstrated that
CRISPR-Cas9-mediated knockout of ABCB1 in various cancer
cell lines increases sensitivity to several drugs (Zhang et al., 2023a).

TP53 mutations are frequently linked to cancer drug resistance.
These TP53mutations are corrected using CRISPR-Cas technology,
inhibiting associated pathways leading to drug resistance. For
example, research has shown that restoring normal apoptotic
responses through CRISPR-Cas9-mediated restoration of wild-
type TP53 in cancer cells can desensitise them to chemotherapy
and radiation therapy (Wiegering et al., 2017; Tang et al., 2019).
Despite still being in preclinical stages, using CRISPR-Cas9 to
manipulate the TME and address cancer drug resistance has
shown great promise as a novel approach to cancer treatment.

4.4 CRISPR in infectious disease
management

4.4.1 CRISPR-Cas-based antiviral therapies
Since its discovery as a gene editing tool, CRISPR-Cas9 has long

been thought to be designed as an effective antiviral therapy. The
CRISPR-Cas9 system has been investigated extensively for human
immunodeficiency virus 1 (HIV-1) cure. One of the effective
strategies involves designing gRNAs targeting the long terminal
repeat (LTR) regions of the HIV-1 genome. LTRs are important in
viral replication and persistence (van Opijnen et al., 2004).

In vitro human T-cell studies demonstrated that CRISPR-Cas9
could excise proviral DNA, leading to a marked reduction in viral
replication (Ebina et al., 2013). In a study, the HIV RNA genome
targeted with Cas13 significantly reduced viral RNA and impeded
viral replication (Yin et al., 2020). Cas13 eliminated the current and
latent HIV infection in CD + T-cells (Nguyen et al., 2021).

Additional methods have been employed. One such approach is
targeting the CCR5 co-receptor. CCR5 co-receptor represents the
key entry points for HIV-1 into CD4+ T cells (Faivre et al., 2024). In
a study, CRISPR-Cas9 mediated knockout of CCR5 combined with
an HIV fusion inhibitor, C46, proved effective for preventing viral
infection in the MT4CCR5 cell line (Khamaikawin et al., 2024). This
technique gained significant attention since the “Berlin patient” case
and his functional cure of HIV following a bone marrow transplant
from a CCR5 Δ32 donor, a CCR5 impairing deletion (Gupta
et al., 2019).

The CRISPR-Cas9 system can be engineered to introduce site-
specific DSBs within the Hepatitis B Virus (HBV) genome, leading
to the disruption of essential viral genes such as the S, C, and X
genes, thereby inhibiting viral replication (Karimova et al., 2015;
Rawal et al., 2024). Moreover, CRISPR-Cas systems have been
designed to induce the excision of covalently closed circular
DNA (cccDNA), the persistent viral reservoir in infected
hepatocytes, which represents a major challenge in achieving a
complete cure (Ramanan et al., 2015; Li et al., 2017). Recent
studies have shown that CRISPR-mediated editing of HBV DNA
reduces viral load and diminishes the expression of viral antigens,
including hepatitis B surface antigen (HBsAg), which is crucial for
immune evasion (Ramanan et al., 2015). While clinical trials are not
yet underway, the preclinical success suggests that CRISPR-Cas9
could eventually become a therapeutic option for chronic
HBV infection.

CRISPR-Cas9 has also been investigated as a potential
therapeutic tool for human papillomavirus (HPV), particularly
high-risk strains like HPV16 and HPV18, which are closely
associated with cervical cancer. The approach involves targeting
the viral oncogenes E6 and E7, responsible for transforming infected
cells into cancerous ones (Tornesello et al., 2020). In vitro studies
using cervical cancer cell lines have demonstrated that CRISPR-Cas9
can disrupt these oncogenes, leading to apoptosis of the infected cells
and a reduction in tumour growth (Zhen et al., 2023). These findings
have been corroborated in vivo using mouse models, where CRISPR-
Cas9 treatment has shown efficacy in reducing the size of HPV-
associated tumours (Jubair et al., 2019; Gao et al., 2022).

Finally, the emergence of SARS-CoV-2, the virus responsible for
COVID-19, has spurred significant interest in using CRISPR
technologies as antiviral strategies. In contrast to other examples,
RNA-targeting CRISPR-Cas13 have been studied to cleave the RNA
genome of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Degradation of specific SARS-CoV-2 RNA by CRISPR-
Cas13 has decreased viral replication in cell culture models. This
RNA-targeting strategy will be particularly potent for RNA viruses
like SARS-CoV-2, offering a rapid and accurate approach to
antiviral intervention (Fareh et al., 2021; Wang et al., 2021).
While still primarily in preclinical stages, these studies
collectively highlight CRISPR’s vast potential in combating viral
infections by directly targeting viral genomes, essential replication
genes, or cellular receptors crucial for viral entry, showing promising
results against viruses that have long challenged conventional
therapeutic approaches.

4.4.2 Combating antimicrobial resistance
Antimicrobial resistance (AMR) poses an important threat to

worldwide health, as disseminating resistant bacterial, viral, fungal,
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and parasitic strains reduces the effectiveness of currently accessible
antimicrobial treatments (Salam et al., 2023). Longer hospital stays,
increased medical expenses, and rising mortality rates are all
consequences of AMR (de Kraker et al., 2016). Each year, the
AMR in the European Union causes nearly 33.000 fatalities, with
€1.5 billion for medical payments because of lack of therapeutic
effect and more extended hospital stays (Aljeldah, 2022).

The recent advancements in CRISPR-Cas technology applications
in pathogenic bacteria and other microorganisms focus on selective
targeting and removal of antimicrobial resistance genes (ARGs).
CRISPR-Cas gRNAs targeting the ARGs in different microbial
species have been designed to restore these pathogens’
susceptibility to antibiotics (Tao et al., 2022). In a study, the
plasmid-encoded Cas9 and sgRNAs could effectively remove native
plasmids that contain the MCR-1 gene and MDR genes in clinical
isolates of Escherichia coli (E. coli) (Wang et al., 2019b). In another
study, several IS26-based CRISPR-Cas9 plasmids were engineered to
target and eliminate specific antibiotic resistance (MCR-1, blaKPC-2,
and blaNDM-5) and plasmid replication genes (IncX4, IncI2, and
IncHI2) from different plasmids in various E. coli strains. CRISPR-
Cas9 effectively eliminated these plasmids, inhibited the acquisition of
exogenous resistant plasmids, and rendered the bacteria (E. coli
isolates) susceptible to antibiotics (He et al., 2021). Moreover, the
E. coli extended-spectrum beta-lactamase (ESBL) genewas targeted by
CRISPR-Cas9. By identifying conserved regions in TEM (Temoniera)
and SHV (Sulfhydryl variable) type ESBLs across numerous strains,
researchers were able to use the CRISPR-Cas9 system to re-sensitise
MDR cells by disrupting the plasmid harbouring both target and non-
target resistance genes. This approach, termed Re-Sensitization to
Antibiotics from Resistance (ReSAFR), underscores the potential of
CRISPR-Cas9 to reactivate the efficacy of existing antibiotics (Kim
et al., 2016). In a highly innovative study, a broad-host-range
IncP1 plasmid pKJK5 was used to introduce a Cas9-containing
plasmid targeting AMR genes. This plasmid efficiently prevented
the uptake of plasmids containing AMR genes and eliminated an
array of E. coli and Pseudomonas isolates resident plasmids. This study
represents an important breakthrough in AMR intervention,
emphasising the possibility of CRISPR-Cas approaches targeting a
broad spectrum of bacterial species within complicated microbial
ecosystems (Walker-Sünderhauf et al., 2023).

Besides plasmid vectors, a different method involves utilising
temperate phages to deliver CRISPR-Cas systems directly into the
genomes of antibiotic-resistant bacteria. This approach eliminated
genetically engineered lytic phages and resistance-conferring
plasmids. These phages could be applied as hand and surface
cleaners in hospitals to eradicate resistant pathogens while
preserving antibiotic-sensitive bacteria electively (Yosef et al.,
2015). These investigations indicate the innovative capability of the
CRISPR-Cas approach in addressing the AMR crisis by targeting and
eliminating the resistance genes, recovering antibiotic susceptibility,
and providing innovative, targeted antimicrobial approaches.

4.5 CRISPR-Cas application in drug-target
discovery and development

CRISPR-Cas technology, particularly CRISPR-Cas9, has
profoundly impacted drug discovery, high-throughput screening,

and drug-target validation by enabling precise and efficient genetic
modifications in mammalian cells. The CRISPR-Cas system’s
programmability and adaptability allow it to target virtually any
genomic sequence, making it a powerful tool for creating disease
models, conducting functional genomics studies, and identifying
novel drug targets (Shalem et al., 2015). Through targeted genome
editing, CRISPR-Cas facilitates the generation of isogenic cellular
and animal models with specific gene mutations, which serve as
important platforms for understanding the genetic basis of diseases.
Also, it allows researchers to observe the effects of genetic diversity
in patients and provide insights into disease mechanisms
(Ravichandran and Maddalo, 2023). For instance, cystic fibrosis
(CF) is often caused by a specific mutation, ΔF508, in the CFTR
gene. Using CRISPR, researchers can create isogenic models of CF
patient cells by introducing the ΔF508 mutation into healthy cells or
correcting it in patient cells (Schwank et al., 2013). These models
allow researchers to screen drugs in the exact genetic environment
causing the disease, helping identify compounds that effectively
restore CFTR function in ΔF508-mutant cells. Such tailored drug
testing is critical because CF patients can have different mutations,
which may respond differently to various therapies (Veit
et al., 2016).

Genetic perturbations enable a comprehensive understanding of
gene-phenotype relationships and the gene-disease pathway
mechanism on a large scale, which is pivotal for identifying
potential therapeutic targets. By employing libraries of sgRNAs
that target thousands of genes across the genome, CRISPR-based
screening can reveal genes essential for cell survival, drug resistance,
or sensitivity, especially in cancer cells (Bock et al., 2022). In a study,
in-vivo CRISPR-genome-wide screening was used to identify
vulnerabilities in triple-negative breast cancer (TNBC),
identifying critical roles for the mTOR and Hippo pathways. The
study showed that blocking mTORC1/2 and YAP, an oncoprotein,
significantly suppressed tumour growth. Molecular analysis revealed
that mTOR inhibition enhances the cancer-killing effect of YAP
inhibition, highlighting a promising dual-target strategy for TNBC
treatment (Dai et al., 2021).

Genome editing with CRISPR has been used to create model
organisms and organoids. In model organisms, this approach allows
for studying the disease pathology in CRISPR-edited model
organisms, such as mice and zebrafish, that mimic various
human diseases, often down to the molecular level, or testing
potential therapeutics in those species under physiologically
relevant conditions (Hwang et al., 2013). This method
dramatically influenced preclinical research, particularly in
oncology and rare genetic disorders, where these model
organisms are used for testing new potential drug candidates
along with efficacy and safety evaluations (Singh and
Schimenti, 2015).

Organoids, also known as “mini-organs,” are three-dimensional
cellular structures that resemble real organs in architecture and
function. They are derived from stem cells, which differentiate into
various cell types found in native tissue after developing in a
supporting matrix (Schutgens and Clevers, 2020). The advent of
CRISPR-Cas technology has markedly advanced research on
organoids in terms of disease modelling and drug discovery.
Isogenic disease models that mimic the disease profile observed
clinically are created by introducing targeted mutations in the
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organoids, demonstrating the mechanism of genetic mutations and
their influence on disease progression and treatment responses. For
instance, CRISPR-Cas9 gene editing was applied to create malignant
organoid tissues by introducing cancer-related mutations,
essentially showing tumour initiation and development
(Sekine, 2021).

Additionally, organoids offer an excellent platform for assessing
the safety and effectiveness of gene corrections by CRISPR-Cas9.
This method is particularly crucial for inherited diseases where
precise mutation correction restores the normal function of the
mutated gene (Geurts and Clevers, 2023).

Aside from direct gene editing, epigenome editing allows the
creation of the epigenetic dysregulations observed in many diseases,
including cancer, neurological disorders, and cardiovascular
diseases, through precise modification of the epigenetic state of
particular genes or genomic loci. These epigenetic manipulations are
essential in disease modelling (Fadul et al., 2023). For instance, a
CRISPR-Cas9-based demethylating platform, composed of a
dCas9 fused with the TET1 catalytic domain, has been developed
in cancer research and used to remove methyl groups from certain
promoter regions. This technique restores gene expression and
provides insights into epigenetic regulation in cancer. In a study,
this CRISPR-based demethylation was applied to revert the
epigenetic silencing of tumour suppressor genes like BRCA1,
frequently linked to cancer progression (Choudhury et al., 2016).

Researchers have employed the CRISPR method to explore the
regulatory function of intronic loci. For example, CRISPRa was used
to activate the upstream intronic locus near the GCKR gene, and its
involvement in type 2 diabetes (T2D) was confirmed. This study
emphasises how genetic variations affect gene activity and add to the
vulnerability of T2D (López Rodríguez et al., 2017).

Advancement in CRISPR-based drug discovery through gene-
knockout studies, CRISPR high-throughput screening, and
validation of drug efficacy in model organisms and organoids has
greatly advanced our understanding of identifying new drug targets
and determining complex relationships between genes and
pathways. It has also paved the way for developing targeted and
personalised therapies.

4.6 Regenerative medicine and tissue
engineering

Stem cells, particularly pluripotent stem cells (PSCs), hold
immense potential in regenerative medicine due to their ability to
differentiate into various cell types. However, the therapeutic
application of stem cells has been hindered by challenges related
to their genetic stability, differentiation efficiency, and potential
immunogenicity (Tabar and Studer, 2014). CRISPR-Cas technology
addresses these issues by enabling precise genetic modifications that
can enhance the therapeutic properties of stem cells (Zhang
et al., 2017).

One notable example of CRISPR-Cas9’s application in
regenerative medicine is its use to correct gene mutations in
induced pluripotent stem cells (iPSCs) for treating genetic
disorders. In a landmark study, CRISPR-Cas9 was employed to
correct the duchenne muscular dystrophy (DMD) mutation in
patient-derived iPSCs (Li et al., 2014). These corrected iPSCs

were then differentiated into myogenic progenitor cells (MPCs)
with restored dystrophin expression. These MPCs were transplanted
into the MDM mouse model, expressing dystrophin in mouse
muscles. The successful correction of the mutation and the
subsequent differentiation into functional muscle cells exemplify
the potential of CRISPR-Cas9 in regenerative medicine, offering a
therapeutic strategy to treat DMD and other monogenic disorders
(Jin et al., 2020). This approach has been demonstrated in generating
cardiomyocytes from human embryonic stem cells (hESCs) by
targeting and modifying key transcription factors involved in
cardiac differentiation (Gähwiler et al., 2021).

Moreover, CRISPR-Cas allows for generating stem cell lines with
enhanced resistance to immune rejection, a significant hurdle in
stem cell transplantation. In a study, iPSCs from mice and humans
were modified to reduce immunogenicity by inactivating MHC class
I and II genes and overexpressing CD47. These hypoimmunogenic
iPSCs retained pluripotency and differentiation ability, enabling
them to generate endothelial cells, smooth muscle cells, and
cardiomyocytes that evade immune rejection. Importantly, these
cells survived long-term in fully mismatched allogeneic recipients
without immunosuppression, suggesting the potential for universal,
immune-compatible cell grafts (Deuse et al., 2019).

Tissue engineering aims to develop functional tissue constructs
that replace damaged or diseased tissues. CRISPR-Cas technology
enhances tissue regeneration by enabling the modification of critical
genetic pathways that regulate cellular processes such as
proliferation, differentiation, and ECM production. One of the
critical applications of CRISPR-Cas in tissue regeneration is the
enhancement of the regenerative capacity of endogenous cells. A
pivotal study highlighted that CRISPR-Cas9-mediated activation of
the Wnt/β-catenin pathway significantly improved muscle
regeneration in animal models of muscle injury. This was
achieved by targeting specific elements within the pathway to
increase β-catenin levels in muscle stem cells, thus promoting
their self-renewal and differentiation capabilities. The enhanced
activation of this pathway led to an increase in the number of
progenitor cells crucial for muscle fibre repair and regeneration
(Mouradian et al., 2024). Moreover, CRISPR-Cas technology is
promising for engineering cells to produce therapeutic factors in
response to tissue injury. This approach could enhance regenerative
medicine by enabling precise control over gene expression, allowing
cells to generate necessary factors such as growth factors or
cytokines only for tissue repair and regeneration (Hsu et al., 2019).

The application of CRISPR-Cas technology in regenerative
medicine and tissue engineering represents a significant leap
forward in developing therapies for various diseases and tissue
injuries. Through precise stem cell modification and the
enhancement of tissue regeneration, CRISPR-Cas not only
addresses existing challenges but also opens new avenues for
innovation in these fields.

4.7 CRISPR-Cas technology in medical
diagnostics

One of the breakthroughs in CRISPR-Cas-based diagnostics is
the development of CRISPR-based detection platforms such as
SHERLOCK (Specific High-sensitivity Enzymatic Reporter
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unLOCKing) and DETECTR (DNA Endonuclease Targeted
CRISPR Trans Reporter) (Chen et al., 2018; Kellner et al., 2019).

Both technologies can identify either RNA or DNA targets.
Upon binding to its target RNA, Cas13 undergoes a conformational
change and activates its non-specific nucleic acid cleavage activity,
degrading the nearby RNA or DNA. When harnessed with reporter
probes coupled with quenchers, this property produces a detectable
signal, allowing for the sensitive detection of low-abundance nucleic
acids (Kellner et al., 2019). In contrast, DETECTR uses Cas12 to
target DNA. Like Cas13, Cas12 becomes active with its collateral
cleavage activity by associating with its target DNA to cause cleavage
in reporter probes adjacent to the target to generate a detectable
signal (Chen et al., 2018). Both platforms harness the unique
collateral cleavage activities associated with Cas12 and Cas13 for
the amplification of detection signals, enabling precise and rapid
identification of minute quantities of nucleic acids, rendering them
priceless for several diagnostics applications ranging from viral
detection to genetic mutation analysis (Bhardwaj et al., 2022).

SHERLOCK has been implemented to detect RNA viruses,
including Zika and Dengue, and to identify bacterial pathogens,
such as Mycobacterium tuberculosis. This platform combines
CRISPR-Cas13a with isothermal amplification technologies,
including recombinase polymerase amplification (RPA),
facilitating rapid diagnostics and requiring simple laboratory
infrastructure (Zahra et al., 2023). Likewise, DETECTR, using
Cas12a, has found utility for detecting DNA viruses, including
Human Papillomavirus, with excellent specificity and sensitivity
(Yin et al., 2021).

CRISPR-based diagnostics are important platforms for
applications in point-of-care testing, which is critical for
managing outbreaks and providing timely medical intervention.
More importantly, the portability, ease of use, and rapid
turnaround time offer significant advantages over traditional
PCR-based methods, particularly in resource-poor settings
(Kaminski et al., 2021). Furthermore, the ongoing improvement
of CRISPR systems for recognising a broader range of targets and
integration with other diagnostic technologies, such as lateral flow
assays and microfluidics, should increase their versatility. Medical
diagnostics are greatly evolving with the advent of CRISPR-Cas
technology, offering more sensitive, specific, and rapid approaches.

