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Gene editing has transformed molecular biology by enabling
precise modifications to genomic DNA across a wide variety
of organisms. Gene editing technologies make it possible to
add, remove, or modify specific DNA sequences, with a range
of applications including gene knockouts, therapeutic gene
correction, and the design of targeted genetic traits. These tech-
niques depend on two main DNA repair mechanisms: homol-
ogy-directed repair (HDR), which facilitates precise changes
to the genome, and non-homologous end joining (NHE]),
which often results in mutations such as deletions or frameshift
errors. Among the diverse gene-editing platforms, the CRISPR-
Cas system has emerged as the most extensively employed,
owing to its simplicity, low cost, and efficiency. This review
presents the evolution of gene-editing technologies, with a
particular emphasis on the CRISPR-Cas system and its expand-
ing applications in genetics, biotechnology, agriculture, and
medicine. Furthermore, advanced gene editing approaches are
discussed, offering an overview of emerging trends.

INTRODUCTION

Gene editing technologies have become a powerful tool in molecular
biology, allowing for precise changes to DNA sequences.' These
techniques allow for targeted alterations at specific genomic loci,
including gene insertion, deletion, or replacement. This versatile
approach supports precise gene regulation by utilizing endogenous
cellular repair mechanisms activated in response to DNA double-
strand breaks (DSBs).' After DSBs occur, cells can repair them-
selves through two main repair pathways: homology-directed repair
or non-homologous end joining.” The homology-directed repair
pathway facilitates high-fidelity genetic modifications through the
use of a donor template, allowing for the accurate introduction of
new genetic material. In contrast, the non-homologous end joining
pathway is typically an error-prone repair mechanism that can
lead to insertions or deletions that may introduce frameshift muta-
tions or premature stop codons, thereby disrupting gene function
and enabling gene knockout (Figure 1C).”"” Gene editing enables re-
searchers to manipulate genetic sequences with high precision, ex-
panding its applications across genetics, biotechnology, and medi-
cine. In recent years, gene editing technologies have rapidly
transformed in the life sciences and positioned these approaches as
pivotal tools for gene therapy. The principal genome-editing plat-
forms include meganucleases, zinc finger nucleases (ZFNs), tran-
scription-activator-like effector nucleases (TALENS), and clustered

regularly interspaced short palindromic repeats (CRISPRs)
(Figures 1A and 1B; Table 1).>>°"'"?°"3% Based on these nuclease-
based platforms, next-generation technologies such as base editing,
prime editing, RNA editing, and epigenome editing have rapidly
emerged, allowing for precise modifications without inducing
DSBs. These advances significantly improve the precision, safety,
and therapeutic potential of genome engineering. Accordingly, this
review provides an overview of the basic nuclease-based approaches
and advanced CRISPR-derived platforms shaping the future of gene
editing, along with gene delivery techniques, therapeutic applica-
tions of CRISPR technology, and emerging trends in gene editing.

HISTORICAL BACKGROUND OF GENOME EDITING
TECHNIQUES

Meganucleases

Meganucleases, also known as homing endonucleases, are one of the
earliest classes of programmable nucleases used in genome editing
(Figure 1A)."°""* These naturally occurring endonucleases typically
recognize large DNA target sequences (14-40 base pairs [bp])
(Figure 1B). They recognize DNA cleavage sites and induce site-spe-
cific DSBs."' Meganucleases exhibit inherently high specificity that
minimizes off-target activity; their relatively small size facilitates de-
livery and enables efficient homologous recombination, making
them advantageous for therapeutic applications.>”'” These advan-
tages are accompanied by lower potential cytotoxicity. However,
meganucleases were historically limited due to the difficulty of re-
programming target specificity. Recently, iECURE and Precision
BioSciences have developed technologies that enable the efficient
redesign of meganuclease DNA recognition domains. These engi-
neered platforms are now being applied in clinical trials, leveraging
the advantages of meganucleases.

ZFNs
An ZFN is a chimeric protein composed of a zinc finger DNA-bind-

ing domain and a FokI restriction endonuclease domain
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Figure 1. Genome editing platforms and DSB repair mechanisms
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(A) Schematic timeline of the development of gene editing. (B) Overview of four currently used genome editing technologies: Meganucleases; ZFN, zinc finger nuclease;
TALEN, transcription activator-like effector nuclease; CRISPR-Cas9, clustered regularly interspaced short palindromic repeats and CRISPR-associated protein 9 (Cas9). (C)
DSB repair mechanisms. DSBs formed by genome editing are repaired through non-homologous end joining (NHEJ) or homology-directed repair (HDR) using a donor
template. NHEJ can lead to insertions or deletions of various lengths, whereas HDR can induce gene replacement when a donor DNA template is present. NHEJ, non-

homologous end joining; HDR, homology-directed repair.

(Figure 1B).'"®"” The first zinc-finger protein, transcription factor
IIIA (TFIIIA)—a cysteine-rich regulatory protein—was identified
in 1985 in Xenopus oocytes (Figure 1A).>*”° Proteins belonging to
the TFIIIA superfamily possess Cys,His, zinc-finger domains, which
facilitate nucleic acid binding. The Cys,His, zinc-finger domain,
consisting of approximately 30 amino acids, exhibits a conserved
structural motif of two antiparallel B-strands followed by an a-he-
lix.>** This domain is among the most prevalent DNA-binding
structures found in eukaryotic transcription factors. Each zinc-finger
motif recognizes a three-bp DNA sequence through specific interac-
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tions between the a-helix of the domain and the major groove of
DNA (Figure 1B)."® This recognition mechanism permits selective
binding to nucleotide triplets, thereby enabling customization of
target specificity.'*>**™**  The zinc-finger
sequence-specific DNA binding, while the Fokl domain mediates
DNA cleavage to generate DSBs at predefined loci, facilitating
DNA recombination. Typically, three to six zinc-finger motifs are
linked together to target DNA sequences ranging from 9 to
18 bp.'”?>*%"** In functional terms, ZFN monomers bind to opposite
DNA strands with a spacer sequence of approximately 5-6 bp

domain directs
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Table 1. Comparison of meganulease, ZFN, TALEN, and CRISPR-Cas9

Meganuclease ZFN TALEN CRISPR-Cas9
DNA recognition protein-based zinc finger protein TALE protein guide RNA
Nuclease endonuclease FokI FokI Cas9
Repair system DSBs repaired by HDR or NHE]
Off-target effect low lower than CRISPR-Cas9 lower than CRISPR-Cas9 high
Design complex (1-6 months) complex (~1 month) complex (~1 month) very simple (within a week)
Price high high medium low
References Arnould et al.'*""* Li'** Gaj,'s; Shao,'’; Cui et al. > > Gaj,“‘; Cui,”%; Jinek,”*

ZFN, zinc-finger nuclease; TALEN, transcription-activator-like effector nuclease; CRISPR, clustered regularly interspaced short palindromic repeats; DSB, double-strand break;

HDR, homology-directed repair; NHE], non-homologous end joining.

separating them. Dimerization of the FokI nuclease across this spacer
region is required for enzymatic activation and subsequent DNA
cleavage.*>**

TALENs

Subsequently, a second-generation gene editing platform was devel-
oped: TALENs.”'®?°7*? Similar to ZFNs, TALEN’ consist of a DNA-
binding domain fused to a FokI nuclease domain (Figure 1B). The
DNA-binding domain of TALENs is composed of transcription-acti-
vator-like effector (TALE) proteins derived from the plant pathogen
Xanthomonas.”** The TALE domain recognizes DNA sequences in
a modular fashion akin to the zinc-finger domain, with each TALE
repeat—comprising 33-35 amino acids—recognizing a single nucle-
otide. TALEs contain repeat-variable di-residues, where the 12th and
13th amino acid residues determine nucleotide specificity.*** Spe-
cifically, repeat-variable di-residues recognize “T” with NG; “A”
with NI; “C” with HD; and “G” with NN, HN, or NK.**"*” As with
ZFNs, TALENs require dimerization for DNA cleavage, and each
monomer can recognize up to 20 bp.'>** The target site must begin
with a “T” and include a spacer of 12-19 bp.'® Compared to ZFNs,
TALENS utilize a simpler recognition code, which facilitates more
straightforward design.

Although ZFN and TALEN systems have several advantages, both
systems require custom DNA-binding proteins for each genomic
target. While the construction of synthetic genes encoding these
proteins was historically a challenge, advanced modern DNA syn-
thesis and assembly technologies have significantly simplified this
process. Nevertheless, there are still some limitations. First,
achieving high target specificity can be challenging. The modular
DNA-binding domains of both systems may exhibit context-depen-
dent off-target activity, affecting target specificity. Second, efficient
intracellular delivery can be difficult. This is a particular obstacle
for the large TALEN proteins, which are challenging to package
into size-limited viral vectors. In contrast, the more compact
ZFNs offer greater flexibility in this regard. Considering these re-
maining limitations, the emergence of CRISPR and CRISPR-associ-
ated (Cas) proteins provided a more flexible and efficient alterna-
tive for genome editing.