5 The status of CRISPR therapeutics in
clinical trials

CRISPR-based therapeutics have evolved rapidly, with several
candidates progressing through clinical trials and some nearing
regulatory approval. These therapies are being developed to
target a range of genetic and complex diseases through precise
gene editing, which aims to correct underlying pathogenic
mutations at the genomic level.

One of the most advanced CRISPR therapeutics is Casgevy
(CTX-001) for the treatment of transfusion-dependent
thalassemia (TDT) and sickle cell disease (SCD). CTX-001 is
composed of edited hematopoietic stem cells (HSCs) using
CRISPR-Cas9 to activate the fetal haemoglobin (HbF) gene,
effectively compensating for defective adult haemoglobin
(Sheridan, 2024). Recent clinical trial results have shown that

patients treated with CTX-001 achieved sustained increases in
HbF levels, significantly reducing or eliminating the need for
blood transfusions in TDT patients (Frangoul et al., 2020).

EDIT-101 represents a significant milestone as the first in vivo
CRISPR-based therapy to enter clinical trials (NCT03872479).
EDIT-101 is designed to treat inherited retinal degeneration
caused by a specific genetic mutation in the CEP290 gene,
known as the IVS26 variant responsible for Leber Congenital
Amaurosis type 10 (LCA10) (Maeder et al., 2019, p. 10; Leroy
et al., 2021). This therapy utilizes an AAV5 vector, which has
high tropism for photoreceptors, to deliver the gene-editing
machinery directly to the retina. The vector carries DNA
encoding the Staphylococcus aureus Cas9 (SaCas9) nuclease,
along with two highly specific guide RNAs (gRNAs), and is
driven by the GRK1 promoter, which is photoreceptor-specific.
In a landmark study, this therapy is administered via a subretinal
injection in patients with homozygous or compound heterozygous
IVS26 variants, leading to targeted gene editing in photoreceptor
cells. In the Phase 1-2 BRILLIANCE study, EDIT-101 was tested in
12 adults (ages 17–63) and 2 children (ages 9–14), with varying
doses of the therapy. The primary goal was to assess safety, and
secondary efficacy outcomes included changes in visual acuity,
retinal sensitivity, and mobility. The results showed promising
safety and tolerability, with no serious adverse events. Notably,
64% of participants showed meaningful improvements in at least
one key visual function, with several individuals also demonstrating
improvements in mobility and quality of life measures. These
findings suggest that EDIT-101 holds potential for in vivo gene
editing to treat inherited retinal diseases, specifically those caused by
the IVS26 variant of CEP290 (Pierce et al., 2024).

A significant advancement in T1D cell therapy is the
development of combination approaches using gene-edited
allogeneic, immune-evasive stem cells. A Phase I/II trial is
underway for VCTX211 (ClinicalTrial NCT05565248).
VCTX211 comprises gene-edited allogeneic pancreatic endoderm
cells modified with CRISPR-Cas9 and a perforated device for cell
delivery and protection. This therapy includes two gene knockouts
(B2M and TXNIP) and four insertions (PD-L1, HLA-E, TNFAIP3,
and MANF) to enhance cell function, reduce immune rejection, and
protect oxidative and inflammatory stress (Karpov et al., 2023). The
trial is expected to be completed in August 2025.

Transthyretin (ATTR) amyloidosis is a serious disease caused by
misfolded TTR protein tissue buildup. NTLA-2001 is a CRISPR-
Cas9-based therapy that reduces serum TTR levels by targeting and
editing the TTR gene in the liver. Preclinical studies confirmed a
durable TTR knockout after a single dose. In a Phase 1 trial with six
patients receiving either 0.1 mg/kg or 0.3 mg/kg, NTLA-2001 was
generally well-tolerated with mild side effects. By Day 28, TTR levels
dropped by 52% at the lower dose and 87% at the higher dose,
indicating promising, dose-dependent reductions (Gillmore
et al., 2021).

The effectiveness and efficacy of CRISPR therapeutics have also
been proved in infectious diseases. EBT-101 is a CRISPR-Cas9-
based antiviral therapy designed to cure HIV-1 based on targeting
multiple HIV-1 genomic sites, inducing DSBs that remove large
parts of the integrated viral DNA. EBT-101 is currently in a Phase 1/
2 clinical trial of aviremic HIV-1-infected adults on stable
antiretroviral therapy (ART). The primary goals are to assess the
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safety and tolerability of EBT-101, with secondary objectives focused
on reducing HIV-1 DNA levels and achieving viral remission
without ART. Preclinical studies have shown promising results,
with effective excision of HIV-1 DNA in animal models. The
ongoing clinical trial represents the first human application of
CRISPR-Cas9 for HIV, with initial data suggesting the therapy is
well-tolerated. However, conclusive results are pending (Presti
et al., 2024).

LBP-EC01 is a CRISPR-engineered bacteriophage therapy
developed by Locus Biosciences to treat UTIs caused by
Escherichia coli (E. coli), including antibiotic-resistant strains. It
combines six genetically enhanced bacteriophages with CRISPR-
Cas3 technology, which targets and degrades bacterial DNA,
enhancing its effectiveness and reducing resistance. In the first
part of the Phase 2 ELIMINATE trial, various dosing regimens of
LBP-EC01 were tested alongside oral trimethoprim-
sulfamethoxazole (TMP-SMX). The results showed that LBP-
EC01 was well tolerated, with no serious adverse events.
Pharmacokinetic data revealed consistent drug levels in both
urine and blood. Importantly, E. coli levels in urine decreased
rapidly, and by Day 10, all evaluable patients had symptom
resolution (Kim et al., 2024). These promising results support
further investigation, with the trial’s second controlled phase
now underway.

These CRISPR therapeutics represent a significant step forward in
precision medicine, with promising early data from clinical trials
suggesting the potential to fundamentally alter the course of genetic
and infectious diseases. As CRISPR-based therapies advance, their
clinical safety and efficacy will be critical in determining their potential
to revolutionise treatment strategies for complex diseases. While
numerous clinical trials have been conducted, detailed results are
available in Supplementary Table 1, with only selected examples
highlighted here due to the breadth of ongoing studies.

5.1 Data retrieval and processing

In August 2024, a systematic search for clinical trials related to
CRISPR therapeutics was conducted using ClinicalTrials.gov, the
International Clinical Trials Registry Platform (ICTRP), and the
International Standard Randomised Controlled Trial Number
(ISRCTN) databases (ClinicalTrials.gov, 2024; ISRCTN Registry,
2024; World Health Organization, 2024).

The search utilised both “CRISPR” as an abbreviation and the
full term “Clustered Regularly Interspaced Short Palindrome
Repeats” to capture all relevant studies. The data extraction
focused on the key parameters: Study Numbers, Study Status,
Conditions (general), Conditions (specific), Interventions, Phases,
Start Date, and Completion Date.

The data was initially downloaded as separate datasets from the
databases, combined into a single dataset, thoroughly filtered, and
regulated. Finally, the duplicate registered trials were eliminated.
Ultimately, 114 registered clinical trials were identified. The
following section will give details and examples regarding some
clinical trials categorised by disease types. Due to space limitations,
elaborate discussions of all the trials are not given in the paper;
however, they are described elsewhere by Zhang et al. (2023c).

5.2 Findings

The data analysis showed a broad distribution of CRISPR-
based clinical trials across various disease categories
(Supplementary Table 1). Cancerous diseases constitute 39.5%
of the clinical trials, which is indicative of significant interest in
the application of CRISPR-Cas technologies for the treatment of
malignancies, such as leukaemia, multiple myeloma, and
lymphoma, as well as gastrointestinal, lung, renal, and ovarian
cancer, and sarcoma.

Blood disorders account for 28.9% of the trials, highlighting the
application of gene editing in conditions like thalassemia and sickle
cell disease, where CRISPR-Cas offers potential curative therapies.
For instance, therapies like EDIT-301 and CTX001 aim to correct
genetic mutations in hematopoietic stem cells to produce functional
haemoglobin (Christakopoulos et al., 2023; Hanna et al., 2023). Eye
diseases comprise 3.5% of the trials, focusing on genetic conditions
affecting vision such as primary open-angle glaucoma, neovascular
age-related macular degeneration (nAMD), retinitis pigmentosa,
and Leber congenital amaurosis 10.

Genetic disorders affecting multiple organs constitute 4.4% of
the trials, addressing a variety of inherited conditions, including
hereditary angioedema, transthyretin-related familial amyloid
polyneuropathy, transthyretin-related familial amyloid
cardiomyopathy, wild-type transthyretin cardiac amyloidosis,
Kabuki syndrome 1, Rubinstein-Taybi syndrome, and pyruvate
kinase deficiency. Infectious diseases represent 6.1% of the trials,
focusing on CRISPR-Cas applications for pathogens such as HIV-1,
viral keratitis, HSV, carbapenem-resistant Enterobacteriaceae,
COVID-19, and gastrointestinal infections. Metabolic disorders,
including diabetes mellitus (type 1), elevated lipoprotein, and
refractory dyslipidemias, comprise 3.5% of the trials. Other
conditions comprise 6.1% of the trials, encompassing
various diseases.

Finally, diagnostic tests account for 7.9% of the trials,
emphasising the role of CRISPR-Cas in developing new tests for
accurate and rapid disease detection, including tuberculosis,
pulmonary infections, enterovirus infections, pertussis,
asymptomatic COVID-19, SARS, and aspergillosis. The results of
this comprehensive search are illustrated in Figure 3.

Most trials are categorised under Phase 1, with 33 focusing
primarily on early-phase safety and dosage assessments. A notable
number of trials, 21, span both Phase 1 and Phase 2, indicating a
combined evaluation of initial safety and preliminary efficacy. Fewer
trials bridge Phase 2 and Phase 3, with only two trials covering both
exploratory and confirmatory phases. Trials solely in Phase 3 are less
common, with five studies dedicated to large-scale confirmation of
efficacy and safety. Lastly, 36 clinical trials show no clear
information in the databases.

These results indicate a significant focus on cancer and blood
disorders; however, they are still in the early phase of the trials.
Clinical trials also show that CRISPR-Cas technology in medical
diagnostics is also evolving, especially in the diagnosis of viruses.
Nevertheless, the gaps in phase reporting and many trials lacking
clear information underline the required improved
standardisation and transparency to fully realise CRISPR-Cas’s
therapeutic potential.

Frontiers in Genome Editing frontiersin.org22

Azeez et al. 10.3389/fgeed.2024.1509924

http://ClinicalTrials.gov
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


6 Challenges, safety issues and
ethical concerns

One of the primary concerns involves the potential for off-target
effects, where unintended genomic alterations occur, leading to
unpredictable and possibly harmful consequences. The off-target
risk represents a prominent challenge despite the significant
improvements in specificity and precision of CRISPR-Cas
systems. Often, inadvertent changes in genomic loci disrupt
normal gene function or activate oncogenes, leading to entirely
new diseases or exacerbating the existing conditions (AYANOĞLU
et al., 2020). Another challenge is the efficient delivery of CRISPR-
Cas components into the target cells or tissues. The delivery system
must ensure the safe delivery of CRISPR-Cas machinery into the
intended cells without degradation or unwanted immunological
reactions. Different delivery systems are being explored, including
viral vectors, such as adenoviruses and lentiviruses, and non-viral
methods, such as lipid nanoparticles. However, each method has its
limitations. Viral vectors, though efficient, can integrate into the
host genome and potentially cause detrimental genomic mutations.
Nonviral techniques, on the other hand, often lead to low delivery
efficiency and poor targeting specificity (Sioson et al., 2021).
Furthermore, CRISPR-Cas components can potentially provoke
an immune response in the patient. Since Cas proteins,
particularly Cas9, are derived from bacteria, the human immune
system may recognise them as foreign and mount an immune
response. This could lead to inflammation or rejection of the
treated cells (Rasul et al., 2022).

The ethical concerns surrounding CRISPR-Cas technology are
profound and multifaceted, reflecting the transformative potential
of this gene-editing tool. Germline editing of human embryos
presents significant ethical concerns, primarily regarding its long-

term impact on future generations. While it could eradicate certain
genetic disorders, it also risks introducing new abnormalities and
altering human evolution unpredictably. This raises ethical issues,
including potential inequalities where only some could benefit
from these advances (Lanphier et al., 2015). Informed consent is a
fundamental ethical requirement, yet it is challenging in the
context of CRISPR-Cas therapies. Patients must be thoroughly
informed about the risks and benefits, a task complicated by the
technology’s rapid development and uncertain long-term effects
(Gonzalez-Avila et al., 2021). Moreover, equitable access to
CRISPR-Cas treatments is also a major concern. The high cost
of these therapies could restrict their availability to wealthy
individuals or nations, worsening health disparities. Ensuring
broad access is essential to avoid exacerbating inequalities
(Lorenzo et al., 2022).

Finally, using CRISPR-Cas for non-therapeutic enhancements,
such as boosting intelligence or physical abilities, raises ethical
questions about genetic intervention limits and societal
implications. Careful regulation is needed to address fairness and
redefine “normal” versus “enhanced” human traits (Gabel and
Moreno, 2019).

While CRISPR-Cas technology holds promise for correcting
genetic disorders, it is vital to address these ethical concerns—off-
target effects, germline editing implications, informed consent,
access equity, and potential misuse for enhancements—to use the
technology responsibly. Several promising approaches are being
explored to address current challenges and improve the efficacy
of CRISPR-Cas systems in clinical applications. Ongoing research
aims to enhance the precision of CRISPR-Cas systems by developing
next-generation Cas proteins. Engineered variants such as Cas9-
HF1 and eSpCas9 have demonstrated reduced off-target activity,
improving overall specificity (Allemailem et al., 2023).

FIGURE 3
Distribution of CRISPR-Cas clinical trials by therapeutic area.
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Future advancements in delivery technologies will be crucial for
the clinical success of CRISPR-Cas therapies. Improved non-viral
methods, such as tissue-targeted nanoparticles, promise safer and
more effective delivery. Additionally, new viral vectors with
enhanced safety profiles and reduced risk of insertional
mutagenesis are under exploration (Lu et al., 2023).

Less immunogenic Cas variants and humanised Cas proteins are
being developed to address immune responses. Transient delivery
methods, where CRISPR components are quickly degraded, may
also minimise immune reactions (Ewaisha and Anderson, 2023).
Responsible use of gene-editing technologies is essential, particularly
to mitigate off-target effects and ensure long-term safety. Clear
regulatory guidelines and oversight will be necessary to prioritise
patient safety and ethical considerations (Gonzalez-Avila et al.,
2021). While significant challenges remain, the ongoing
advancements in CRISPR-Cas technology, including
improvements in specificity, delivery, and immunogenicity
management, pave the way for its broader application in treating
a wide range of diseases. The combination of technical innovations
and thoughtful, ethical oversight holds promise for the future of
precision medicine, where CRISPR-Cas could become a cornerstone
in treating genetic disorders, cancers, and other diseases.

7 Conclusion

The current study highlights the transformative impact of
CRISPR-Cas technology on modern medicine, particularly in
precision medicine, therapeutic development, and genetic disease
correction. Advancements in CRISPR-Cas systems, including high-
fidelity Cas9, prime and base editors, and Cas12 and Cas13, have
revolutionised genome editing. These innovations enable precise
modifications that were previously unattainable. Such
advancements have been pivotal in drug-target discovery,
oncology, regenerative medicine, and infectious diseases.
Developing the new class of epigenome editors allows treatment
without direct editing of DNA. It holds great potential, while
preclinical studies have been efficient in this approach, which is
safer, more reversible, and easy to adapt to multiple conditions. The
study underlines the potential of CRISPR-Cas technology in altering
inherited genetic disorders, shedding new light on untreatable
conditions. Successful application in clinical trials, including the
FDA approval of Casgevy for sickle cell disease, highlights its
promise in therapeutic interventions. However, with these new
developments, there are challenges such as off-target effects,
ethical issues, and refinement in delivery mechanisms. It may be
important to resolve these challenges for future research to help
unlock the potential of CRISPR-Cas technology in a clinical
scenario, resulting in more personalised, effective, and safe
medical treatments.