CRISPR-Cas

The CRISPR-Cas system is currently the most widely utilized
genome editing platform in molecular biology laboratories, owing
to its straightforward design, low cost, high efficiency, reproduc-
ibility, and short experimental cycle. In 2012, the function of
the CRISPR-Cas system was precisely elucidated, and its potential
as a genome editing tool was demonstrated.”>*’ This system pro-
vides protection against bacteriophages and exogenous DNA
through the integration of invader-derived spacers into the
CRISPR array and subsequent cleavage of invading genetic mate-
rial.’>*" CRISPR systems are broadly categorized into two classes:
class I systems, which are characterized by multi-protein effector
complexes (types I, III, and IV), and class II systems, which rely
on single-protein effectors (types II, V, and VI).”>*”> An overview
of the classification and principal features of each CRISPR-Cas
subtype is presented in Table 2. Among them, CRISPR-Cas9 (class
I1, type II) is one of the most thoroughly investigated and widely
applied genome editing tools.”>*® In addition to the widely used
type II-A subtype Streptococcus pyogenes Cas9 (SpCas9), other
Cas9 orthologs such as SaCas9 (type II-A), FnCas9 (type II-B),
NmeCas9 (type II-C), and CjCas9 (type II-C) are increasingly
being utilized for their unique properties, including smaller size
and alternative protospacer-adjacent motif (PAM) compatibility
(Table 2).2(”59’(72 Moreover, several non-Cas9 CRISPR systems,
such as Casl2, Casl3, and Casl4, as well as next-generation edit-
ing technologies including base editors and prime editors, are ex-
panding the genome editing toolbox with enhanced versatility and
precision (Tables 2 and 3). CRISPR-Cas9 remains the most tech-
nologically advanced and widely implemented genome editing
tool, warranting a more in-depth discussion of its mechanisms
and applications in the following section.

Structure and mechanism of the CRISPR-Cas9 system

The CRISPR-Cas9 system comprises two essential components: a
guide RNA (gRNA) and the CRISPR-associated protein 9 (Cas9).
Referred to as “genetic scissors,” CRISPR-Cas9 cleaves double-
stranded DNA at targeted sites via its endonuclease activity.”” The
gRNA consists of two subunits: the crRNA and the tracrRNA
(Figure 1B).***” The CRISPR RNA (crRNA), approximately 18-20
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Table 2. Classification of CRISPR-Cas systems

Class Type  Cas endonuclease Target Subtypes

Special features

Reference

Class I* I Cas3 DNA subtypes I-[A-F, U]

uses the Cascade complex for target
recognition

requires a PAM sequence during the
interference phase

Cas3 works with protein complexes for
DNA degradation

Cas3 has been explored for selective
bacterial targeting

Jinek et al.?®; Makarova et al.”%;
Jore et al.”*

Class I I Casl0 RNA/DNA  Subtypes III-[A-F]

type III-A mediates DNA interference
type I1I-B mediates RNA targeting and
interference

Makarova et al.”

Class I* Cas6-like, Cas7, Casl1 RNA/DNA  Subtypes IV-[A-C]

type IV-A contains a CRISPR array and
utilizes Cas6-like and Cas7 proteins to
target foreign nucleic acids

type IV-A performs RNA-guided
interference and plays a key role in
plasmid competition

type IV-B contains Casl1 and is
involved in plasmid propagation and
cellular interaction

Makarova et al.’*; Pinilla-Redondo
et al.””; Taylor et al.”%; Cepaité etal.”’

Class II” 1I Cas9 DNA Subtypes II-[A-C]

requires tracrRNA and crRNA

requires a PAM sequence during the
interference phase

type II-A: SpCas9 (Streptococcus pyo-
genes); SaCas9 (Staphylococcus aureus).
type II-B: FnCas9 (Francisella novicida)

Jinek et al.”*; Makarova et al.””; Cong
et al.”®; Friedland et al.””; Hirano et al.%%;
Amrani et al.°'; Kim et al.®*; Mei et al.%

type II-C: NmeCas9 (Neisseria
meningitidis); CjCas9 (Campylobacter
Jjejuni)

Class I1° Cas12 (Cpfl) RNA/DNA  Subtypes V-[A-E, V]

Casl2a produces 5’ overhangs
Processes precursor crRNA without
tracrRNA or RNase III

Cas12a displays enhanced efficiency in
AT-rich genomic regions

Exhibits lower off-target activity

Used for epigenome editing

Makarova et al.”; Zetsche et al.*%;
Yamano et al.%’; Swarts and ]inek("’

Class II° VI Casl3 RNA Subtypes IV-[A-C]

e two major subtypes: Casl13a (Leptotri-

a nonspecific RNase that digests nearby

RNA Makarova et al.”%; Cox et al.’; Abudayyeh

et al.*®

chia wadei) and Cas13b (Prevotella spp.)