Author contributions

SA: Conceptualization, Formal Analysis, Methodology,
Supervision, Validation, Visualization, Writing–original draft,
Writing–review and editing. RH: Formal Analysis, Validation,
Writing–original draft, Writing–review and editing. BH:
Conceptualization, Writing–original draft, Writing–review and
editing. MS: Conceptualization, Investigation, Supervision,
Validation, Writing–original draft, Writing–review and editing.
PB: Validation, Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative AI statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. During the preparation of this work
the authors used Grammarly and Quilbot in order to correct
grammatical mistakes and make minor text paraphrasing. After
using these tools, the authors reviewed and edited the content as
needed and take full responsibility for the content of the
published article.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgeed.2024.1509924/
full#supplementary-material

References

Abudayyeh, O. O., Gootenberg, J. S., Essletzbichler, P., Han, S., Joung, J., Belanto, J. J.,
et al. (2017). RNA targeting with CRISPR-Cas13. Nature 550, 280–284. doi:10.1038/
nature24049

Abd Ellah, N. H., Khalil, I. A., and Harashima, H. (2021). “Non-viral Gene Delivery,”
in The ADME Encyclopedia: A Comprehensive Guide on Biopharmacy and

Pharmacokinetics (Cham: Springer International Publishing), 1–10. doi:10.1007/978-
3-030-51519-5_116-1

Adachi, K., Kano, Y., Nagai, T., Okuyama, N., Sakoda, Y., and Tamada, K. (2018). IL-7
and CCL19 expression in CAR-T cells improves immune cell infiltration and CAR-T
cell survival in the tumor. Nat. Biotechnol. 36, 346–351. doi:10.1038/nbt.4086

Frontiers in Genome Editing frontiersin.org24

Azeez et al. 10.3389/fgeed.2024.1509924

https://www.frontiersin.org/articles/10.3389/fgeed.2024.1509924/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgeed.2024.1509924/full#supplementary-material
https://doi.org/10.1038/nature24049
https://doi.org/10.1038/nature24049
https://doi.org/10.1007/978-3-030-51519-5_116-1
https://doi.org/10.1007/978-3-030-51519-5_116-1
https://doi.org/10.1038/nbt.4086
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Adikusuma, F., Piltz, S., Corbett, M. A., Turvey, M., McColl, S. R., Helbig, K. J., et al.
(2018). Large deletions induced by Cas9 cleavage. Nature 560, E8-E9–E9. doi:10.1038/
s41586-018-0380-z

Ai, Y., Liang, D., and Wilusz, J. E. (2022). CRISPR/Cas13 effectors have differing
extents of off-target effects that limit their utility in eukaryotic cells. Nucleic Acids Res.
50, e65. doi:10.1093/nar/gkac159

Aljeldah, M. M. (2022). Antimicrobial resistance and its spread is a global threat.
Antibiot. (Basel) 11, 1082. doi:10.3390/antibiotics11081082

Allemailem, K. S., Almatroodi, S. A., Almatroudi, A., Alrumaihi, F., Al Abdulmonem,
W., Al-Megrin, W. A. I., et al. (2023). Recent advances in genome-editing technology
with CRISPR/cas9 variants and stimuli-responsive targeting approaches within tumor
cells: a future perspective of cancer management. Int. J. Mol. Sci. 24, 7052. doi:10.3390/
ijms24087052

Anderson, N. M., and Simon, M. C. (2020). Tumor microenvironment. Curr. Biol. 30,
R921–R925. doi:10.1016/j.cub.2020.06.081

Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M.,
et al. (2019). Search-and-replace genome editing without double-strand breaks or donor
DNA. Nature 576, 149–157. doi:10.1038/s41586-019-1711-4

Arnaoutova, I., Zhang, L., Chen, H.-D., Mansfield, B. C., and Chou, J. Y. (2021).
Correction of metabolic abnormalities in a mouse model of glycogen storage disease
type Ia by CRISPR/Cas9-based gene editing. Mol. Ther. 29, 1602–1610. doi:10.1016/j.
ymthe.2020.12.027

Asmamaw, M., and Zawdie, B. (2021). Mechanism and applications of CRISPR/Cas-
9-Mediated genome editing. Biologics 15, 353–361. doi:10.2147/BTT.S326422

Ayanoğlu, F. B., Elçi_n, A. E., and Elçi_n, Y. M. (2020). Bioethical issues in genome
editing by CRISPR-Cas9 technology. Turk J. Biol. 44, 110–120. doi:10.3906/biy-1912-52

Bannister, A. J., and Kouzarides, T. (2011). Regulation of chromatin by histone
modifications. Cell Res. 21, 381–395. doi:10.1038/cr.2011.22

Barrangou, R., and Marraffini, L. A. (2014). CRISPR-Cas systems: prokaryotes
upgrade to adaptive immunity.Mol. Cell 54, 234–244. doi:10.1016/j.molcel.2014.03.011

Basila, M., Kelley, M. L., and Smith, A. van B. (2017). Minimal 2’-O-methyl
phosphorothioate linkage modification pattern of synthetic guide RNAs for
increased stability and efficient CRISPR-Cas9 gene editing avoiding cellular toxicity.
PLoS ONE 12, e0188593. doi:10.1371/journal.pone.0188593

Bexte, T., Albinger, N., Al Ajami, A., Wendel, P., Buchinger, L., Gessner, A., et al.
(2024). CRISPR/Cas9 editing of NKG2A improves the efficacy of primary CD33-
directed chimeric antigen receptor natural killer cells. Nat. Commun. 15, 8439. doi:10.
1038/s41467-024-52388-1

Bhardwaj, P., Kant, R., Behera, S. P., Dwivedi, G. R., and Singh, R. (2022). Next-
generation diagnostic with CRISPR/Cas: beyond nucleic acid detection. Int. J. Mol. Sci.
23, 6052. doi:10.3390/ijms23116052

Bjursell, M., Porritt, M. J., Ericson, E., Taheri-Ghahfarokhi, A., Clausen, M.,
Magnusson, L., et al. (2018). Therapeutic genome editing with CRISPR/Cas9 in a
humanized mouse model ameliorates α1-antitrypsin deficiency phenotype.
EBioMedicine 29, 104–111. doi:10.1016/j.ebiom.2018.02.015

Bock, C., Datlinger, P., Chardon, F., Coelho, M. A., Dong, M. B., Lawson, K. A., et al.
(2022). High-content CRISPR screening. Nat. Rev. Methods Prim. 2, 8–23. doi:10.1038/
s43586-021-00093-4

Brault, J., Liu, T., Liu, S., Lawson, A., Choi, U., Kozhushko, N., et al. (2023). CRISPR-
Cas9-AAV versus lentivector transduction for genome modification of X-linked severe
combined immunodeficiency hematopoietic stem cells. Front. Immunol. 13, 1067417.
doi:10.3389/fimmu.2022.1067417

Caffery, B., Lee, J. S., and Alexander-Bryant, A. A. (2019). Vectors for glioblastoma
gene therapy: viral and non-viral delivery strategies. Nanomaterials 9, 105. doi:10.3390/
nano9010105

Cortijo-Gutiérrez, M., Sánchez-Hernández, S., Tristán-Manzano, M., Maldonado-
Pérez, N., Lopez-Onieva, L., Real, P. J., et al. (2021). Improved Functionality of
Integration-Deficient Lentiviral Vectors (IDLVs) by the Inclusion of IS2 Protein
Docks. Pharmaceutics 13, 1217. doi:10.3390/pharmaceutics13081217

Cai, R., Lv, R., Shi, X., Yang, G., and Jin, J. (2023). CRISPR/dCas9 tools: epigenetic
mechanism and application in gene transcriptional regulation. Int. J. Mol. Sci. 24, 14865.
doi:10.3390/ijms241914865

Cai, Y., Chen, L., Sun, S., Wu, C., Yao, W., Jiang, B., et al. (2018). CRISPR/Cas9-
Mediated deletion of large genomic fragments in soybean. Int. J. Mol. Sci. 19, 3835.
doi:10.3390/ijms19123835

Canver, M. C., Bauer, D. E., Dass, A., Yien, Y. Y., Chung, J., Masuda, T., et al. (2014).
Characterization of genomic deletion efficiency mediated by clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9 nuclease system in
mammalian cells. J. Biol. Chem. 289, 21312–21324. doi:10.1074/jbc.M114.564625

Canver, M. C., Smith, E. C., Sher, F., Pinello, L., Sanjana, N. E., Shalem, O., et al.
(2015). BCL11A enhancer dissection by Cas9-mediated in situ saturating mutagenesis.
Nature 527, 192–197. doi:10.1038/nature15521

Casas-Mollano, J. A., Zinselmeier, M. H., Erickson, S. E., and Smanski, M. J. (2020).
CRISPR-cas activators for engineering gene expression in higher eukaryotes. CRISPR J.
3, 350–364. doi:10.1089/crispr.2020.0064

Cevher, E., Sezer, A. D., and Çağlar, E. Ş. (2012). “Gene Delivery Systems: Recent
Progress in Viral and Non-Viral Therapy,” in Recent Advances in Novel Drug Carrier
Systems (IntechOpen). doi:10.5772/53392

Chanchal, D. K., Chaudhary, J. S., Kumar, P., Agnihotri, N., and Porwal, P. (2024).
CRISPR-based therapies: revolutionizing drug development and precision medicine.
Curr. Gene Ther. 24, 193–207. doi:10.2174/0115665232275754231204072320

Chehelgerdi, M., Chehelgerdi, M., Khorramian-Ghahfarokhi, M., Shafieizadeh, M.,
Mahmoudi, E., Eskandari, F., et al. (2024). Comprehensive review of CRISPR-based
gene editing: mechanisms, challenges, and applications in cancer therapy. Mol. Cancer
23, 9. doi:10.1186/s12943-023-01925-5

Chen, J. S., Ma, E., Harrington, L. B., Da Costa, M., Tian, X., Palefsky, J. M., et al.
(2018). CRISPR-Cas12a target binding unleashes indiscriminate single-stranded DNase
activity. Science 360, 436–439. doi:10.1126/science.aar6245

Chen, P. J., and Liu, D. R. (2023). Prime editing for precise and highly versatile
genome manipulation. Nat. Rev. Genet. 24, 161–177. doi:10.1038/s41576-022-00541-1

Choudhury, S. R., Cui, Y., Lubecka, K., Stefanska, B., and Irudayaraj, J. (2016).
CRISPR-dCas9 mediated TET1 targeting for selective DNA demethylation at
BRCA1 promoter. Oncotarget 7, 46545–46556. doi:10.18632/oncotarget.10234

Christakopoulos, G. E., Telange, R., Yen, J., andWeiss, M. J. (2023). Gene therapy and
gene editing for β thalassemia. Hematol. Oncol. Clin. North Am. 37, 433–447. doi:10.
1016/j.hoc.2022.12.012

Chung, J. Y., Ain, Q. U., Song, Y., Yong, S.-B., and Kim, Y.-H. (2019). Targeted
delivery of CRISPR interference system against Fabp4 to white adipocytes ameliorates
obesity, inflammation, hepatic steatosis, and insulin resistance. Genome Res. 29,
1442–1452. doi:10.1101/gr.246900.118

ClinicalTrials.gov (2024). Available at: https://www.clinicaltrials.gov/(Accessed
August 15, 2024).

Cromwell, C. R., Sung, K., Park, J., Krysler, A. R., Jovel, J., Kim, S. K., et al. (2018).
Incorporation of bridged nucleic acids into CRISPR RNAs improves Cas9 endonuclease
specificity. Nat. Commun. 9, 1448. doi:10.1038/s41467-018-03927-0

Cutting, G. R., Engelhardt, J., and Zeitlin, P. L. (2019). “49 - genetics and
pathophysiology of cystic fibrosis,” in Kendig’s disorders of the respiratory tract in
children. Editors R. W. Wilmott, R. Deterding, A. Li, F. Ratjen, P. Sly, and H. J. Zar
Ninth Edition (Philadelphia: Elsevier), 757–768.e6. doi:10.1016/B978-0-323-44887-
1.00049-3

Dai, M., Yan, G., Wang, N., Daliah, G., Edick, A. M., Poulet, S., et al. (2021). In vivo
genome-wide CRISPR screen reveals breast cancer vulnerabilities and synergistic
mTOR/Hippo targeted combination therapy. Nat. Commun. 12, 3055. doi:10.1038/
s41467-021-23316-4

de Kraker, M. E. A., Stewardson, A. J., and Harbarth, S. (2016). Will 10 million people
die a year due to antimicrobial resistance by 2050? PLoS Med. 13, e1002184. doi:10.
1371/journal.pmed.1002184

Deuse, T., Hu, X., Gravina, A., Wang, D., Tediashvili, G., De, C., et al. (2019).
Hypoimmunogenic derivatives of induced pluripotent stem cells evade immune
rejection in fully immunocompetent allogeneic recipients. Nat. Biotechnol. 37,
252–258. doi:10.1038/s41587-019-0016-3

Dimitri, A., Herbst, F., and Fraietta, J. A. (2022). Engineering the next-generation of
CAR T-cells with CRISPR-Cas9 gene editing. Mol. Cancer 21, 78. doi:10.1186/s12943-
022-01559-z

Ding, X., Seebeck, T., Feng, Y., Jiang, Y., Davis, G. D., and Chen, F. (2019). Improving
CRISPR-cas9 genome editing efficiency by fusion with chromatin-modulating peptides.
CRISPR J. 2, 51–63. doi:10.1089/crispr.2018.0036

Dolgalev, G., and Poverennaya, E. (2021). Applications of CRISPR-cas technologies to
proteomics. Genes 12, 1790. doi:10.3390/genes12111790

Doman, J. L., Raguram, A., Newby, G. A., and Liu, D. R. (2020). Evaluation and
minimization of cas9-independent off-target DNA editing by cytosine base editors.Nat.
Biotechnol. 38, 620–628. doi:10.1038/s41587-020-0414-6

Dong, W., and Kantor, B. (2021). Lentiviral vectors for delivery of gene-editing
systems based on CRISPR/Cas: current state and perspectives. Viruses 13, 1288. doi:10.
3390/v13071288

Doudna, J. A., and Charpentier, E. (2014). Genome editing. The new frontier of
genome engineering with CRISPR-Cas9. Science 346, 1258096. doi:10.1126/science.
1258096

Du, W., Nair, P., Johnston, A., Wu, P.-H., and Wirtz, D. (2022). Cell trafficking at the
intersection of the tumor–immune compartments. Annu. Rev. Biomed. Eng. 24,
275–305. doi:10.1146/annurev-bioeng-110320-110749

Duan, L., Ouyang, K., Xu, X., Xu, L., Wen, C., Zhou, X., et al. (2021). Nanoparticle
delivery of CRISPR/Cas9 for genome editing. Front. Genet. 12, 673286. doi:10.3389/
fgene.2021.673286

Duddy, G., Courtis, K., Horwood, J., Olsen, J., Horsler, H., Hodgson, T., et al. (2024).
Donor template delivery by recombinant adeno-associated virus for the production of
knock-in mice. BMC Biol. 22, 26. doi:10.1186/s12915-024-01834-z

Ebina, H., Misawa, N., Kanemura, Y., and Koyanagi, Y. (2013). Harnessing the
CRISPR/Cas9 system to disrupt latent HIV-1 provirus. Sci. Rep. 3, 2510. doi:10.1038/
srep02510

Frontiers in Genome Editing frontiersin.org25

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.1038/s41586-018-0380-z
https://doi.org/10.1038/s41586-018-0380-z
https://doi.org/10.1093/nar/gkac159
https://doi.org/10.3390/antibiotics11081082
https://doi.org/10.3390/ijms24087052
https://doi.org/10.3390/ijms24087052
https://doi.org/10.1016/j.cub.2020.06.081
https://doi.org/10.1038/s41586-019-1711-4
https://doi.org/10.1016/j.ymthe.2020.12.027
https://doi.org/10.1016/j.ymthe.2020.12.027
https://doi.org/10.2147/BTT.S326422
https://doi.org/10.3906/biy-1912-52
https://doi.org/10.1038/cr.2011.22
https://doi.org/10.1016/j.molcel.2014.03.011
https://doi.org/10.1371/journal.pone.0188593
https://doi.org/10.1038/s41467-024-52388-1
https://doi.org/10.1038/s41467-024-52388-1
https://doi.org/10.3390/ijms23116052
https://doi.org/10.1016/j.ebiom.2018.02.015
https://doi.org/10.1038/s43586-021-00093-4
https://doi.org/10.1038/s43586-021-00093-4
https://doi.org/10.3389/fimmu.2022.1067417
https://doi.org/10.3390/nano9010105
https://doi.org/10.3390/nano9010105
https://doi.org/10.3390/pharmaceutics13081217
https://doi.org/10.3390/ijms241914865
https://doi.org/10.3390/ijms19123835
https://doi.org/10.1074/jbc.M114.564625
https://doi.org/10.1038/nature15521
https://doi.org/10.1089/crispr.2020.0064
https://doi.org/10.5772/53392
https://doi.org/10.2174/0115665232275754231204072320
https://doi.org/10.1186/s12943-023-01925-5
https://doi.org/10.1126/science.aar6245
https://doi.org/10.1038/s41576-022-00541-1
https://doi.org/10.18632/oncotarget.10234
https://doi.org/10.1016/j.hoc.2022.12.012
https://doi.org/10.1016/j.hoc.2022.12.012
https://doi.org/10.1101/gr.246900.118
https://www.clinicaltrials.gov/
https://doi.org/10.1038/s41467-018-03927-0
https://doi.org/10.1016/B978-0-323-44887-1.00049-3
https://doi.org/10.1016/B978-0-323-44887-1.00049-3
https://doi.org/10.1038/s41467-021-23316-4
https://doi.org/10.1038/s41467-021-23316-4
https://doi.org/10.1371/journal.pmed.1002184
https://doi.org/10.1371/journal.pmed.1002184
https://doi.org/10.1038/s41587-019-0016-3
https://doi.org/10.1186/s12943-022-01559-z
https://doi.org/10.1186/s12943-022-01559-z
https://doi.org/10.1089/crispr.2018.0036
https://doi.org/10.3390/genes12111790
https://doi.org/10.1038/s41587-020-0414-6
https://doi.org/10.3390/v13071288
https://doi.org/10.3390/v13071288
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1146/annurev-bioeng-110320-110749
https://doi.org/10.3389/fgene.2021.673286
https://doi.org/10.3389/fgene.2021.673286
https://doi.org/10.1186/s12915-024-01834-z
https://doi.org/10.1038/srep02510
https://doi.org/10.1038/srep02510
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Eleveld, T. F., Bakali, C., Eijk, P. P., Stathi, P., Vriend, L. E., Poddighe, P. J., et al.
(2021). Engineering large-scale chromosomal deletions by CRISPR-Cas9. Nucleic Acids
Res. 49, 12007–12016. doi:10.1093/nar/gkab557

Ewaisha, R., and Anderson, K. S. (2023). Immunogenicity of CRISPR
therapeutics—critical considerations for clinical translation. Front. Bioeng.
Biotechnol. 11, 1138596. doi:10.3389/fbioe.2023.1138596

Eyquem, J., Mansilla-Soto, J., Giavridis, T., Stegen, S. J. C. v. d, Hamieh, M., Cunanan,
K. M., et al. (2017). Targeting a CAR to the TRAC locus with CRISPR/Cas9 enhances
tumour rejection. Nature 543, 113–117. doi:10.1038/nature21405

Fadul, S. M., Arshad, A., and Mehmood, R. (2023). CRISPR-based epigenome editing:
mechanisms and applications. Epigenomics 15, 1137–1155. doi:10.2217/epi-2023-0281

Faivre, N., Verollet, C., and Dumas, F. (2024). The chemokine receptor CCR5: multi-
faceted hook for HIV-1. Retrovirology 21, 2. doi:10.1186/s12977-024-00634-1

Fareh, M., Zhao, W., Hu, W., Casan, J. M. L., Kumar, A., Symons, J., et al. (2021).
Reprogrammed CRISPR-Cas13b suppresses SARS-CoV-2 replication and circumvents
its mutational escape through mismatch tolerance. Nat. Commun. 12, 4270. doi:10.
1038/s41467-021-24577-9

Farhang, N., Brunger, J. M., Stover, J. D., Thakore, P. I., Lawrence, B., Guilak, F., et al.
(2017). * CRISPR-based epigenome editing of cytokine receptors for the promotion of
cell survival and tissue deposition in inflammatory environments. Tissue Eng. Part A 23,
738–749. doi:10.1089/ten.TEA.2016.0441

Fatimy, R. E., Subramanian, S., Uhlmann, E. J., and Krichevsky, A. M. (2017).
Genome editing reveals glioblastoma addiction to MicroRNA-10b. Mol. Ther. 25,
368–378. doi:10.1016/j.ymthe.2016.11.004

Fleming, R. E., Britton, R. S., Waheed, A., Sly, W. S., and Bacon, B. R. (2005).
Pathophysiology of hereditary hemochromatosis. Seminars liver Dis. 25, 411–419.
doi:10.1055/s-2005-923313

Flynn, R., Grundmann, A., Renz, P., Hänseler, W., James, W. S., Cowley, S. A., et al.
(2015). CRISPR-mediated genotypic and phenotypic correction of a chronic
granulomatous disease mutation in human iPS cells. Exp. Hematol. 43, 838–848.
doi:10.1016/j.exphem.2015.06.002

Frangoul, H., Bobruff, Y., Cappellini, M. D., Corbacioglu, S., Fernandez, C. M., de la
Fuente, J., et al. (2020). Safety and efficacy of CTX001 in patients with transfusion-
dependent β-thalassemia and sickle cell disease: early results from the climb THAL-111
and climb SCD-121 studies of autologous CRISPR-CAS9-modified CD34+ hematopoietic
stem and progenitor cells. Blood 136, 3–4. doi:10.1182/blood-2020-139575