“Multiprotein effector modules.
"Single-protein effector modules.

PAM, protospacer adjacent morif; crRNA, CRISPR RNA; tracrRNA, trans-activating crRNA

nucleotides in length, hybridizes with the target DNA sequence,
whereas the trans-activating crRNA (tractrRNA) serves as a scaffold
for Cas9 binding. The tracrRNA interacts complementarily with spe-
cific regions of the crRNA, thereby facilitating proper assembly and
activation of the gRNA-Cas9 complex. Both the crRNA and
tracrRNA are required to functionally activate the CRISPR-Cas9 sys-
tem. The Cas9 protein consists of two major structural lobes: the
recognition (REC) lobe and the nuclease (NUC) lobe.***7%% The
REC lobe includes REC1 and REC2 domains, which mediate
gRNA binding. The NUC lobe contains three functional domains:
RuvC and HNH, which cleave opposite strands of the DNA, and
the PAM-interacting domain, which identifies the PAM required
for target DNA recognition.”>*”*’
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The mechanism of CRISPR-Cas9-mediated genome editing follows
three primary steps: (1) recognition of the target sequence, (2) induc-
tion of double-stranded DNA cleavage, and (3) DNA repair.”” In the
initial step, a designed single-guide RNA (sgRNA) directs Cas9 to the
specific DNA target by base-pairing to the target via its spacer
sequence. Concurrently, Cas9 engages with a PAM sequence located
immediately downstream of the target site. The PAM is a short,
conserved DNA motif, generally 2-5 nucleotides in length, with
sequence variation depending on the originating bacterial spe-
cies.”®%% SpCas9 typically recognizes PAM sequences with the
consensus 5'-NGG-3/, where N represents any nucleotide.’®52
Upon PAM recognition, an RNA-DNA hybrid is formed, and
Cas9 induces a DSB by cleaving the complementary DNA strand
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Table 3. CRISPR editing technologies

Transcriptional
CRISPR-Cas9 Base editor Prime editor RNA editor modulator
Target DNA DNA DNA RNA DNA
- . . . A substitution, insertion, . gene activation or
Applications insertion, deletion substitution i substitution .
deletion repression
o editing window of 5-6 e substitution up to o regulation of tran-
. L bases (single or mul- ~30 bp scription without
Edit; bilit -
HHing capabiity tiple adjacent base e insertion up to ~40 bp altering the DNA
substitutions possible) o deletion up to ~80 bp sequence
Accuracy low high high high high
Apply AmainlAy used for A main%y uAsed for broad variety of edits RNA programmable Fontrol
insertions and deletions substitution of gene expression
1 f- ff
o low off-target effect * O,w off-target effects
. . o high accuracy o enables temporary
o high accuracy base pair
o e all base-to-base con- gene therapy .
Advantages ® casy, fast substitution . . . . o no DSBs; reversible
versions are possible o limited-duration gene
e 10 DSBs or donor
DNA required e 1no DSBs or donor therapy
e DNA required
o nickases can lead to
DSBs, including off- o nickases can lead to .
target effects DSBs, including off- * limited to target genes
. o high on- and off- arg . ’ & o risks of bystander and with accessible pro-
Limitations . o limited targetable sites target effects .
target mutations . o . off-target editing moters
o bystander mutations o low editing efficiency .
. . . o effect transient
o constrained editing o large size
window
inek et al.*’; Mak: 5 S .
Jine Sft 2 o8 2 aljova Gaudelli et al.®”; Komor Anzalone et al.”’; Cox et al.”; Booth . 2479
References et al.”’; Cong™; Mei - etal” Qietal.

6 et al.
etal®’

Ponnienselvan et al.””

via the HNH domain and the non-complementary strand via the
RuvC domain.'”*** The resulting DSB is subsequently repaired
by the cell’s endogenous DNA repair pathways.

Limitations of the CRISPR-Cas system

A significant limitation of the CRISPR-Cas9 platform is the occur-
rence of off-target effects, which occur when the CRISPR-Cas9
complex binds and cleaves unintended genomic sites.** Such
off-target activity can disrupt genes critical for normal cellular
function or regulation of proliferation, potentially resulting in
deleterious mutations and disease development.®> To address
this issue, the development of advanced genome editing tools
with improved specificity is essential to enhance the precision
and safety of CRISPR-based therapeutics. There are several
genome-wide profiling methods to detect off-target activity, for
example, (1) identifying Cas9-induced DSBs: GUIDE-seq and
CIRCLE-seq, (2) genome-wide mapping of Cas9 cleavage sites:
Digenome-seq and SITE-seq, and (3) estimating potential off-
target sites: in silico prediction tools.** ™' Another limitation of
the CRISPR-Cas9 platform is the recognition of PAM sequences,
which restricts the genomic locations that CRISPR can target. Sci-
entists are developing Cas9 variants with altered PAM specific-
ities. For example, SpCas9-NG can recognize NG instead of
NGG, and xCas9 can recognize a variant PAM sequence.g2 These
variants expand targetable sites and mitigate PAM constraints.