Gabel, I., and Moreno, J. (2019). Genome editing, ethics, and politics. AMA J. Ethics
21, E1105–E1110. doi:10.1001/amajethics.2019.1105

Gähwiler, E. K. N., Motta, S. E., Martin, M., Nugraha, B., Hoerstrup, S. P., and
Emmert, M. Y. (2021). Human iPSCs and genome editing technologies for precision
cardiovascular tissue engineering. Front. Cell Dev. Biol. 9, 639699. doi:10.3389/fcell.
2021.639699

Gaj, T., Gersbach, C. A., and Barbas, C. F. (2013). ZFN, TALEN and CRISPR/Cas-
based methods for genome engineering. Trends Biotechnol. 31, 397–405. doi:10.1016/j.
tibtech.2013.04.004

Gaj, T., Ojala, D. S., Ekman, F. K., Byrne, L. C., Limsirichai, P., and Schaffer, D. V.
(2017). In vivo genome editing improves motor function and extends survival in a
mouse model of ALS. Sci. Adv. 3, eaar3952. doi:10.1126/sciadv.aar3952

Gao, C., Wu, P., Yu, L., Liu, L., Liu, H., Tan, X., et al. (2022). The application of
CRISPR/Cas9 system in cervical carcinogenesis. Cancer Gene Ther. 29, 466–474. doi:10.
1038/s41417-021-00366-w

Gao, L., Yang, L., Zhang, S., Ge, Z., Su, M., Shi, Y., et al. (2021). Engineering NK-92
cell by upregulating CXCR2 and IL-2 via CRISPR-cas9 improves its antitumor effects as
cellular immunotherapy for human colon cancer. J. Interferon and Cytokine Res. 41,
450–460. doi:10.1089/jir.2021.0078

Gao, X. D., Tu, L.-C., Mir, A., Rodriguez, T., Ding, Y., Leszyk, J., et al. (2018).
C-BERST: defining subnuclear proteomic landscapes at genomic elements with dCas9-
APEX2. Nat. methods 15, 433–436. doi:10.1038/s41592-018-0006-2

Garcia-Bloj, B., Moses, C., Sgro, A., Plani-Lam, J., Arooj, M., Duffy, C., et al. (2016).
Waking up dormant tumor suppressor genes with zinc fingers, TALEs and the CRISPR/
dCas9 system. Oncotarget 7, 60535–60554. doi:10.18632/oncotarget.11142

Gasiunas, G., Barrangou, R., Horvath, P., and Siksnys, V. (2012). Cas9–crRNA
ribonucleoprotein complex mediates specific DNA cleavage for adaptive immunity
in bacteria. Proc. Natl. Acad. Sci. U.S.A. 109, E2579–E2586. doi:10.1073/pnas.
1208507109

Gebhardt, C. M., and Niopek, D. (2024). “Anti-CRISPR proteins and their application
to control CRISPR effectors in mammalian systems,” in Mammalian synthetic systems.
Editors F. Ceroni, and K. Polizzi (New York, NY: Springer US), 205–231. doi:10.1007/
978-1-0716-3718-0_14

Geurts, M. H., and Clevers, H. (2023). CRISPR engineering in organoids for gene
repair and disease modelling. Nat. Rev. Bioeng. 1, 32–45. doi:10.1038/s44222-022-
00013-5

Gillmore, J. D., Gane, Ed, Jorg, T., Kao, J., Fontana, M., Maitland, M. L., et al. (2021).
CRISPR-Cas9 in vivo gene editing for transthyretin amyloidosis. N. Engl. J. Med. 385,
493–502. doi:10.1056/NEJMoa2107454

Giménez, C. A., Ielpi, M., Mutto, A., Grosembacher, L., Argibay, P., and Pereyra-
Bonnet, F. (2016). CRISPR-on system for the activation of the endogenous human INS
gene. Gene Ther. 23, 543–547. doi:10.1038/gt.2016.28

Gonzalez-Avila, L. U., Vega-López, J. M., Pelcastre-Rodríguez, L. I., Cabrero-
Martínez, O. A., Hernández-Cortez, C., and Castro-Escarpulli, G. (2021). The
challenge of CRISPR-cas toward bioethics. Front. Microbiol. 12, 657981. doi:10.
3389/fmicb.2021.657981

Guo, T., Feng, Y.-L., Xiao, J.-J., Liu, Q., Sun, X.-N., Xiang, J.-F., et al. (2018).
Harnessing accurate non-homologous end joining for efficient precise deletion in
CRISPR/Cas9-mediated genome editing. Genome Biol. 19, 170. doi:10.1186/s13059-
018-1518-x

Guo, T., and Xu, J. (2024). Cancer-associated fibroblasts: a versatile mediator in tumor
progression, metastasis, and targeted therapy. Cancer Metastasis Rev. 43, 1095–1116.
doi:10.1007/s10555-024-10186-7

Gupta, R. K., Abdul-jawad, S., McCoy, L. E., Mok, H. P., Peppa, D., Salgado, M., et al.
(2019). HIV-1 remission following CCR5Δ32/Δ32 haematopoietic stem cell
transplantation. Nature 568, 244–248. doi:10.1038/s41586-019-1027-4

Gupta, R. M., and Musunuru, K. (2014). Expanding the genetic editing tool kit: ZFNs,
TALENs, and CRISPR-Cas9. J. Clin. Investigation 124, 4154–4161. doi:10.1172/
JCI72992

Hacein-Bey-Abina, S., Von Kalle, C., Schmidt, M., McCormack, M. P., Wulffraat, N.,
Leboulch, P., et al. (2003). LMO2-associated clonal T cell proliferation in two patients
after gene therapy for SCID-X1. Science 302, 415–419. doi:10.1126/science.1088547

Hamilton, J. P. (2011). Epigenetics: principles and practice. Dig. Dis. 29, 130–135.
doi:10.1159/000323874

Han, J. P., Kim, M., Choi, B. S., Lee, J. H., Lee, G. S., Jeong, M., et al. (2022). In vivo
delivery of CRISPR-Cas9 using lipid nanoparticles enables antithrombin gene editing for
sustainable hemophilia A and B therapy. Sci. Adv. 8, eabj6901. doi:10.1126/sciadv.abj6901

Hanlon, K. S., Kleinstiver, B. P., Garcia, S. P., Zaborowski, M. P., Volak, A., Spirig, S.
E., et al. (2019). High levels of AAV vector integration into CRISPR-induced DNA
breaks. Nat. Commun. 10, 4439. doi:10.1038/s41467-019-12449-2

Hanna, R., Frangoul, H., Mckinney, C., Pineiro, L., Mapara, M., Chang, K.-H., et al.
(2023). S264: EDIT-301 Shows promising preliminary safety and efficacy results in the
phase I/Ii clinical trial (Ruby) of patients with severe sickle cell disease using highly
specific and efficient Ascas12a enzyme. Hemasphere 7, e05170e0. doi:10.1097/01.HS9.
0000967968.05170.e0

Harrington, L. B., Burstein, D., Chen, J. S., Paez-Espino, D., Ma, E., Witte, I. P., et al.
(2018). Programmed DNA destruction by miniature CRISPR-Cas14 enzymes. Science
362, 839–842. doi:10.1126/science.aav4294

Hazan, J., and Bester, A. C. (2021). CRISPR-based approaches for the high-
throughput characterization of long non-coding RNAs. Noncoding RNA 7, 79.
doi:10.3390/ncrna7040079

He, Y.-Z., Kuang, X., Long, T.-F., Li, G., Ren, H., He, B., et al. (2021). Re-engineering a
mobile-CRISPR/Cas9 system for antimicrobial resistance gene curing and
immunization in Escherichia coli. J. Antimicrob. Chemother. 77, 74–82. doi:10.1093/
jac/dkab368

Hendel, A., Bak, R. O., Clark, J. T., Kennedy, A. B., Ryan, D. E., Roy, S., et al. (2015).
Chemically modified guide RNAs enhance CRISPR-Cas genome editing in human
primary cells. Nat. Biotechnol. 33, 985–989. doi:10.1038/nbt.3290

Hibshman, G. N., Bravo, J. P. K., Hooper, M. M., Dangerfield, T. L., Zhang, H.,
Finkelstein, I. J., et al. (2024). Unraveling the mechanisms of PAMless DNA
interrogation by SpRY-Cas9. Nat. Commun. 15, 3663. doi:10.1038/s41467-024-
47830-3

Hilton, I. B., D’Ippolito, A. M., Vockley, C. M., Thakore, P. I., Crawford, G. E., Reddy,
T. E., et al. (2015). Epigenome editing by a CRISPR-Cas9-based acetyltransferase
activates genes from promoters and enhancers. Nat. Biotechnol. 33, 510–517. doi:10.
1038/nbt.3199

Hoekstra, M., and Van Eck, M. (2024). Gene editing for the treatment of
hypercholesterolemia. Curr. Atheroscler. Rep. 26, 139–146. doi:10.1007/s11883-024-01198-3

Hoerster, K., Uhrberg, M., Wiek, C., Horn, P. A., Hanenberg, H., and Heinrichs, S.
(2021). HLA class I knockout converts allogeneic primary NK cells into suitable
effectors for “off-the-shelf” immunotherapy. Front. Immunol. 11, 586168. doi:10.
3389/fimmu.2020.586168

Hsu, M.-N., Chang, Y.-H., Truong, V. A., Lai, P.-L., Nguyen, T. K. N., and Hu, Y.-C.
(2019). CRISPR technologies for stem cell engineering and regenerative medicine.
Biotechnol. Adv. 37, 107447. doi:10.1016/j.biotechadv.2019.107447

Hu, J. H., Miller, S. M., Geurts, M. H., Tang, W., Chen, L., Sun, N., et al. (2018).
Evolved Cas9 variants with broad PAM compatibility and high DNA specificity. Nature
556, 57–63. doi:10.1038/nature26155

Hua, K., Tao, X., Han, P., Wang, R., and Zhu, J.-K. (2019). Genome engineering in rice
using Cas9 variants that recognize NG PAM sequences. Mol. Plant 12, 1003–1014.
doi:10.1016/j.molp.2019.03.009

Huang, C.-H., Lee, K.-C., and Doudna, J. A. (2018). Applications of CRISPR-cas
enzymes in cancer therapeutics and detection. Trends Cancer 4, 499–512. doi:10.1016/j.
trecan.2018.05.006

Frontiers in Genome Editing frontiersin.org26

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.1093/nar/gkab557
https://doi.org/10.3389/fbioe.2023.1138596
https://doi.org/10.1038/nature21405
https://doi.org/10.2217/epi-2023-0281
https://doi.org/10.1186/s12977-024-00634-1
https://doi.org/10.1038/s41467-021-24577-9
https://doi.org/10.1038/s41467-021-24577-9
https://doi.org/10.1089/ten.TEA.2016.0441
https://doi.org/10.1016/j.ymthe.2016.11.004
https://doi.org/10.1055/s-2005-923313
https://doi.org/10.1016/j.exphem.2015.06.002
https://doi.org/10.1182/blood-2020-139575
https://doi.org/10.1001/amajethics.2019.1105
https://doi.org/10.3389/fcell.2021.639699
https://doi.org/10.3389/fcell.2021.639699
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1126/sciadv.aar3952
https://doi.org/10.1038/s41417-021-00366-w
https://doi.org/10.1038/s41417-021-00366-w
https://doi.org/10.1089/jir.2021.0078
https://doi.org/10.1038/s41592-018-0006-2
https://doi.org/10.18632/oncotarget.11142
https://doi.org/10.1073/pnas.1208507109
https://doi.org/10.1073/pnas.1208507109
https://doi.org/10.1007/978-1-0716-3718-0_14
https://doi.org/10.1007/978-1-0716-3718-0_14
https://doi.org/10.1038/s44222-022-00013-5
https://doi.org/10.1038/s44222-022-00013-5
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.1038/gt.2016.28
https://doi.org/10.3389/fmicb.2021.657981
https://doi.org/10.3389/fmicb.2021.657981
https://doi.org/10.1186/s13059-018-1518-x
https://doi.org/10.1186/s13059-018-1518-x
https://doi.org/10.1007/s10555-024-10186-7
https://doi.org/10.1038/s41586-019-1027-4
https://doi.org/10.1172/JCI72992
https://doi.org/10.1172/JCI72992
https://doi.org/10.1126/science.1088547
https://doi.org/10.1159/000323874
https://doi.org/10.1126/sciadv.abj6901
https://doi.org/10.1038/s41467-019-12449-2
https://doi.org/10.1097/01.HS9.0000967968.05170.e0
https://doi.org/10.1097/01.HS9.0000967968.05170.e0
https://doi.org/10.1126/science.aav4294
https://doi.org/10.3390/ncrna7040079
https://doi.org/10.1093/jac/dkab368
https://doi.org/10.1093/jac/dkab368
https://doi.org/10.1038/nbt.3290
https://doi.org/10.1038/s41467-024-47830-3
https://doi.org/10.1038/s41467-024-47830-3
https://doi.org/10.1038/nbt.3199
https://doi.org/10.1038/nbt.3199
https://doi.org/10.1007/s11883-024-01198-3
https://doi.org/10.3389/fimmu.2020.586168
https://doi.org/10.3389/fimmu.2020.586168
https://doi.org/10.1016/j.biotechadv.2019.107447
https://doi.org/10.1038/nature26155
https://doi.org/10.1016/j.molp.2019.03.009
https://doi.org/10.1016/j.trecan.2018.05.006
https://doi.org/10.1016/j.trecan.2018.05.006
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Huang, J., Zhou, Y., Li, J., Lu, A., and Liang, C. (2022a). CRISPR/Cas systems: delivery
and application in gene therapy. Front. Bioeng. Biotechnol. 10, 942325. doi:10.3389/
fbioe.2022.942325

Huang, X., Yang, D., Zhang, J., Xu, J., and Chen, Y. E. (2022b). Recent advances in
improving gene-editing specificity through CRISPR–cas9 nuclease engineering. Cells 11,
2186. doi:10.3390/cells11142186

Hwang, W. Y., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., et al. (2013).
Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat. Biotechnol. 31,
227–229. doi:10.1038/nbt.2501

Iancu, O., Allen, D., Knop, O., Zehavi, Y., Breier, D., Arbiv, A., et al. (2022). Multiplex
HDR for disease and correction modeling of SCID by CRISPR genome editing in
human HSPCs. Mol. Ther. Nucleic Acids 31, 105–121. doi:10.1016/j.omtn.2022.12.006

ISRCTN Registry (2024). International standard randomised controlled trial number
(ISRCTN). Available at: https://www.isrctn.com/(Accessed August 15, 2024).

Jackson, M., Marks, L., May, G. H. W., and Wilson, J. B. (2018). The genetic basis of
disease. Essays Biochem. 62, 643–723. doi:10.1042/EBC20170053

Janiszewska, J., Kostrzewska-Poczekaj, M., Wierzbicka, M., Brenner, J. C., and
Giefing, M. (2024). HPV-driven oncogenesis—much more than the E6 and
E7 oncoproteins. J. Appl. Genet. doi:10.1007/s13353-024-00883-y

Jeong, Y. K., Song, B., and Bae, S. (2020). Current status and challenges of DNA base
editing tools. Mol. Ther. 28, 1938–1952. doi:10.1016/j.ymthe.2020.07.021

Jin, B., Li, Y., and Robertson, K. D. (2011). DNA methylation. Genes Cancer 2,
607–617. doi:10.1177/1947601910393957

Jin, Y., Shen, Y., Su, X., Weintraub, N. L., and Tang, Y. (2020). Effective restoration of
dystrophin expression in iPSC Mdx-derived muscle progenitor cells using the CRISPR/
Cas9 system and homology-directed repair technology. Comput. Struct. Biotechnol. J.
18, 765–773. doi:10.1016/j.csbj.2020.03.012

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier, E.
(2012). A programmable dual RNA-guided DNA endonuclease in adaptive bacterial
immunity. Sci. (New York, N.Y.) 337, 816–821. doi:10.1126/science.1225829

Jing, W., Zhang, X., Sun, W., Hou, X., Yao, Z., and Zhu, Y. (2015). CRISPR/CAS9-
Mediated genome editing of miRNA-155 inhibits proinflammatory cytokine
production by RAW264.7 cells. BioMed Res. Int. 2015, 326042. doi:10.1155/2015/
326042

Jogalekar, M. P., Rajendran, R. L., Khan, F., Dmello, C., Gangadaran, P., and Ahn, B.-C.
(2022). CAR T-Cell-Based gene therapy for cancers: new perspectives, challenges, and
clinical developments. Front. Immunol. 13, 925985. doi:10.3389/fimmu.2022.925985

Jore, M. M., Brouns, S. J. J., and van der Oost, J. (2012). RNA in defense: CRISPRs
protect prokaryotes against mobile genetic elements. Cold Spring Harb. Perspect. Biol. 4,
a003657. doi:10.1101/cshperspect.a003657

Jubair, L., Fallaha, S., and McMillan, N. A. J. (2019). Systemic delivery of CRISPR/
Cas9 targeting HPV oncogenes is effective at eliminating established tumors.Mol. Ther.
27, 2091–2099. doi:10.1016/j.ymthe.2019.08.012

Justiz-Vaillant, A. A., Gopaul, D., Akpaka, P. E., Soodeen, S., and Arozarena Fundora, R.
(2023). Severe combined immunodeficiency—classification, microbiology association and
treatment. Microorganisms 11, 1589. doi:10.3390/microorganisms11061589

Kafil, V., and Omidi, Y. (2011). Cytotoxic impacts of linear and branched
polyethylenimine nanostructures in A431 cells. BioImpacts BI 1, 23–30. doi:10.5681/
bi.2011.004

Kalluri, R. (2016). The biology and function of fibroblasts in cancer. Nat. Rev. Cancer
16, 582–598. doi:10.1038/nrc.2016.73

Kaminski, M. M., Abudayyeh, O. O., Gootenberg, J. S., Zhang, F., and Collins, J. J.
(2021). CRISPR-based diagnostics. Nat. Biomed. Eng. 5, 643–656. doi:10.1038/s41551-
021-00760-7

Kantor, B., Tagliafierro, L., Gu, J., Zamora, M. E., Ilich, E., Grenier, C., et al. (2018).
Downregulation of snca expression by targeted editing of DNAmethylation: a potential
strategy for precision therapy in pd. Mol. Ther. 26, 2638–2649. doi:10.1016/j.ymthe.
2018.08.019

Karimova, M., Beschorner, N., Dammermann, W., Chemnitz, J., Indenbirken, D.,
Bockmann, J.-H., et al. (2015). CRISPR/Cas9 nickase-mediated disruption of hepatitis B
virus open reading frame S and X. Sci. Rep. 5, 13734. doi:10.1038/srep13734

Karpov, D. S., Sosnovtseva, A. O., Pylina, S. V., Bastrich, A. N., Petrova, D. A., Kovalev,
M. A., et al. (2023). Challenges of CRISPR/Cas-Based cell therapy for type 1 diabetes: how
not to engineer a “trojan horse.”. Int. J. Mol. Sci. 24, 17320. doi:10.3390/ijms242417320