CURRENT CRISPR EDITING TECHNOLOGIES

Beyond the conventional CRISPR-Cas9 and other DSB-dependent
genome editing approaches, a range of novel technologies has
emerged. These platforms are derived from CRISPR systems and
are engineered to edit DNA, RNA, or gene expression with varying
characteristics. They are categorized based on their specificity, effi-
ciency, and practical application. A comparative summary of current
CRISPR editing tools—including CRISPR-Cas9, base editing, prime
editing, and RNA editing—is provided in Table 3.

Base editing

Base editing was first reported in 2016 by David Liu’s laboratory. It is
a refined CRISPR-Cas9-based technique that enables precise nucle-
otide modifications without generating DSBs. This approach in-
volves the fusion of a RuvC-inactivated Cas9 nickase [nCas9
(D10A)] with a nucleotide deaminase enzyme, which facilitates
direct base conversion at targeted genomic loci (Figure 2).>” To in-
crease editing efficiency, nCas9 is designed to introduce a nick on the
non-edited strand, encouraging the cell’s DNA repair machinery to
preferentially resolve mismatches by using the edited strand as a

69,70

template.””"" By enabling single-nucleotide changes, base editing al-

lows for highly specific and efficient genomic alterations.

Two principal classes of base editors have been developed: cytosine
base editors (CBEs) and adenine base editors (ABEs) (Figure 2).
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Base editing involves the fusion of Cas9 nickase [NCas9(D10A)] with a nucleobase-modifying enzyme to convert one nucleotide into another without generating double-
strand breaks. Cytidine deaminase converts C to U, which is subsequently repaired into T, while adenosine deaminase converts A to |, which is then repaired into G. This
technique is particularly useful for introducing specific point mutations, precise gene corrections, or stop codons for gene knockout. Prime editing integrates nCas9(H840A)
with reverse transcriptase (RT) and employs prime editing guide RNA (pegRNA), which contains a single-guide RNA (sgRNA), a reverse transcription template (RTT), and a
primer binding site (PBS). Following nicking of the non-target DNA strand, the PBS of the pegRNA binds, and, through RT extension, the RTT sequence is copied to the target
site. Prime editing enables the insertion, deletion, or replacement of short DNA sequences. RNA editing utilizes Cas13 nuclease fused to a deaminase enzyme to alter RNA
sequences, thereby modifying protein production. Transcriptional modulators regulate gene transcription using catalytically inactive Cas9 (dCas9) fused to transcriptional

modulation domains.

Both platforms enable efficient correction of point mutations in
living cells, offering a permanent and accurate means of genetic
modification.>”° CBEs utilize a cytidine deaminase to catalyze
the conversion of cytosine to uracil, which subsequently pairs
with adenine, resulting in a C-G to T-A substitution upon DNA
repair (Figure 2).”° Following the success of CBEs, ABEs were en-
gineered to broaden the spectrum of targetable mutations. ABEs
incorporate an adenosine deaminase that converts adenine to ino-
sine, which is interpreted as guanine by the cellular replication and
transcription machinery, leading to an A-T to G-C substitution
(Figure 2).°” Beyond these foundational systems, the base editing
toolbox has expanded to include editors capable of other conver-
sions, such as C-to-G base editors (CGBEs) (Table $2).* Further-
more, continuous protein engineering has produced state-of-the-
art variants with dramatically improved efficiency, such as CBE6b
and ABES8e, and dual base editors such as SPACE and A&C-BE-
max.”>"*® Advanced base editing tools are summarized in
Table S2.

A major advantage of base editing is its exceptional precision.
Because the system alters only a single nucleotide without intro-
ducing DSBs, it minimizes the risk of indels and off-target effects
often associated with conventional CRISPR-Cas9 editing. This spec-
ificity renders base editing a highly promising platform for therapeu-
tic interventions targeting monogenic disorders.
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Prime editing

Prime editing is a versatile and high-precision genome editing strategy
that integrates an nCas9(H840A) variant, reverse transcriptase (RT),
and a specially engineered prime editing guide RNA (pegRNA).”’
The pegRNA comprises three components: an sgRNA, a primer bind-
ing site (PBS), and a reverse transcriptase template (RTT) (Figure 2).”"
The PBS hybridizes with the non-target strand of the DNA at the target
locus, while the RTT contains the desired sequence modification, facil-
itating accurate sequence replacement during DNA synthesis.