Kazemian, P., Yu, S.-Y., Thomson, S. B., Birkenshaw, A., Leavitt, B. R., and Ross, C.
J. D. (2022). Lipid-nanoparticle-based delivery of CRISPR/Cas9 genome-editing
components. Mol. Pharm. 19, 1669–1686. doi:10.1021/acs.molpharmaceut.1c00916

Kellner, M. J., Koob, J., Gootenberg, J. S., Abudayyeh, O. O., and Zhang, F. (2019).
SHERLOCK: nucleic acid detection with CRISPR nucleases.Nat. Protoc. 14, 2986–3012.
doi:10.1038/s41596-019-0210-2

Kemaladewi, D. U., Bassi, P. S., Erwood, S., Al-Basha, D., Gawlik, K. I., Lindsay, K.,
et al. (2019). A mutation-independent approach for muscular dystrophy via
upregulation of a modifier gene. Nature 572, 125–130. doi:10.1038/s41586-019-
1430-x

Khamaikawin, W., Saisawang, C., Tassaneetrithep, B., Bhukhai, K., Phanthong, P.,
Borwornpinyo, S., et al. (2024). CRISPR/Cas9 genome editing of CCR5 combined with
C46 HIV-1 fusion inhibitor for cellular resistant to R5 and X4 tropic HIV-1. Sci. Rep. 14,
10852. doi:10.1038/s41598-024-61626-x

Khan, M. (2024). Polymers as efficient non-viral gene delivery vectors: the role of the
chemical and physical architecture of macromolecules. Polymers 16, 2629. doi:10.3390/
polym16182629

Kim, I., Jeong, M., Ka, D., Han,M., Kim, N.-K., Bae, E., et al. (2018). Solution structure
and dynamics of anti-CRISPR AcrIIA4, the Cas9 inhibitor. Sci. Rep. 8, 3883. doi:10.
1038/s41598-018-22177-0

Kim, J.-S., Cho, D.-H., Park, M., Chung, W.-J., Shin, D., Ko, K. S., et al. (2016).
CRISPR/Cas9-Mediated Re-sensitization of antibiotic-resistant Escherichia coli
harboring extended-spectrum β-lactamases. J. Microbiol. Biotechnol. 26, 394–401.
doi:10.4014/jmb.1508.08080

Kim, P., Sanchez, A. M., Penke, T. J. R., Tuson, H. H., Kime, J. C., McKee, R. W., et al.
(2024). Safety, pharmacokinetics, and pharmacodynamics of LBP-EC01, a CRISPR-
Cas3-enhanced bacteriophage cocktail, in uncomplicated urinary tract infections due to
Escherichia coli (ELIMINATE): the randomised, open-label, first part of a two-part
phase 2 trial. Lancet Infect. Dis. 24, 1319–1332. doi:10.1016/S1473-3099(24)00424-9

Knott, G. J., Thornton, B.W., Lobba,M. J., Liu, J.-J., Al-Shayeb, B.,Watters, K. E., et al.
(2019). Broad-spectrum enzymatic inhibition of CRISPR-Cas12a. Nat. Struct. and Mol.
Biol. 26, 315–321. doi:10.1038/s41594-019-0208-z

Koblan, L. W., Erdos, M. R., Wilson, C., Cabral, W. A., Levy, J. M., Xiong, Z.-M., et al.
(2021). In vivo base editing rescues Hutchinson–Gilford progeria syndrome in mice.
Nature 589, 608–614. doi:10.1038/s41586-020-03086-7

Komor, A. C., Kim, Y. B., Packer, M. S., Zuris, J. A., and Liu, D. R. (2016).
Programmable editing of a target base in genomic DNA without double-stranded
DNA cleavage. Nature 533, 420–424. doi:10.1038/nature17946

Kontomanolis, E. N., Koutras, A., Syllaios, A., Schizas, D., Mastoraki, A., Garmpis, N.,
et al. (2020). Role of oncogenes and tumor-suppressor genes in carcinogenesis: a review.
Anticancer Res. 40, 6009–6015. doi:10.21873/anticanres.14622

Kraus, C., and Sontheimer, E. J. (2023). Applications of anti-CRISPR proteins in genome
editing and biotechnology. J. Mol. Biol. 435, 168120. doi:10.1016/j.jmb.2023.168120

Kulcsár, P. I., Tálas, A., Ligeti, Z., Krausz, S. L., and Welker, E. (2022). SuperFi-Cas9
exhibits remarkable fidelity but severely reduced activity yet works effectively with
ABE8e. Nat. Commun. 13, 6858. doi:10.1038/s41467-022-34527-8

Kwon, D. Y., Zhao, Y.-T., Lamonica, J. M., and Zhou, Z. (2017). Locus-specific histone
deacetylation using a synthetic CRISPR-Cas9-based HDAC. Nat. Commun. 8, 15315.
doi:10.1038/ncomms15315

Lanphier, E., Urnov, F., Haecker, S. E., Werner, M., and Smolenski, J. (2015). Don’t
edit the human germ line. Nature 519, 410–411. doi:10.1038/519410a

Laustsen, A., and Bak, R. O. (2019). Electroporation-based CRISPR/Cas9 gene editing
using Cas9 protein and chemically modified sgRNAs.MethodsMol. Biol. 1961, 127–134.
doi:10.1007/978-1-4939-9170-9_9

Lee, C. S., Bishop, E. S., Zhang, R., Yu, X., Farina, E. M., Yan, S., et al. (2017a).
Adenovirus-mediated gene delivery: potential applications for gene and cell-based
therapies in the new era of personalized medicine. Genes and Dis. 4, 43–63. doi:10.
1016/j.gendis.2017.04.001

Lee, K., Conboy, M., Park, H. M., Jiang, F., Kim, H. J., Dewitt, M. A., et al. (2017b).
Nanoparticle delivery of Cas9 ribonucleoprotein and donor DNA in vivo induces
homology-directed DNA repair. Nat. Biomed. Eng. 1, 889–901. doi:10.1038/s41551-
017-0137-2

Lentsch, E., Li, L., Pfeffer, S., Ekici, A. B., Taher, L., Pilarsky, C., et al. (2019). CRISPR/
Cas9-Mediated knock-out of KrasG12Dmutated pancreatic cancer cell lines. Int. J. Mol.
Sci. 20, 5706. doi:10.3390/ijms20225706

Leroy, B. P., Birch, D. G., Duncan, J. L., Lam, B. L., Koenekoop, R. K., Porto, F. B. O.,
et al. (2021). Leber congenital amaurosis due to cep290 mutations—severe vision
impairment with a high unmet medical need: a review. Retina Phila. Pa. 41, 898–907.
doi:10.1097/IAE.0000000000003133

Li, A., Cartwright, S., Yu, A., Ho, S.-M., Schrode, N., Deans, P. J. M., et al. (2021a).
Using the dCas9-KRAB system to repress gene expression in hiPSC-derived
NGN2 neurons. Star. Protoc. 2, 100580. doi:10.1016/j.xpro.2021.100580

Li, H., Sheng, C., Wang, S., Yang, L., Liang, Y., Huang, Y., et al. (2017). Removal of
integrated hepatitis B virus DNA using CRISPR-cas9. Front. Cell Infect. Microbiol. 7, 91.
doi:10.3389/fcimb.2017.00091

Li, H. L., Fujimoto, N., Sasakawa, N., Shirai, S., Ohkame, T., Sakuma, T., et al. (2014).
Precise correction of the dystrophin gene in duchenne muscular dystrophy patient
induced pluripotent stem cells by TALEN and CRISPR-cas9. Stem Cell Rep. 4, 143–154.
doi:10.1016/j.stemcr.2014.10.013

Li, J., Mahata, B., Escobar, M., Goell, J., Wang, K., Khemka, P., et al. (2021b).
Programmable human histone phosphorylation and gene activation using a CRISPR/
Cas9-based chromatin kinase. Nat. Commun. 12, 896. doi:10.1038/s41467-021-21188-2

Li, J., Wang, L., Hua, X., Tang, H., Chen, R., Yang, T., et al. (2020). CRISPR/Cas9-
Mediated miR-29b editing as a treatment of different types of muscle atrophy in mice.
Mol. Ther. 28, 1359–1372. doi:10.1016/j.ymthe.2020.03.005

Frontiers in Genome Editing frontiersin.org27

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.3389/fbioe.2022.942325
https://doi.org/10.3389/fbioe.2022.942325
https://doi.org/10.3390/cells11142186
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1016/j.omtn.2022.12.006
https://www.isrctn.com/
https://doi.org/10.1042/EBC20170053
https://doi.org/10.1007/s13353-024-00883-y
https://doi.org/10.1016/j.ymthe.2020.07.021
https://doi.org/10.1177/1947601910393957
https://doi.org/10.1016/j.csbj.2020.03.012
https://doi.org/10.1126/science.1225829
https://doi.org/10.1155/2015/326042
https://doi.org/10.1155/2015/326042
https://doi.org/10.3389/fimmu.2022.925985
https://doi.org/10.1101/cshperspect.a003657
https://doi.org/10.1016/j.ymthe.2019.08.012
https://doi.org/10.3390/microorganisms11061589
https://doi.org/10.5681/bi.2011.004
https://doi.org/10.5681/bi.2011.004
https://doi.org/10.1038/nrc.2016.73
https://doi.org/10.1038/s41551-021-00760-7
https://doi.org/10.1038/s41551-021-00760-7
https://doi.org/10.1016/j.ymthe.2018.08.019
https://doi.org/10.1016/j.ymthe.2018.08.019
https://doi.org/10.1038/srep13734
https://doi.org/10.3390/ijms242417320
https://doi.org/10.1021/acs.molpharmaceut.1c00916
https://doi.org/10.1038/s41596-019-0210-2
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1038/s41586-019-1430-x
https://doi.org/10.1038/s41598-024-61626-x
https://doi.org/10.3390/polym16182629
https://doi.org/10.3390/polym16182629
https://doi.org/10.1038/s41598-018-22177-0
https://doi.org/10.1038/s41598-018-22177-0
https://doi.org/10.4014/jmb.1508.08080
https://doi.org/10.1016/S1473-3099(24)00424-9
https://doi.org/10.1038/s41594-019-0208-z
https://doi.org/10.1038/s41586-020-03086-7
https://doi.org/10.1038/nature17946
https://doi.org/10.21873/anticanres.14622
https://doi.org/10.1016/j.jmb.2023.168120
https://doi.org/10.1038/s41467-022-34527-8
https://doi.org/10.1038/ncomms15315
https://doi.org/10.1038/519410a
https://doi.org/10.1007/978-1-4939-9170-9_9
https://doi.org/10.1016/j.gendis.2017.04.001
https://doi.org/10.1016/j.gendis.2017.04.001
https://doi.org/10.1038/s41551-017-0137-2
https://doi.org/10.1038/s41551-017-0137-2
https://doi.org/10.3390/ijms20225706
https://doi.org/10.1097/IAE.0000000000003133
https://doi.org/10.1016/j.xpro.2021.100580
https://doi.org/10.3389/fcimb.2017.00091
https://doi.org/10.1016/j.stemcr.2014.10.013
https://doi.org/10.1038/s41467-021-21188-2
https://doi.org/10.1016/j.ymthe.2020.03.005
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Li, Y., Xu, J., Guo, X., Li, Z., Cao, L., Liu, S., et al. (2023). The collateral activity of
RfxCas13d can induce lethality in a RfxCas13d knock-in mouse model.Genome Biol. 24,
20. doi:10.1186/s13059-023-02860-w

Liang, F., Zhang, Y., Li, L., Yang, Y., Fei, J.-F., Liu, Y., et al. (2022). SpG and SpRY
variants expand the CRISPR toolbox for genome editing in zebrafish.Nat. Commun. 13,
3421. doi:10.1038/s41467-022-31034-8

Liang, Y., Chen, F., Wang, K., and Lai, L. (2023). Base editors: development and
applications in biomedicine. Front. Med. 17, 359–387. doi:10.1007/s11684-023-1013-y

Liao, C., Slotkowski, R. A., Achmedov, T., and Beisel, C. L. (2018). The Francisella
novicida Cas12a is sensitive to the structure downstream of the terminal repeat in
CRISPR arrays. RNA Biol. 16, 404–412. doi:10.1080/15476286.2018.1526537

Liao, H., Wu, J., VanDusen, N. J., Li, Y., and Zheng, Y. (2024). CRISPR-Cas9-
mediated homology-directed repair for precise gene editing.Mol. Ther. Nucleic Acids 35,
102344. doi:10.1016/j.omtn.2024.102344

Liao, H.-K., Hatanaka, F., Araoka, T., Reddy, P., Wu, M.-Z., Sui, Y., et al. (2017). In
vivo target gene activation via CRISPR/Cas9-Mediated trans-epigenetic modulation.
Cell 171, 1495–1507. doi:10.1016/j.cell.2017.10.025

Limpitikul, W. B., Dick, I. E., Tester, D. J., Boczek, N. J., Limphong, P., Yang, W., et al.
(2017). A precision medicine approach to the rescue of function on malignant
calmodulinopathic long-QT syndrome. Circulation Res. 120, 39–48. doi:10.1161/
CIRCRESAHA.116.309283

Lin, D., Shen, Y., and Liang, T. (2023). Oncolytic virotherapy: basic principles, recent
advances and future directions. Sig Transduct. Target Ther. 8, 156–229. doi:10.1038/
s41392-023-01407-6

Lino, C. A., Harper, J. C., Carney, J. P., and Timlin, J. A. (2018). Delivering CRISPR: a
review of the challenges and approaches. Drug Deliv. 25, 1234–1257. doi:10.1080/
10717544.2018.1474964

Liu, C., Zhang, L., Liu, H., and Cheng, K. (2017a). Delivery strategies of the CRISPR-
cas9 gene-editing system for therapeutic applications. J. Control. release official
J. Control. Release Soc. 266, 17–26. doi:10.1016/j.jconrel.2017.09.012

Liu, C.-L., Huang, C.-Y., Chen, H.-C., Lu, H.-E., Hsieh, P. C. H., and Lee, J.-J. (2020).
Generation of a gene corrected human isogenic IBMS-iPSC-014-C from polycystic-
kidney-disease induced pluripotent stem cell line using CRISPR/Cas9. Stem Cell Res. 45,
101784. doi:10.1016/j.scr.2020.101784

Liu, L., Li, X., Ma, J., Li, Z., You, L., Wang, J., et al. (2017b). The molecular architecture
for RNA-guided RNA cleavage by Cas13a. Cell 170, 714–726. doi:10.1016/j.cell.2017.
06.050

Liu, S. J., Horlbeck, M. A., Cho, S. W., Birk, H. S., Malatesta, M., He, D., et al. (2017c).
CRISPRi-based genome-scale identification of functional long noncoding RNA loci in
human cells. Science 355, eaah7111. doi:10.1126/science.aah7111

Liu, W., Li, L., Jiang, J., Wu, M., and Lin, P. (2021). Applications and challenges of
CRISPR-Cas gene-editing to disease treatment in clinics. Precis. Clin. Med. 4, 179–191.
doi:10.1093/pcmedi/pbab014

Liu, X. S., Wu, H., Krzisch, M., Wu, X., Graef, J., Muffat, J., et al. (2018). Rescue of
Fragile X syndrome neurons by DNA methylation editing of the FMR1 gene. Cell 172,
979–992. doi:10.1016/j.cell.2018.01.012

Long, C., McAnally, J. R., Shelton, J. M., Mireault, A. A., Bassel-Duby, R., and Olson,
E. N. (2014). Prevention of muscular dystrophy in mice by CRISPR/Cas9–mediated
editing of germline DNA. Science 345, 1184–1188. doi:10.1126/science.1254445

López Rodríguez, M., Kaminska, D., Lappalainen, K., Pihlajamäki, J., Kaikkonen, M.
U., and Laakso, M. (2017). Identification and characterization of a FOXA2-regulated
transcriptional enhancer at a type 2 diabetes intronic locus that controls GCKR
expression in liver cells. Genome Med. 9, 63. doi:10.1186/s13073-017-0453-x

Lorenzo, D., Esquerda, M., Palau, F., Cambra, F. J., and Bioética, G. I. en (2022). Ethics
and genomic editing using the crispr-cas9 technique: challenges and conflicts.
Nanoethics 16, 313–321. doi:10.1007/s11569-022-00425-y

Lu, X., Zhang, M., Li, G., Zhang, S., Zhang, J., Fu, X., et al. (2023). Applications and
research advances in the delivery of CRISPR/Cas9 systems for the treatment of inherited
diseases. Int. J. Mol. Sci. 24, 13202. doi:10.3390/ijms241713202

Lugano, R., Ramachandran, M., and Dimberg, A. (2019). Tumor angiogenesis: causes,
consequences, challenges and opportunities. Cell Mol. Life Sci. 77, 1745–1770. doi:10.
1007/s00018-019-03351-7

Maeder, M. L., Stefanidakis, M., Wilson, C. J., Baral, R., Barrera, L. A., Bounoutas, G.
S., et al. (2019). Development of a gene-editing approach to restore vision loss in Leber
congenital amaurosis type 10. Nat. Med. 25, 229–233. doi:10.1038/s41591-018-0327-9

Makarova, K. S., and Koonin, E. V. (2015). Annotation and classification of CRISPR-
cas systems. Methods Mol. Biol. 1311, 47–75. doi:10.1007/978-1-4939-2687-9_4

Marino, N. D., Pinilla-Redondo, R., Csörgő, B., and Bondy-Denomy, J. (2020). Anti-
CRISPR protein applications: natural brakes for CRISPR-Cas technologies. Nat.
Methods 17, 471–479. doi:10.1038/s41592-020-0771-6

Marraffini, L. A. (2016). “The CRISPR-Cas system of Streptococcus pyogenes:
function and applications,” in Streptococcus pyogenes: basic biology to clinical
manifestations. Editors J. J. Ferretti, D. L. Stevens, and V. A. Fischetti (Oklahoma
City (OK): University of Oklahoma Health Sciences Center). Available at: http://www.
ncbi.nlm.nih.gov/books/NBK355562/(Accessed November 4, 2024).