The prime editing process is initiated when the pegRNA directs the
nCas9-RT complex to the genomic site of interest. The nCas9 intro-
duces a single-strand break in the non-target strand, permitting the
RT to copy the RTT sequence into the genome. This enables the incor-
poration of desired edits, including substitutions, short insertions,
and short deletions.”' Moreover, recently evolved prime editing en-
ables large-scale gene deletions. Compared with CRISPR-Cas9, prime
editing enhances the precision of genome editing primarily by mini-
mizing the generation of unwanted indels at the target site.”"”>
Similar to base editing, prime editing avoids the creation of DSBs,
which significantly reduces the frequency of off-target mutations
compared to standard CRISPR-Cas9, making it a safer option for
therapeutic applications. Its ability to introduce diverse and accurate
edits without requiring donor DNA templates or DSBs makes prime
editing an attractive platform for correcting pathogenic mutations
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implicated in genetic diseases.”” Recently, several versions of the
prime editor, PE1-PE7, PEmax, and epegRNA, have been developed
with different efficiencies and fidelities, summarized in Table $3.7°71%%

RNA editing

RNA editing is a post-transcriptional approach that enables targeted
modification of RNA sequences, thereby modulating protein expres-
sion without inducing permanent changes to the genome (Figure
2).°773 In contrast to base editing, which alters the DNA sequence,
RNA editing introduces transient modifications at the RNA level.
Casl3 and Cas7-11 have emerged as leading candidate systems for
RNA editing. Cas13 and Cas7-11 are protein complexes that repre-
sent major RNA editing technologies, showing different mechanisms
and functionality from conventional Cas systems. These systems
allow RNA degradation, editing, and modulation.””*>'** By
leveraging fusion proteins, such as ADAR2,which catalyzes the con-
version of adenosine to inosine, or APOBEC, which deaminates
cytosine to uridine, RNA editing can effectively reprogram tran-
scripts to modulate protein function.”” This technology offers
considerable therapeutic potential due to its reversibility and
reduced risk of off-target genomic alterations.””

Transcriptional modulators

The first programmable transcriptional modulators were developed
using engineered ZFPs and TALEs, before the emergence of
CRISPR-based systems. Advances in CRISPR technologies have led
to the development of transcriptional modulators that regulate
gene expression without altering the DNA sequence. This is achieved
using a catalytically inactive Cas9 (dCas9), which binds to target
genomic loci without inducing DSBs, thereby facilitating transcrip-
tional repression or activation (Figure 2).”* CRISPR interference
(CRISPRI) suppresses gene expression by guiding dCas9 to promoter
regions, where it can repress transcription initiation or recruit tran-
scriptional repressor domains. For example, dCas9 fused to the
KRAB repressor domain can recruit chromatin-modifying com-
plexes that silence gene expression.””’® Conversely, CRISPR activa-
tion (CRISPRa) enhances transcription through the fusion of dCas9
to transcriptional activators, such as VP64.”7"7° Furthermore, more
advanced systems like the CRISPRa synergistic activation mediator
(SAM) system achieve stronger activation by using a modified
sgRNA containing RNA aptamers to recruit additional activation
domains such as p65 and HSF1.”® This enables targeted upregulation
of endogenous genes, providing a robust method for dissecting gene
function and engineering gene regulatory networks. Because these
systems modulate gene expression without inducing genomic mod-
ifications, they offer a reversible and tunable platform for functional
genomics and potential therapeutic applications. Beyond transient
transcriptional modulation, related approaches have been developed
to achieve heritable changes in gene expression via targeted epige-
netic modification, as discussed in the epigenetic editing section.

PRECISION GENE DELIVERY TECHNIQUES
The CRISPR delivery system plays a critical role in the efficient trans-
port of CRISPR-Cas components into target cells. The success of

gene editing is highly dependent on precise and effective delivery
of elements such as the Cas protein and sgRNA. The CRISPR-Cas
system may be introduced in one of three formats: (1) DNA encod-
ing the Cas protein and sgRNA, (2) RNA comprising Cas mRNA and
sgRNA, or (3) a ribonucleoprotein (RNP) complex consisting of the
Cas protein bound to sgRNA.'%” The delivery efficiency of these for-
mats varies depending on how nucleic acid materials are delivered to
therapeutic interventions. CRISPR-Cas systems are generally admin-
istered using in vitro, in vivo, or ex vivo approaches to facilitate ther-
apeutic interventions.'*” Delivery modalities can be categorized into
viral-vector-based, non-viral-vector-based, and physical techniques.
Multiple strategies have been developed to enhance these delivery
processes and optimize gene-editing efficacy.

Viral vector delivery

Viral vectors are among the most widely utilized platforms for gene
delivery. As early as the 1980s, researchers recognized the potential
of viruses as carriers for therapeutic gene transfer.'”® They engi-
neered viruses by eliminating their pathogenic elements and incor-
porating therapeutic genes.'’® These vectors serve as delivery vehi-
cles that encapsulate genetic material, protect it from premature
degradation, and facilitate efficient transduction into target cells.
To ensure safety, viral genomes are modified to remove sequences
that prevent replication and pathogenicity. A typical delivery method
involves producing viral particles containing Cas9 and sgRNA in
HEK293T cells, which are subsequently used to transduce target cells
!9 By leveraging the inherent transduction
mechanisms of viruses, this approach enables effective gene transfer
(Figure 3). Commonly used viral vectors include adenoviruses, ad-
eno-associated viruses (AAVs), and retroviruses.'*

either in vivo or in vitro.

Retroviruses

The first gene therapy clinical trial in 1990 used a retroviral vector to
transduce autologous T cells ex vivo with a cDNA encoding human
adenosine deaminase.'’” This landmark study highlighted the promise
of gene therapy and the utility of modified retroviruses as nucleic acid
delivery tools. Retroviruses can accommodate up to 8 kb of nucleic
acid and stably integrate the transgene into the host genome, enabling
sustained gene expression.'”® However, the integration mechanism
also introduces risks of insertional mutagenesis, which can result in
genotoxic effects, including activation of proto-oncogenes. Further-
more, retroviruses are limited to infecting actively dividing cells, which
restricts their applicability and raises concerns about safety.'*®

Lentiviruses

Lentiviruses, a subclass of retroviruses, can infect both dividing and
non-dividing cells, making them more versatile as delivery vectors. A
key advantage is their ability to be pseudotyped with envelope pro-
teins from other viruses, which enhances their flexibility for various
applications.'”® However, lentiviral vectors integrate into the host
genome, raising concerns about unintended gene disruption when
applied in CRISPR-Cas9 systems.'”” Such integration may compro-
mise genomic integrity; thus, careful assessment is needed when us-
ing lentiviruses for therapeutic gene editing.
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Figure 3. Gene delivery systems for genome editing technology
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A schematic diagram illustrating gene delivery systems based on both viral and non-viral approaches. Viral vectors include AAV, retrovirus, lentivirus, and adenovirus. Non-
viral delivery methods encompass physical approaches such as electroporation and sonoporation, as well as chemical approaches utilizing virus-like particles (VLPs), lipid
nanoparticles (LNPs), polymer nanoparticles, DNA nanoclews, and inorganic nanoparticles.

Adenoviruses

Adenoviruses are non-enveloped, double-stranded DNA viruses
with an icosahedral nucleocapsid. Adenoviruses can infect both
dividing and non-dividing cells. Although they are versatile, con-
cerns about pathogenicity and host immune responses have limited
their broader clinical application. Therefore, the therapeutic poten-
tial of adenoviruses should be approached with caution in clinical
applications.' '

AAVs

AAVs are frequently employed in CRISPR-mediated gene editing
owing to their high stability, replication-defective nature, and low
immunogenicity. Their capsid-receptor interactions govern host
range across species and enable efficient delivery of genetic con-
structs to diverse cell types.''"''* Furthermore, different AAV sero-
types exhibit natural tropism for specific tissues, and several sero-
types show high affinity for muscle or neuronal cells, which can be
leveraged for targeted therapies.''™''” Nevertheless, their limited
cargo capacity restricts them to delivering only small genetic pay-
loads. This limitation presents a significant barrier for applications
requiring the transfer of larger constructs.

Non-viral delivery

Non-viral vectors enable the delivery of CRISPR components into
cells through the physical and chemical properties of synthetic or
naturally derived carriers, thereby eliminating the need for viral vec-