Matharu, N., Rattanasopha, S., Tamura, S., Maliskova, L., Wang, Y., Bernard, A., et al.
(2019). CRISPR-mediated activation of a promoter or enhancer rescues obesity caused
by haploinsufficiency. Science 363, eaau0629. doi:10.1126/science.aau0629

Mengstie, A., and Misganaw (2022). Viral vectors for the in vivo delivery of CRISPR
components: advances and challenges. Front. Bioeng. Biotechnol. 10, 895713. doi:10.
3389/fbioe.2022.895713

Mengstie, M. A., Azezew, M. T., Dejenie, T. A., Teshome, A. A., Admasu, F. T.,
Teklemariam, A. B., et al. (2024). Recent advancements in reducing the off-target effect
of CRISPR-cas9 genome editing. BTT 18, 21–28. doi:10.2147/BTT.S429411

Miller, K. E., Hoyt, R., Rust, S., Doerschuk, R., Huang, Y., and Lin, S. M. (2020). The
financial impact of genetic diseases in a pediatric accountable care organization. Front.
Public Health 8, 58. doi:10.3389/fpubh.2020.00058

Mirgayazova, R., Khadiullina, R., Chasov, V., Mingaleeva, R., Miftakhova, R.,
Rizvanov, A., et al. (2020). Therapeutic editing of the TP53 gene: is CRISPR/
Cas9 an option? Genes (Basel) 11, 704. doi:10.3390/genes11060704

Mohammadian Farsani, A., Mokhtari, N., Nooraei, S., Bahrulolum, H., Akbari, A.,
Farsani, Z. M., et al. (2024). Lipid nanoparticles: the game-changer in CRISPR-Cas9
genome editing. Heliyon 10, e24606. doi:10.1016/j.heliyon.2024.e24606

Mohanraju, P., Makarova, K. S., Zetsche, B., Zhang, F., Koonin, E. V., and van der
Oost, J. (2016). Diverse evolutionary roots and mechanistic variations of the CRISPR-
Cas systems. Science 353, aad5147. doi:10.1126/science.aad5147

Moreb, E. A., Hutmacher, M., and Lynch, M. D. (2020). CRISPR-cas “non-target”
sites inhibit on-target cutting rates. CRISPR J. 3, 550–561. doi:10.1089/crispr.2020.0065

Moreno, A. M., Fu, X., Zhu, J., Katrekar, D., Shih, Y.-R. V., Marlett, J., et al. (2018). In
situ gene therapy via AAV-CRISPR-cas9-mediated targeted gene regulation.Mol. Ther.
26, 1818–1827. doi:10.1016/j.ymthe.2018.04.017

Morishige, S., Mizuno, S., Ozawa, H., Nakamura, T., Mazahery, A., Nomura, K., et al.
(2020). CRISPR/Cas9-mediated gene correction in hemophilia B patient-derived iPSCs.
Int. J. Hematol. 111, 225–233. doi:10.1007/s12185-019-02765-0

Morita, S., Noguchi, H., Horii, T., Nakabayashi, K., Kimura, M., Okamura, K., et al.
(2016). Targeted DNA demethylation in vivo using dCas9–peptide repeat and
scFv–TET1 catalytic domain fusions. Nat. Biotechnol. 34, 1060–1065. doi:10.1038/
nbt.3658

Moses, C., Nugent, F., Waryah, C. B., Garcia-Bloj, B., Harvey, A. R., and Blancafort, P.
(2019). Activating PTEN tumor suppressor expression with the CRISPR/dCas9 system.
Mol. Ther. - Nucleic Acids 14, 287–300. doi:10.1016/j.omtn.2018.12.003

Mouradian, S., Cicciarello, D., Lacoste, N., Risson, V., Berretta, F., Le Grand, F., et al.
(2024). LSD1 controls a nuclear checkpoint in Wnt/β-Catenin signaling to regulate
muscle stem cell self-renewal. Nucleic Acids Res. 52, 3667–3681. doi:10.1093/nar/
gkae060

Moutal, A., Yang, X., Li, W., Gilbraith, K. B., Luo, S., Cai, S., et al. (2017). CRISPR/
Cas9 editing of Nf1 gene identifies CRMP2 as a therapeutic target in neurofibromatosis
type 1-related pain that is reversed by (S)-Lacosamide. Pain 158, 2301–2319. doi:10.
1097/j.pain.0000000000001002

Müthel, S., Marg, A., Ignak, B., Kieshauer, J., Escobar, H., Stadelmann, C., et al. (2023).
Cas9-induced single cut enables highly efficient and template-free repair of a muscular
dystrophy causing founder mutation. Mol. Ther. - Nucleic Acids 31, 494–511. doi:10.
1016/j.omtn.2023.02.005

Nakade, S., Tsubota, T., Sakane, Y., Kume, S., Sakamoto, N., Obara, M., et al. (2014).
Microhomology-mediated end-joining-dependent integration of donor DNA in cells
and animals using TALENs and CRISPR/Cas9. Nat. Commun. 5, 5560. doi:10.1038/
ncomms6560

Narváez-Pérez, L. F., Paz-Bermúdez, F., Avalos-Fuentes, J. A., Campos-Romo, A.,
Florán-Garduño, B., and Segovia, J. (2024). CRISPR/sgRNA-directed synergistic
activation mediator (SAM) as a therapeutic tool for Parkinson´s disease. Gene Ther.
31, 31–44. doi:10.1038/s41434-023-00414-0

Nelson, C. E., Hakim, C. H., Ousterout, D. G., Thakore, P. I., Moreb, E. A., Rivera, R.
M. C., et al. (2016). In vivo genome editing improves muscle function in a mouse model
of Duchenne muscular dystrophy. Science 351, 403–407. doi:10.1126/science.aad5143

Nguyen, H., Wilson, H., Jayakumar, S., Kulkarni, V., and Kulkarni, S. (2021). Efficient
inhibition of HIV using CRISPR/Cas13d nuclease system.Viruses 13, 1850. doi:10.3390/
v13091850

Ni, L., Li, Y., Wu, K., Deng, F., Wang, H., and Ning, Y.-J. (2022). Antitumor efficacy of
CRISPR/Cas9–engineered ICP6 mutant herpes simplex viruses in a mouse xenograft
model for lung adenocarcinoma. J. Med. Virology 94, 6000–6015. doi:10.1002/jmv.
28069

Niola, F., Dagnæs-Hansen, F., and Frödin, M. (2019). “Vivo editing of the adult
mouse liver using CRISPR/Cas9 and hydrodynamic tail vein injection,” in CRISPR gene
editing: methods and protocols. Editor Y. Luo (New York, NY: Springer), 329–341.
doi:10.1007/978-1-4939-9170-9_20

Omachi, K., and Miner, J. H. (2022). Comparative analysis of dCas9-VP64 variants
and multiplexed guide RNAs mediating CRISPR activation. PLoS One 17, e0270008.
doi:10.1371/journal.pone.0270008

Ortinski, P. I., O’Donovan, B., Dong, X., and Kantor, B. (2017). Integrase-Deficient
Lentiviral Vector as an All-in-One Platform for Highly Efficient CRISPR/Cas9-

Frontiers in Genome Editing frontiersin.org28

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.1186/s13059-023-02860-w
https://doi.org/10.1038/s41467-022-31034-8
https://doi.org/10.1007/s11684-023-1013-y
https://doi.org/10.1080/15476286.2018.1526537
https://doi.org/10.1016/j.omtn.2024.102344
https://doi.org/10.1016/j.cell.2017.10.025
https://doi.org/10.1161/CIRCRESAHA.116.309283
https://doi.org/10.1161/CIRCRESAHA.116.309283
https://doi.org/10.1038/s41392-023-01407-6
https://doi.org/10.1038/s41392-023-01407-6
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1016/j.jconrel.2017.09.012
https://doi.org/10.1016/j.scr.2020.101784
https://doi.org/10.1016/j.cell.2017.06.050
https://doi.org/10.1016/j.cell.2017.06.050
https://doi.org/10.1126/science.aah7111
https://doi.org/10.1093/pcmedi/pbab014
https://doi.org/10.1016/j.cell.2018.01.012
https://doi.org/10.1126/science.1254445
https://doi.org/10.1186/s13073-017-0453-x
https://doi.org/10.1007/s11569-022-00425-y
https://doi.org/10.3390/ijms241713202
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.1007/s00018-019-03351-7
https://doi.org/10.1038/s41591-018-0327-9
https://doi.org/10.1007/978-1-4939-2687-9_4
https://doi.org/10.1038/s41592-020-0771-6
http://www.ncbi.nlm.nih.gov/books/NBK355562/
http://www.ncbi.nlm.nih.gov/books/NBK355562/
https://doi.org/10.1126/science.aau0629
https://doi.org/10.3389/fbioe.2022.895713
https://doi.org/10.3389/fbioe.2022.895713
https://doi.org/10.2147/BTT.S429411
https://doi.org/10.3389/fpubh.2020.00058
https://doi.org/10.3390/genes11060704
https://doi.org/10.1016/j.heliyon.2024.e24606
https://doi.org/10.1126/science.aad5147
https://doi.org/10.1089/crispr.2020.0065
https://doi.org/10.1016/j.ymthe.2018.04.017
https://doi.org/10.1007/s12185-019-02765-0
https://doi.org/10.1038/nbt.3658
https://doi.org/10.1038/nbt.3658
https://doi.org/10.1016/j.omtn.2018.12.003
https://doi.org/10.1093/nar/gkae060
https://doi.org/10.1093/nar/gkae060
https://doi.org/10.1097/j.pain.0000000000001002
https://doi.org/10.1097/j.pain.0000000000001002
https://doi.org/10.1016/j.omtn.2023.02.005
https://doi.org/10.1016/j.omtn.2023.02.005
https://doi.org/10.1038/ncomms6560
https://doi.org/10.1038/ncomms6560
https://doi.org/10.1038/s41434-023-00414-0
https://doi.org/10.1126/science.aad5143
https://doi.org/10.3390/v13091850
https://doi.org/10.3390/v13091850
https://doi.org/10.1002/jmv.28069
https://doi.org/10.1002/jmv.28069
https://doi.org/10.1007/978-1-4939-9170-9_20
https://doi.org/10.1371/journal.pone.0270008
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Mediated Gene Editing. Molecular Therapy. Methods and Clinical Devel. 5, 153. doi:10.
1016/j.omtm.2017.04.002

Oppel, F., Schürmann, M., Goon, P., Albers, A. E., and Sudhoff, H. (2018). Specific
targeting of oncogenes using CRISPR technology. Cancer Res. 78, 5506–5512. doi:10.
1158/0008-5472.CAN-18-0571

Pan, Y., Yu, Y., Wang, X., and Zhang, T. (2020). Tumor-associated macrophages in
tumor immunity. Front. Immunol. 11, 583084. doi:10.3389/fimmu.2020.583084

Paraan, M., Nasef, M., Chou-Zheng, L., Khweis, S. A., Schoeffler, A. J., Hatoum-Aslan,
A., et al. (2023). The structure of a Type III-A CRISPR-Cas effector complex reveals
conserved and idiosyncratic contacts to target RNA and crRNA among Type III-A
systems. PLOS ONE 18, e0287461. doi:10.1371/journal.pone.0287461

Park, C.-Y., Kim, D. H., Son, J. S., Sung, J. J., Lee, J., Bae, S., et al. (2015). Functional
correction of large factor VIII gene chromosomal inversions in hemophilia A patient-
derived iPSCs using CRISPR-cas9. Cell Stem Cell 17, 213–220. doi:10.1016/j.stem.2015.
07.001

Park, H., Oh, J., Shim, G., Cho, B., Chang, Y., Kim, S., et al. (2019). In vivo neuronal
gene editing via CRISPR–Cas9 amphiphilic nanocomplexes alleviates deficits in mouse
models of Alzheimer’s disease. Nat. Neurosci. 22, 524–528. doi:10.1038/s41593-019-
0352-0

Paul, B., and Montoya, G. (2020). CRISPR-Cas12a: functional overview and
applications. Biomed. J. 43, 8–17. doi:10.1016/j.bj.2019.10.005

Pavani, G., Fabiano, A., Laurent, M., Amor, F., Cantelli, E., Chalumeau, A., et al.
(2021). Correction of β-thalassemia by CRISPR/Cas9 editing of the α-globin locus in
human hematopoietic stem cells. Blood Adv. 5, 1137–1153. doi:10.1182/bloodadvances.
2020001996

Perrin, A., Rousseau, J., and Tremblay, J. P. (2017). Increased expression of laminin
subunit alpha 1 chain by dCas9-vp160.Mol. Ther. - Nucleic Acids 6, 68–79. doi:10.1016/
j.omtn.2016.11.004

Pi, W., Feng, G., Liu, M., Nie, C., Chen, C., Wang, J., et al. (2024). Electroporation
delivery of Cas9 sgRNA ribonucleoprotein-mediated genome editing in sheep IVF
zygotes. Int. J. Mol. Sci. 25, 9145. doi:10.3390/ijms25179145

Pierce, E. A., Aleman, T. S., Jayasundera, K. T., Ashimatey, B. S., Kim, K., Rashid, A.,
et al. (2024). Gene editing for cep290-associated retinal degeneration. N. Engl. J. Med.
390, 1972–1984. doi:10.1056/NEJMoa2309915

Porter, J. J., and Lueck, J. D. (2024). A cystic fibrosis gene editing approach that is on
target. Mol. Ther. Nucleic Acids 35, 102197. doi:10.1016/j.omtn.2024.102197

Presti, R., Kennedy, W., craddick, tj, and gordon, jennifer (2024). First-in-Human
study of EBT-101 in aviremic HIV-1 infected adults on stable ART. doi:10.13140/RG.2.
2.27466.58567

Qin, S., Liu, Y., Chen, Y., Hu, J., Xiao, W., Tang, X., et al. (2022). Engineered
bacteriophages containing anti-CRISPR suppress infection of antibiotic-resistant P.
aeruginosa. Microbiol. Spectr. 10, e0160222. doi:10.1128/spectrum.01602-22

Qin, W., Dion, S. L., Kutny, P. M., Zhang, Y., Cheng, A. W., Jillette, N. L., et al. (2015).
Efficient CRISPR/Cas9-Mediated genome editing in mice by zygote electroporation of
nuclease. Genetics 200, 423–430. doi:10.1534/genetics.115.176594

Qu, J., Zhu, L., Zhou, Z., Chen, P., Liu, S., Locy, M. L., et al. (2018). Reversing
mechanoinductive DSP expression by CRISPR/dCas9-mediated epigenome editing.
Am. J. Respir. Crit. Care Med. 198, 599–609. doi:10.1164/rccm.201711-2242OC

Rostami, N., Gomari, M. M., Choupani, E., Abkhiz, S., Fadaie, M., Eslami, S. S., et al.
(2024). Exploring Advanced CRISPR Delivery Technologies for Therapeutic Genome
Editing. Small. Science. 4, 2400192. doi:10.1002/smsc.202400192

Rabinowitz, R., Kadair, A., Ben-Zur, T., Michaelson, D., and Offen, D. (2019).
ApoE4 allele specific knockout using a synthetic Cas9 variant as a potential gene
therapy approach for Alzheimer’s disease. Cytotherapy 21, e7. doi:10.1016/j.jcyt.2019.
04.022

Rai, R., Romito, M., Rivers, E., Turchiano, G., Blattner, G., Vetharoy, W., et al. (2020).
Targeted gene correction of human hematopoietic stem cells for the treatment of
Wiskott - aldrich Syndrome. Nat. Commun. 11, 4034. doi:10.1038/s41467-020-17626-2

Ramanan, V., Shlomai, A., Cox, D. B. T., Schwartz, R. E., Michailidis, E., Bhatta, A.,
et al. (2015). CRISPR/Cas9 cleavage of viral DNA efficiently suppresses hepatitis B virus.
Sci. Rep. 5, 10833. doi:10.1038/srep10833

Rasul, M. F., Hussen, B. M., Salihi, A., Ismael, B. S., Jalal, P. J., Zanichelli, A., et al.
(2022). Strategies to overcome the main challenges of the use of CRISPR/Cas9 as a
replacement for cancer therapy. Mol. Cancer 21, 64. doi:10.1186/s12943-021-01487-4

Ravichandran, M., and Maddalo, D. (2023). Applications of CRISPR-Cas9 for
advancing precision medicine in oncology: from target discovery to disease
modeling. Front. Genet. 14, 1273994. doi:10.3389/fgene.2023.1273994

Rawal, P., Tripathi, D. M., Hemati, H., Kumar, J., Tyagi, P., Sarin, S. K., et al. (2024).
Targeted HBx gene editing by CRISPR/Cas9 system effectively reduces epithelial to
mesenchymal transition and HBV replication in hepatoma cells. Liver Int. 44, 614–624.
doi:10.1111/liv.15805

Ray, M., Lee, Y.-W., Hardie, J., Mout, R., Yeşilbag Tonga, G., Farkas, M. E., et al.
(2018). CRISPRed macrophages for cell-based cancer immunotherapy. Bioconjugate
Chem. 29, 445–450. doi:10.1021/acs.bioconjchem.7b00768

Rein, L. A. M., Yang, H., and Chao, N. J. (2018). Applications of gene editing
technologies to cellular therapies. Biol. Blood Marrow Transplant. 24, 1537–1545.
doi:10.1016/j.bbmt.2018.03.021

Richards, D. Y., Winn, S. R., Dudley, S., Nygaard, S., Mighell, T. L., Grompe, M., et al.
(2019). AAV-mediated CRISPR/Cas9 gene editing in murine phenylketonuria. Mol.
Ther. Methods Clin. Dev. 17, 234–245. doi:10.1016/j.omtm.2019.12.004

Rodgers, K., and McVey, M. (2016). Error-prone repair of DNA double-strand
breaks. J. Cell. physiology 231, 15–24. doi:10.1002/jcp.25053

Roth, T. L., and Marson, A. (2021). Genetic disease and therapy. Annu. Rev. Pathol.
16, 145–166. doi:10.1146/annurev-pathmechdis-012419-032626

Rovai, A., Chung, B., Hu, Q., Hook, S., Yuan, Q., Kempf, T., et al. (2022). In vivo
adenine base editing reverts C282Y and improves iron metabolism in hemochromatosis
mice. Nat. Commun. 13, 5215. doi:10.1038/s41467-022-32906-9

Ryan, D. E., Taussig, D., Steinfeld, I., Phadnis, S. M., Lunstad, B. D., Singh, M., et al.
(2017). Improving CRISPR–Cas specificity with chemical modifications in single-guide
RNAs. Nucleic Acids Res. 46, 792–803. doi:10.1093/nar/gkx1199

Sakovina, L., Vokhtantsev, I., Vorobyeva, M., Vorobyev, P., and Novopashina, D.
(2022). Improving stability and specificity of CRISPR/Cas9 system by selective
modification of guide RNAs with 2’-fluoro and locked nucleic acid nucleotides. Int.
J. Mol. Sci. 23, 13460. doi:10.3390/ijms232113460

Salam, Md. A., Al-Amin, Md. Y., Salam, M. T., Pawar, J. S., Akhter, N., Rabaan, A. A.,
et al. (2023). Antimicrobial resistance: a growing serious threat for global public health.
Healthc. (Basel) 11, 1946. doi:10.3390/healthcare11131946

Sato, G., and Kuroda, K. (2023). Overcoming the limitations of CRISPR-cas9 systems
in Saccharomyces cerevisiae: off-target effects, epigenome, and mitochondrial editing.
Microorganisms 11, 1040. doi:10.3390/microorganisms11041040

Saunderson, E. A., Stepper, P., Gomm, J. J., Hoa, L., Morgan, A., Allen, M. D., et al.
(2017). Hit-and-run epigenetic editing prevents senescence entry in primary breast cells
from healthy donors. Nat. Commun. 8, 1450. doi:10.1038/s41467-017-01078-2

Savage, D. F. (2019). Cas14: big advances from small CRISPR proteins. Biochemistry
58, 1024–1025. doi:10.1021/acs.biochem.9b00035

Schutgens, F., and Clevers, H. (2020). Human organoids: tools for understanding
biology and treating diseases. Annu. Rev. Pathol. 15, 211–234. doi:10.1146/annurev-
pathmechdis-012419-032611

Schwank, G., Koo, B.-K., Sasselli, V., Dekkers, J. F., Heo, I., Demircan, T., et al. (2013).
Functional repair of CFTR by CRISPR/Cas9 in intestinal stem cell organoids of cystic
fibrosis patients. Cell Stem Cell 13, 653–658. doi:10.1016/j.stem.2013.11.002

Sekine, K. (2021). Human organoid and supporting technologies for cancer and
toxicological research. Front. Genet. 12, 759366. doi:10.3389/fgene.2021.759366

Shalem, O., Sanjana, N. E., and Zhang, F. (2015). High-throughput functional
genomics using CRISPR–Cas9. Nat. Rev. Genet. 16, 299–311. doi:10.1038/nrg3899

Shao, S., Ren, C., Liu, Z., Bai, Y., Chen, Z., Wei, Z., et al. (2017). Enhancing CRISPR/
Cas9-mediated homology-directed repair in mammalian cells by expressing
Saccharomyces cerevisiae Rad52. Int. J. Biochem. Cell Biol. 92, 43–52. doi:10.1016/j.
biocel.2017.09.012

Shao, Y., Wang, L., Guo, N., Wang, S., Yang, L., Li, Y., et al. (2018). Cas9-
nickase–mediated genome editing corrects hereditary tyrosinemia in rats. J. Biol.
Chem. 293, 6883–6892. doi:10.1074/jbc.RA117.000347

Sheppard, O., and Coleman, M. (2020). “Alzheimer’s disease: etiology,
neuropathology and pathogenesis,” in Alzheimer’s disease: drug discovery. Editor
X. Huang (Brisbane (AU): Exon Publications). Available at: http://www.ncbi.nlm.
nih.gov/books/NBK566126/(Accessed November 12, 2024).

Sheridan, C. (2024). The world’s first CRISPR therapy is approved: who will receive it?
Nat. Biotechnol. 42, 3–4. doi:10.1038/d41587-023-00016-6

Silva, J. F. da, Salic, S., Wiedner, M., Datlinger, P., Essletzbichler, P., Hanzl, A., et al.
(2019). Genome-scale CRISPR screens are efficient in non-homologous end-joining
deficient cells. Sci. Rep. 9, 15751. doi:10.1038/s41598-019-52078-9

Sinclair, F., Begum, A. A., Dai, C. C., Toth, I., and Moyle, P. M. (2023). Recent
advances in the delivery and applications of nonviral CRISPR/Cas9 gene editing. Drug
Deliv. Transl. Res. 13, 1500–1519. doi:10.1007/s13346-023-01320-z

Singh, P., and Schimenti, J. C. (2015). The genetics of human infertility by functional
interrogation of SNPs in mice. Proc. Natl. Acad. Sci. U. S. A. 112, 10431–10436. doi:10.
1073/pnas.1506974112

Sioson, V. A., Kim, M., and Joo, J. (2021). Challenges in delivery systems for CRISPR-
based genome editing and opportunities of nanomedicine. Biomed. Eng. Lett. 11,
217–233. doi:10.1007/s13534-021-00199-4

Song, P., Zhang, Q., Xu, Z., Shi, Y., Jing, R., and Luo, D. (2024). CRISPR/Cas-based
CAR-T cells: production and application. Biomark. Res. 12, 54. doi:10.1186/s40364-024-
00602-z

Stenger, D., Stief, T. A., Kaeuferle, T., Willier, S., Rataj, F., Schober, K., et al. (2020).
Endogenous TCR promotes in vivo persistence of CD19-CAR-T cells compared to a
CRISPR/Cas9-mediated TCR knockout CAR. Blood 136, 1407–1418. doi:10.1182/
blood.2020005185

Frontiers in Genome Editing frontiersin.org29

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.1016/j.omtm.2017.04.002
https://doi.org/10.1016/j.omtm.2017.04.002
https://doi.org/10.1158/0008-5472.CAN-18-0571
https://doi.org/10.1158/0008-5472.CAN-18-0571
https://doi.org/10.3389/fimmu.2020.583084
https://doi.org/10.1371/journal.pone.0287461
https://doi.org/10.1016/j.stem.2015.07.001
https://doi.org/10.1016/j.stem.2015.07.001
https://doi.org/10.1038/s41593-019-0352-0
https://doi.org/10.1038/s41593-019-0352-0
https://doi.org/10.1016/j.bj.2019.10.005
https://doi.org/10.1182/bloodadvances.2020001996
https://doi.org/10.1182/bloodadvances.2020001996
https://doi.org/10.1016/j.omtn.2016.11.004
https://doi.org/10.1016/j.omtn.2016.11.004
https://doi.org/10.3390/ijms25179145
https://doi.org/10.1056/NEJMoa2309915
https://doi.org/10.1016/j.omtn.2024.102197
https://doi.org/10.13140/RG.2.2.27466.58567
https://doi.org/10.13140/RG.2.2.27466.58567
https://doi.org/10.1128/spectrum.01602-22
https://doi.org/10.1534/genetics.115.176594
https://doi.org/10.1164/rccm.201711-2242OC
https://doi.org/10.1002/smsc.202400192
https://doi.org/10.1016/j.jcyt.2019.04.022
https://doi.org/10.1016/j.jcyt.2019.04.022
https://doi.org/10.1038/s41467-020-17626-2
https://doi.org/10.1038/srep10833
https://doi.org/10.1186/s12943-021-01487-4
https://doi.org/10.3389/fgene.2023.1273994
https://doi.org/10.1111/liv.15805
https://doi.org/10.1021/acs.bioconjchem.7b00768
https://doi.org/10.1016/j.bbmt.2018.03.021
https://doi.org/10.1016/j.omtm.2019.12.004
https://doi.org/10.1002/jcp.25053
https://doi.org/10.1146/annurev-pathmechdis-012419-032626
https://doi.org/10.1038/s41467-022-32906-9
https://doi.org/10.1093/nar/gkx1199
https://doi.org/10.3390/ijms232113460
https://doi.org/10.3390/healthcare11131946
https://doi.org/10.3390/microorganisms11041040
https://doi.org/10.1038/s41467-017-01078-2
https://doi.org/10.1021/acs.biochem.9b00035
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://doi.org/10.1146/annurev-pathmechdis-012419-032611
https://doi.org/10.1016/j.stem.2013.11.002
https://doi.org/10.3389/fgene.2021.759366
https://doi.org/10.1038/nrg3899
https://doi.org/10.1016/j.biocel.2017.09.012
https://doi.org/10.1016/j.biocel.2017.09.012
https://doi.org/10.1074/jbc.RA117.000347
http://www.ncbi.nlm.nih.gov/books/NBK566126/
http://www.ncbi.nlm.nih.gov/books/NBK566126/
https://doi.org/10.1038/d41587-023-00016-6
https://doi.org/10.1038/s41598-019-52078-9
https://doi.org/10.1007/s13346-023-01320-z
https://doi.org/10.1073/pnas.1506974112
https://doi.org/10.1073/pnas.1506974112
https://doi.org/10.1007/s13534-021-00199-4
https://doi.org/10.1186/s40364-024-00602-z
https://doi.org/10.1186/s40364-024-00602-z
https://doi.org/10.1182/blood.2020005185
https://doi.org/10.1182/blood.2020005185
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Szymonowicz, K. A., and Chen, J. (2020). Biological and clinical aspects of HPV-
related cancers. Cancer Biol. Med. 17, 864–878. doi:10.20892/j.issn.2095-3941.2020.
0370

Tabar, V., and Studer, L. (2014). Pluripotent stem cells in regenerative medicine:
challenges and recent progress. Nat. Rev. Genet. 15, 82–92. doi:10.1038/nrg3563

Tabebordbar, M., Zhu, K., Cheng, J. K. W., Chew, W. L., Widrick, J. J., Yan, W. X.,
et al. (2016). In vivo gene editing in dystrophic mouse muscle and muscle stem cells.
Science 351, 407–411. doi:10.1126/science.aad5177

Tang, F., Min, L., Seebacher, N. A., Li, X., Zhou, Y., Hornicek, F. J., et al. (2019).
Targeting mutant TP53 as a potential therapeutic strategy for the treatment of
osteosarcoma. J. Orthop. Res. 37, 789–798. doi:10.1002/jor.24227

Tao, S., Chen, H., Li, N., and Liang, W. (2022). The application of the CRISPR-cas
system in antibiotic resistance. Infect. Drug Resist 15, 4155–4168. doi:10.2147/IDR.
S370869

Tao, Y., Lamas, V., Du, W., Zhu, W., Li, Y., Whittaker, M. N., et al. (2023). Treatment
of monogenic and digenic dominant genetic hearing loss by CRISPR-Cas9
ribonucleoprotein delivery in vivo. Nat. Commun. 14, 4928. doi:10.1038/s41467-023-
40476-7

Thakore, P. I., Kwon, J. B., Nelson, C. E., Rouse, D. C., Gemberling, M. P., Oliver, M.
L., et al. (2018). RNA-guided transcriptional silencing in vivo with S. aureus CRISPR-
Cas9 repressors. Nat. Commun. 9, 1674. doi:10.1038/s41467-018-04048-4

Torella, L., Klermund, J., Bilbao-Arribas, M., Tamayo, I., Andrieux, G., Chmielewski,
K. O., et al. (2024). Efficient and safe therapeutic use of paired Cas9-nickases for primary
hyperoxaluria type 1. EMBO Mol. Med. 16, 112–131. doi:10.1038/s44321-023-00008-8

Tornesello, M. L., Buonaguro, F. M., and Buonaguro, F. M. (2020). Nanoparticles to
improve the efficacy of peptide-based cancer vaccines. Cancers (Basel) 12, 3772. doi:10.
3390/cancers12041049

Tran, N.-T., Bashir, S., Li, X., Rossius, J., Chu, V. T., Rajewsky, K., et al. (2019).
Enhancement of precise gene editing by the association of Cas9 with homologous
recombination factors. Front. Genet. 10, 365. doi:10.3389/fgene.2019.00365

Trevino, A. E., and Zhang, F. (2014). Genome editing using Cas9 nickases. Methods
Enzymol. 546, 161–174. doi:10.1016/B978-0-12-801185-0.00008-8

Tsutsui, H., andHigashiyama, T. (2016). pKAMA-ITACHI vectors for highly efficient
CRISPR/Cas9-Mediated gene knockout in Arabidopsis thaliana. Plant Cell Physiology
58, 46–56. doi:10.1093/pcp/pcw191

van Opijnen, T., Jeeninga, R. E., Boerlijst, M. C., Pollakis, G. P., Zetterberg, V.,
Salminen, M., et al. (2004). Human immunodeficiency virus type 1 subtypes have a
distinct long terminal repeat that determines the replication rate in a host-cell-specific
manner. J. Virology 78, 3675–3683. doi:10.1128/jvi.78.7.3675-3683.2004

Veit, G., Avramescu, R. G., Chiang, A. N., Houck, S. A., Cai, Z., Peters, K. W., et al.
(2016). From CFTR biology toward combinatorial pharmacotherapy: expanded
classification of cystic fibrosis mutations. Mol. Biol. Cell 27, 424–433. doi:10.1091/
mbc.E14-04-0935

Vo, B. T., Kwon, J. A., Li, C., Finkelstein, D., Xu, B., Orr, B. A., et al. (2018). Mouse
medulloblastoma driven by CRISPR activation of cellular Myc. Sci. Rep. 8, 8733. doi:10.
1038/s41598-018-24956-1

Vrugt, H. J. van de, Harmsen, T., Riepsaame, J., Alexantya, G., Mil, S. E. van, Vries, Y.
de, et al. (2019). Effective CRISPR/Cas9-mediated correction of a Fanconi anemia defect
by error-prone end joining or templated repair. Sci. Rep. 9, 768. doi:10.1038/s41598-
018-36506-w

Walker-Sünderhauf, D., Klümper, U., Pursey, E., Westra, E. R., Gaze, W. H., and van
Houte, S. (2023). Removal of AMR plasmids using a mobile, broad host-range CRISPR-
Cas9 delivery tool. Microbiology 169, 001334. doi:10.1099/mic.0.001334

Walton, R. T., Christie, K. A., Whittaker, M. N., and Kleinstiver, B. P. (2020).
Unconstrained genome targeting with near-PAMless engineered CRISPR-cas9 variants.
Sci. (New York, N.Y.) 368, 290–296. doi:10.1126/science.aba8853

Wang, D., Tai, P. W. L., and Gao, G. (2019a). Adeno-associated virus vector as a
platform for gene therapy delivery. Nat. Rev. Drug Discov. 18, 358–378. doi:10.1038/
s41573-019-0012-9

Wang, H., Guo, R., Du, Z., Bai, L., Li, L., Cui, J., et al. (2018a). Epigenetic targeting of
granulin in hepatoma cells by synthetic CRISPR dCas9 epi-suppressors. Mol. Ther.
Nucleic Acids 11, 23–33. doi:10.1016/j.omtn.2018.01.002

Wang, J.-H., Gessler, D. J., Zhan, W., Gallagher, T. L., and Gao, G. (2024a). Adeno-
associated virus as a delivery vector for gene therapy of human diseases. Sig Transduct.
Target Ther. 9, 78–33. doi:10.1038/s41392-024-01780-w

Wang, J. Y., Pausch, P., and Doudna, J. A. (2022a). Structural biology of CRISPR–Cas
immunity and genome editing enzymes. Nat. Rev. Microbiol. 20, 641–656. doi:10.1038/
s41579-022-00739-4

Wang, L., Chen, Y., Liu, X., Li, Z., and Dai, X. (2022b). The application of CRISPR/
Cas9 technology for cancer immunotherapy: current status and problems. Front. Oncol.
11, 704999. doi:10.3389/fonc.2021.704999

Wang, L., Zhou, J., Wang, Q., Wang, Y., and Kang, C. (2021). Rapid design and
development of CRISPR-Cas13a targeting SARS-CoV-2 spike protein. Theranostics 11,
649–664. doi:10.7150/thno.51479

Wang, L.-H., Wu, C.-F., Rajasekaran, N., and Shin, Y. K. (2018b). Loss of tumor
suppressor gene function in human cancer: an overview. Cell Physiol. Biochem. 51,
2647–2693. doi:10.1159/000495956

Wang, P., He, D., Li, B., Guo, Y., Wang,W., Luo, X., et al. (2019b). Eliminating mcr-1-
harbouring plasmids in clinical isolates using the CRISPR/Cas9 system. J. Antimicrob.
Chemother. 74, 2559–2565. doi:10.1093/jac/dkz246

Wang, Q., Dai, L., Wang, Y., Deng, J., Lin, Y., Wang, Q., et al. (2019c). Targeted
demethylation of the SARI promotor impairs colon tumour growth. Cancer Lett. 448,
132–143. doi:10.1016/j.canlet.2019.01.040

Wang, Q., Shao, X., Zhang, Y., Zhu, M., Wang, F. X. C., Mu, J., et al. (2023a). Role of
tumor microenvironment in cancer progression and therapeutic strategy. Cancer Med.
12, 11149–11165. doi:10.1002/cam4.5698

Wang, X., Wang, X., Li, Y., A, S., Qiu, B., Bushmalyova, A., et al. (2023b). CRISPR-
Cas9-based non-viral gene editing therapy for topical treatment of recessive dystrophic
epidermolysis bullosa. Mol. Ther. Methods Clin. Dev. 31, 101134. doi:10.1016/j.omtm.
2023.101134

Wang, Y., Jiang, H., Li, M., Xu, Z., Xu, H., Chen, Y., et al. (2024b). Delivery of
CRISPR/Cas9 system by AAV as vectors for gene therapy. Gene 927, 148733. doi:10.
1016/j.gene.2024.148733

Wangensteen, K. J., Wang, Y. J., Dou, Z., Wang, A.W., Mosleh-Shirazi, E., Horlbeck, M.
A., et al. (2018). Combinatorial genetics in liver repopulation and carcinogenesis with a in
vivo CRISPR activation platform. Hepatology 68, 663–676. doi:10.1002/hep.29626

Watanabe, S., Cui, B., Kiga, K., Aiba, Y., Tan, X.-E., Sato’o, Y., et al. (2019).
Composition and diversity of CRISPR-cas13a systems in the genus leptotrichia.
Front. Microbiol. 10, 2838. doi:10.3389/fmicb.2019.02838

Wei, J.-W., Huang, K., Yang, C., and Kang, C.-S. (2017). Non-coding RNAs as
regulators in epigenetics (Review). Oncol. Rep. 37, 3–9. doi:10.3892/or.2016.5236

Wei, T., Sun, Y., Cheng, Q., Chatterjee, S., Traylor, Z., Johnson, L. T., et al. (2023).
Lung SORT LNPs enable precise homology-directed repair mediated CRISPR/Cas
genome correction in cystic fibrosis models. Nat. Commun. 14, 7322. doi:10.1038/
s41467-023-42948-2

Whelan, J. T., Singaravelu, R., Wang, F., Pelin, A., Tamming, L. A., Pugliese, G., et al.
(2023). CRISPR-mediated rapid arming of poxvirus vectors enables facile generation of
the novel immunotherapeutic STINGPOX. Front. Immunol. 13, 1050250. doi:10.3389/
fimmu.2022.1050250

Whittaker, M. N., Testa, L. C., Quigley, A., Jindal, I., Cortez-Alvarado, S. V., Qu, P.,
et al. (2023). Epigenome editing durability varies widely across cardiovascular disease
target genes. Arteriosclerosis, Thrombosis, Vasc. Biol. 43, 2075–2077. doi:10.1161/
ATVBAHA.123.319748

Wiegering, A., Matthes, N., Mühling, B., Koospal, M., Quenzer, A., Peter, S., et al.
(2017). Reactivating p53 and inducing tumor apoptosis (RITA) enhances the response
of RITA-sensitive colorectal cancer cells to chemotherapeutic agents 5-fluorouracil and
oxaliplatin. Neoplasia 19, 301–309. doi:10.1016/j.neo.2017.01.007

Wienert, B., Shin, J., Zelin, E., Pestal, K., and Corn, J. E. (2018). In vitro–transcribed
guide RNAs trigger an innate immune response via the RIG-I pathway. PLOS Biol. 16,
e2005840. doi:10.1371/journal.pbio.2005840

Winkler, J., Abisoye-Ogunniyan, A., Metcalf, K. J., and Werb, Z. (2020). Concepts of
extracellular matrix remodelling in tumour progression and metastasis. Nat. Commun.
11, 5120. doi:10.1038/s41467-020-18794-x

Wolter, J. M., Mao, H., Fragola, G., Simon, J. M., Krantz, J. L., Bazick, H. O., et al.
(2020). Cas9 gene therapy for Angelman syndrome traps Ube3a-ATS long non-coding
RNA. Nature 587, 281–284. doi:10.1038/s41586-020-2835-2

World Health Organization (2024). International clinical trials Registry platform
(ICTRP). Available at: https://trialsearch.who.int/Default.aspx (Accessed August 15,
2024).

Wu, J., He, K., Zhang, Y., Song, J., Shi, Z., Chen, W., et al. (2019). Inactivation of
SMARCA2 by promoter hypermethylation drives lung cancer development. Gene 687,
193–199. doi:10.1016/j.gene.2018.11.032

Wu, Y., Liang, D., Wang, Y., Bai, M., Tang, W., Bao, S., et al. (2013). Correction of a
genetic disease in mouse via use of CRISPR-cas9. Cell Stem Cell 13, 659–662. doi:10.
1016/j.stem.2013.10.016

Xie, N., Gong, H., Suhl, J. A., Chopra, P., Wang, T., and Warren, S. T. (2016).
Reactivation of FMR1 by CRISPR/Cas9-Mediated deletion of the expanded CGG-repeat
of the fragile X chromosome. PLoS One 11, e0165499. doi:10.1371/journal.pone.
0165499

Xiong, T., Meister, G. E., Workman, R. E., Kato, N. C., Spellberg, M. J., Turker, F., et al.
(2017). Targeted DNA methylation in human cells using engineered dCas9-
methyltransferases. Sci. Rep. 7, 6732. doi:10.1038/s41598-017-06757-0

Xu, X., Li, J., Zhu, Y., Xie, B., Wang, X., Wang, S., et al. (2017). CRISPR-ON-Mediated
KLF4 overexpression inhibits the proliferation, migration and invasion of urothelial
bladder cancer in vitro and in vivo. Oncotarget 8, 102078–102087. doi:10.18632/
oncotarget.22158

Xu, Y., and Li, Z. (2020). CRISPR-Cas systems: overview, innovations and
applications in human disease research and gene therapy. Comput. Struct.
Biotechnol. J. 18, 2401–2415. doi:10.1016/j.csbj.2020.08.031

Frontiers in Genome Editing frontiersin.org30

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.20892/j.issn.2095-3941.2020.0370
https://doi.org/10.20892/j.issn.2095-3941.2020.0370
https://doi.org/10.1038/nrg3563
https://doi.org/10.1126/science.aad5177
https://doi.org/10.1002/jor.24227
https://doi.org/10.2147/IDR.S370869
https://doi.org/10.2147/IDR.S370869
https://doi.org/10.1038/s41467-023-40476-7
https://doi.org/10.1038/s41467-023-40476-7
https://doi.org/10.1038/s41467-018-04048-4
https://doi.org/10.1038/s44321-023-00008-8
https://doi.org/10.3390/cancers12041049
https://doi.org/10.3390/cancers12041049
https://doi.org/10.3389/fgene.2019.00365
https://doi.org/10.1016/B978-0-12-801185-0.00008-8
https://doi.org/10.1093/pcp/pcw191
https://doi.org/10.1128/jvi.78.7.3675-3683.2004
https://doi.org/10.1091/mbc.E14-04-0935
https://doi.org/10.1091/mbc.E14-04-0935
https://doi.org/10.1038/s41598-018-24956-1
https://doi.org/10.1038/s41598-018-24956-1
https://doi.org/10.1038/s41598-018-36506-w
https://doi.org/10.1038/s41598-018-36506-w
https://doi.org/10.1099/mic.0.001334
https://doi.org/10.1126/science.aba8853
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1016/j.omtn.2018.01.002
https://doi.org/10.1038/s41392-024-01780-w
https://doi.org/10.1038/s41579-022-00739-4
https://doi.org/10.1038/s41579-022-00739-4
https://doi.org/10.3389/fonc.2021.704999
https://doi.org/10.7150/thno.51479
https://doi.org/10.1159/000495956
https://doi.org/10.1093/jac/dkz246
https://doi.org/10.1016/j.canlet.2019.01.040
https://doi.org/10.1002/cam4.5698
https://doi.org/10.1016/j.omtm.2023.101134
https://doi.org/10.1016/j.omtm.2023.101134
https://doi.org/10.1016/j.gene.2024.148733
https://doi.org/10.1016/j.gene.2024.148733
https://doi.org/10.1002/hep.29626
https://doi.org/10.3389/fmicb.2019.02838
https://doi.org/10.3892/or.2016.5236
https://doi.org/10.1038/s41467-023-42948-2
https://doi.org/10.1038/s41467-023-42948-2
https://doi.org/10.3389/fimmu.2022.1050250
https://doi.org/10.3389/fimmu.2022.1050250
https://doi.org/10.1161/ATVBAHA.123.319748
https://doi.org/10.1161/ATVBAHA.123.319748
https://doi.org/10.1016/j.neo.2017.01.007
https://doi.org/10.1371/journal.pbio.2005840
https://doi.org/10.1038/s41467-020-18794-x
https://doi.org/10.1038/s41586-020-2835-2
https://trialsearch.who.int/Default.aspx
https://doi.org/10.1016/j.gene.2018.11.032
https://doi.org/10.1016/j.stem.2013.10.016
https://doi.org/10.1016/j.stem.2013.10.016
https://doi.org/10.1371/journal.pone.0165499
https://doi.org/10.1371/journal.pone.0165499
https://doi.org/10.1038/s41598-017-06757-0
https://doi.org/10.18632/oncotarget.22158
https://doi.org/10.18632/oncotarget.22158
https://doi.org/10.1016/j.csbj.2020.08.031
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924


Xue, C., and Greene, E. C. (2021). DNA repair pathway choices in CRISPR-Cas9
mediated genome editing. Trends Genet. TIG 37, 639–656. doi:10.1016/j.tig.2021.02.008

Yan, L., Gao, S., Wang, X., Zhou, X., Limsakul, P., and Wu, Y. (2024). Boosting CAR-T
cell therapy with CRISPR technology. hLife 2, 380–396. doi:10.1016/j.hlife.2024.06.002

Yang, L., Wang, L., Huo, Y., Chen, X., Yin, S., Hu, Y., et al. (2020). Amelioration of an
inherited metabolic liver disease through creation of a de novo Start codon by cytidine
base editing. Mol. Ther. 28, 1673–1683. doi:10.1016/j.ymthe.2020.05.001

Yang, Y., Mei, H., Han, X., Zhang, X., Cheng, J., Zhang, Z., et al. (2023). Synthetic
CRISPR/dCas9-KRAB system driven by specific PSA promoter suppresses malignant
biological behavior of prostate cancer cells through negative feedback inhibition of PSA
expression. Cell Mol. Biol. Lett. 28, 96. doi:10.1186/s11658-023-00508-y

Yang, Y., Qiu, J.-G., Li, Y., Di, J.-M., Zhang, W.-J., Jiang, Q.-W., et al. (2016).
Targeting ABCB1-mediated tumor multidrug resistance by CRISPR/Cas9-based
genome editing. Am. J. Transl. Res. 8, 3986–3994.

Yang, Y., Xu, J., Ge, S., and Lai, L. (2021). CRISPR/Cas: advances, limitations, and
applications for precision cancer research. Front. Med. 8, 649896. doi:10.3389/fmed.
2021.649896

Yao, X., Zhang, M., Wang, X., Ying, W., Hu, X., Dai, P., et al. (2018). Tild-CRISPR
allows for efficient and precise gene knockin in mouse and human cells. Dev. Cell 45,
526–536. doi:10.1016/j.devcel.2018.04.021

Yeo, N. C., Chavez, A., Lance-Byrne, A., Chan, Y., Menn, D., Milanova, D., et al.
(2018). An enhanced CRISPR repressor for targeted mammalian gene regulation. Nat.
Methods 15, 611–616. doi:10.1038/s41592-018-0048-5

Yew, C.-H. T., Gurumoorthy, N., Nordin, F., Tye, G. J., Zaman, W. S. W. K., Tan, J. J.,
et al. (2022). Integrase deficient lentiviral vector: prospects for safe clinical applications.
PeerJ 10, e13704. doi:10.7717/peerj.13704

Yi, B., Wang, S., Wang, X., Liu, Z., Zhang, C., Li, M., et al. (2022). CRISPR interference
and activation of the microRNA-3662-HBP1 axis control progression of triple-negative
breast cancer. Oncogene 41, 268–279. doi:10.1038/s41388-021-02089-6

Yin, L., Man, S., Ye, S., Liu, G., and Ma, L. (2021). CRISPR-Cas based virus detection:
recent advances and perspectives. Biosens. Bioelectron. 193, 113541. doi:10.1016/j.bios.
2021.113541

Yin, L., Zhao, F., Sun, H., Wang, Z., Huang, Y., Zhu, W., et al. (2020). CRISPR-Cas13a
inhibits HIV-1 infection. Mol. Ther. Nucleic Acids 21, 147–155. doi:10.1016/j.omtn.
2020.05.030

Yosef, I., Manor, M., Kiro, R., and Qimron, U. (2015). Temperate and lytic
bacteriophages programmed to sensitize and kill antibiotic-resistant bacteria. Proc.
Natl. Acad. Sci. U. S. A. 112, 7267–7272. doi:10.1073/pnas.1500107112

Yoshimi, K., and Mashimo, T. (2022). Genome editing technology and applications
with the type I CRISPR system. Gene Genome Ed. 3–4, 100013. doi:10.1016/j.ggedit.
2022.100013

Yu, W., Mookherjee, S., Chaitankar, V., Hiriyanna, S., Kim, J.-W., Brooks, M., et al.
(2017). Nrl knockdown by AAV-delivered CRISPR/Cas9 prevents retinal degeneration
in mice. Nat. Commun. 8, 14716. doi:10.1038/ncomms14716

Zahra, A., Shahid, A., Shamim, A., Khan, S. H., and Arshad, M. I. (2023). The
SHERLOCK platform: an insight into advances in viral disease diagnosis. Mol.
Biotechnol. 65, 699–714. doi:10.1007/s12033-022-00625-7

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S.,
Essletzbichler, P., et al. (2015). Cpf1 is a single RNA-guided endonuclease of a class
2 CRISPR-Cas system. Cell 163, 759–771. doi:10.1016/j.cell.2015.09.038

Zhang, D., Wang, G., Yu, X., Wei, T., Farbiak, L., Johnson, L. T., et al. (2022).
Enhancing CRISPR/Cas gene editing through modulating cellular mechanical
properties for cancer therapy. Nat. Nanotechnol. 17, 777–787. doi:10.1038/s41565-
022-01122-3

Zhang, H.-H., Xiang, J., Yin, B.-C., and Ye, B.-C. (2023a). Overcoming multidrug
resistance by base-editing-induced codon mutation. ACS Pharmacol. Transl. Sci. 6,
812–819. doi:10.1021/acsptsci.3c00037

Zhang, L., Wang, Z., Liu, K., Liu, Y., Wang, S., Jiang,W., et al. (2024). Targets of tumor
microenvironment for potential drug development. MedComm – Oncol. 3, e68. doi:10.
1002/mog2.68

Zhang, N., Li, J., Yu, J., Wan, Y., Zhang, C., Zhang, H., et al. (2023b). Construction of
an IL12 and CXCL11 armed oncolytic herpes simplex virus using the CRISPR/
Cas9 system for colon cancer treatment. Virus Res. 323, 198979. doi:10.1016/j.
virusres.2022.198979

Zhang, S., Wang, Y., Mao, D., Wang, Y., Zhang, H., Pan, Y., et al. (2023c). Current
trends of clinical trials involving CRISPR/Cas systems. Front. Med. (Lausanne) 10,
1292452. doi:10.3389/fmed.2023.1292452

Zhang, W., Shi, L., Zhao, Z., Du, P., Ye, X., Li, D., et al. (2019). Disruption of CTLA-4
expression on peripheral blood CD8 + T cell enhances anti-tumor efficacy in bladder
cancer. Cancer Chemother. Pharmacol. 83, 911–920. doi:10.1007/s00280-019-03800-x

Zhang, X., Nie, D., and Chakrabarty, S. (2010). Growth factors in tumor
microenvironment. Front. Biosci. 15, 151–165. doi:10.2741/3612

Zhang, X.-H., Tee, L. Y., Wang, X.-G., Huang, Q.-S., and Yang, S.-H. (2015). Off-
target effects in CRISPR/Cas9-mediated genome engineering.Mol. Ther. - Nucleic Acids
4, e264. doi:10.1038/mtna.2015.37

Zhang, Z., Zhang, Y., Gao, F., Han, S., Cheah, K. S., Tse, H.-F., et al. (2017). CRISPR/
Cas9 genome-editing system in human stem cells: current status and future prospects.
Mol. Ther. Nucleic Acids 9, 230–241. doi:10.1016/j.omtn.2017.09.009

Zhao, Z., Shang, P., Mohanraju, P., and Geijsen, N. (2023). Prime editing: advances
and therapeutic applications. Trends Biotechnol. 41, 1000–1012. doi:10.1016/j.tibtech.
2023.03.004

Zhen, S., Hua, L., Takahashi, Y., Narita, S., Liu, Y.-H., and Li, Y. (2014). In vitro and in
vivo growth suppression of human papillomavirus 16-positive cervical cancer cells by
CRISPR/Cas9. Biochem. Biophysical Res. Commun. 450, 1422–1426. doi:10.1016/j.bbrc.
2014.07.014

Zhen, S., Qiang, R., Lu, J., Tuo, X., Yang, X., and Li, X. (2023). CRISPR/Cas9-HPV-
liposome enhances antitumor immunity and treatment of HPV infection-associated
cervical cancer. J. Med. Virology 95, e28144. doi:10.1002/jmv.28144

Zhou, J., Wang, J., Shen, B., Chen, L., Su, Y., Yang, J., et al. (2014). Dual sgRNAs
facilitate CRISPR/Cas9-mediated mouse genome targeting. FEBS J. 281, 1717–1725.
doi:10.1111/febs.12735

Zhou, Q., Chen, Y., Wang, R., Jia, F., He, F., and Yuan, F. (2022). Advances of
CRISPR-Cas13 system in COVID-19 diagnosis and treatment. Genes Dis. 10,
2414–2424. doi:10.1016/j.gendis.2022.11.016

Zhou, S., Li, Y., Wu, Q., and Gong, C. (2024). Nanotechnology-based CRISPR/
Cas9 delivery system for genome editing in cancer treatment.MedComm – Biomaterials
Appl. 3, e70. doi:10.1002/mba2.70

Zielińska, A., Carreiró, F., Oliveira, A. M., Neves, A., Pires, B., Venkatesh, D. N., et al.
(2020). Polymeric nanoparticles: production, characterization, toxicology and
ecotoxicology. Molecules 25, 3731. doi:10.3390/molecules25163731

Frontiers in Genome Editing frontiersin.org31

Azeez et al. 10.3389/fgeed.2024.1509924

https://doi.org/10.1016/j.tig.2021.02.008
https://doi.org/10.1016/j.hlife.2024.06.002
https://doi.org/10.1016/j.ymthe.2020.05.001
https://doi.org/10.1186/s11658-023-00508-y
https://doi.org/10.3389/fmed.2021.649896
https://doi.org/10.3389/fmed.2021.649896
https://doi.org/10.1016/j.devcel.2018.04.021
https://doi.org/10.1038/s41592-018-0048-5
https://doi.org/10.7717/peerj.13704
https://doi.org/10.1038/s41388-021-02089-6
https://doi.org/10.1016/j.bios.2021.113541
https://doi.org/10.1016/j.bios.2021.113541
https://doi.org/10.1016/j.omtn.2020.05.030
https://doi.org/10.1016/j.omtn.2020.05.030
https://doi.org/10.1073/pnas.1500107112
https://doi.org/10.1016/j.ggedit.2022.100013
https://doi.org/10.1016/j.ggedit.2022.100013
https://doi.org/10.1038/ncomms14716
https://doi.org/10.1007/s12033-022-00625-7
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/s41565-022-01122-3
https://doi.org/10.1038/s41565-022-01122-3
https://doi.org/10.1021/acsptsci.3c00037
https://doi.org/10.1002/mog2.68
https://doi.org/10.1002/mog2.68
https://doi.org/10.1016/j.virusres.2022.198979
https://doi.org/10.1016/j.virusres.2022.198979
https://doi.org/10.3389/fmed.2023.1292452
https://doi.org/10.1007/s00280-019-03800-x
https://doi.org/10.2741/3612
https://doi.org/10.1038/mtna.2015.37
https://doi.org/10.1016/j.omtn.2017.09.009
https://doi.org/10.1016/j.tibtech.2023.03.004
https://doi.org/10.1016/j.tibtech.2023.03.004
https://doi.org/10.1016/j.bbrc.2014.07.014
https://doi.org/10.1016/j.bbrc.2014.07.014
https://doi.org/10.1002/jmv.28144
https://doi.org/10.1111/febs.12735
https://doi.org/10.1016/j.gendis.2022.11.016
https://doi.org/10.1002/mba2.70
https://doi.org/10.3390/molecules25163731
https://www.frontiersin.org/journals/genome-editing
https://www.frontiersin.org
https://doi.org/10.3389/fgeed.2024.1509924

	Advances in CRISPR-Cas technology and its applications: revolutionising precision medicine
	1 Introduction
	2 An overview of CRISPR-Cas system
	2.1 CRISPR-Cas systems, classes, and types
	2.2 Technological advances in CRISPR-Cas nucleases and editing strategies
	2.2.1 Genome editing tools
	2.2.2 Genome editing strategies
	2.2.3 Epigenome editing tools and editing strategies
	2.2.4 gRNA modifications

	2.3 Anti-CRISPR proteins

	3 Delivery strategies of CRISPR-Cas system
	3.1 Viral vectors
	3.2 Physical non-viral delivery methods
	3.2.1 Electroporation
	3.2.2 Microinjection
	3.2.3 Hydrodynamic injection

	3.3 Chemical non-viral delivery methods
	3.3.1 Lipid nanoparticles
	3.3.2 Polymer-based nanoparticles
	3.3.3 Inorganic nanoparticles

	3.4 Other emerging delivery systems

	4 Key application of CRISPR-Cas technology in medicine
	4.1 Genome-editing CRISPR-based therapies: correction of genetic disorders
	4.2 Epigenome-editing CRISPR-based therapies
	4.3 Applications of CRISPR-Cas technology in oncology
	4.3.1 Advancing CAR-T and NK cell immunotherapies
	4.3.2 Modifying oncogenes and tumour suppressor genes
	4.3.3 CRISPR-based oncolytic viruses
	4.3.4 Tumour microenvironment and drug resistance

	4.4 CRISPR in infectious disease management
	4.4.1 CRISPR-Cas-based antiviral therapies
	4.4.2 Combating antimicrobial resistance

	4.5 CRISPR-Cas application in drug-target discovery and development
	4.6 Regenerative medicine and tissue engineering
	4.7 CRISPR-Cas technology in medical diagnostics

	5 The status of CRISPR therapeutics in clinical trials
	5.1 Data retrieval and processing
	5.2 Findings

	6 Challenges, safety issues and ethical concerns
	7 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