105 . . . o
tors. "~ Non-viral delivery vectors commonly used for virus-like par-
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ticles (VLPs) and nanomaterials employed for CRISPR delivery
include lipid nanoparticles (LNPs), polymer nanoparticles, DNA
nanoclews, and inorganic nanoparticles.'’>''*'** Because they
lack viral elements, these vectors can be used both in vitro and in vivo,
offering improved safety profiles and reduced immunogenicity

compared with viral-vector-based systems (Figure 3).'%

VLPs

VLPs are nanoscale, self-assembling protein complexes that mimic
the structural features of native viruses but lack genetic material.
The absence of a viral genome eliminates the risk of replication or
integration into the host genome, addressing major safety concerns
associated with traditional viral vectors such as lentiviral or adeno-
viral vectors.''*""'7 VLPs are classified by structural characteristics
into enveloped and non-enveloped types.''*™'"” Enveloped VLPs
contain a lipid bilayer derived from the host cell membrane and
embedded with viral envelope proteins, whereas non-enveloped
VLPs are composed of capsid proteins.''* """ The production of
VLPs generally involves the recombinant expression of viral capsid
proteins in host cells. These proteins self-assemble into highly or-
dered particles that structurally resemble authentic virions but are
devoid of nucleic acids.""*""'” VLPs can be engineered for tissue-spe-
cific targeting by displaying ligand peptides or antibodies on their
surface, enhancing delivery efficiency to specific cell types or tissues.
Chemical or genetic modifications can also be employed to improve
the stability, cargo capacity, and endosomal escape of VLPs, opti-
mizing them for various therapeutic applications.'"*""” The
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enveloped delivery vehicle (EDV), developed by Jennifer Doudna’s
laboratory, is designed to deliver CRISPR-Cas9 RNPs for in vivo
genome editing."'® A key feature is the development of smaller mini-
EDVs that improve delivery efficiency.''® In parallel, engineered
VLPs (eVLPs), developed by David Liu’s laboratory, offer a versatile
approach. eVLPs can carry diverse cargo, such as proteins and RNA,
and are distinguished by enabling transient cargo activity.''” This
transient activity is crucial for minimizing side effects while preser-
ving therapeutic efficacy.

LNPs

LNPs rely on electrostatic interactions between negatively charged
nucleic acids and ionizable cationic lipids, resulting in nanopar-
ticles capable of crossing the cell membrane to deliver genetic cargo
to target cells.'** This delivery strategy underpins multiple products
approved by the US Food and Drug Administration (FDA) and
demonstrates high transfection efficiency. LNPs also protect
RNA from premature degradation and enable streamlined
manufacturing processes, facilitating their widespread application
in RNA vaccine development and CRISPR-based delivery sys-
tems.'”' However, LNPs passively accumulate in the liver due to
physiological clearance mechanisms, which makes liver-directed
therapies feasible but poses a major challenge for targeting other tis-
sues. LNPs require cold-chain storage to maintain stability, which
complicates distribution logistics, and concerns persist regarding
their cytotoxicity and immunogenic potential. Despite these chal-
lenges, LNPs remain a promising delivery vehicle for liver-targeted
clinical applications.'*’

Polymer nanoparticles

Polymer nanoparticles, derived either from natural sources or
through chemical synthesis, are extensively utilized for delivering
CRISPR components. Their surfaces can be easily functionalized
with targeting elements to facilitate tissue-specific delivery and
controlled release of therapeutic cargo. For example, attaching li-
gands or antibodies that bind to cancer cell receptors can guide the
nanoparticles to
Commonly investigated polymers include polyethyleneimine, polya-
midoamine, and chitosan. However, many polymeric materials
exhibit substantial cytotoxicity, requiring strategies to reduce
safety risks concerns, reduce production costs, and improve delivery
efficacy. As a result, current efforts are focused on developing next-
generation polymers and optimizing existing polymer-based
formulations.'**

tumors, enhancing therapeutic precision.

DNA nanoclews

DNA nanoclews are self-assembled DNA nanostructures designed to
mediate the intracellular delivery of CRISPR components. These
constructs exhibit high compatibility with biological systems and
are degradable by DNases, enabling controlled release under specific
intracellular conditions, similar to anticancer drug delivery systems.
Recent studies have demonstrated the utility of DNA nanoclews in
delivering CRISPR-Cas9 RNPs, providing targeted delivery and
responsive release capabilities.'>

Inorganic nanoparticles

Inorganic nanoparticles—including gold, iron oxide, and silica-
based particles—serve as platforms for constructing nanostructured
materials used in both therapeutic delivery and biomedical imaging.
Among these, gold nanoparticles are the most extensively studied for
CRISPR-Cas9 RNP delivery due to their controllable size distribu-
tion, low immunogenicity, and potent therapeutic efficacy in various
disease models. Their application enables efficient in vivo delivery
with high targeting specificity at pathological sites.'**

Other non-viral vectors

Additional non-viral vectors include traditional drug delivery sys-
tems such as cell-penetrating peptides, which possess a positive
charge and facilitate membrane translocation via electrostatic inter-
actions. These peptides are commonly used for the direct intracel-
lular delivery of CRISPR-Cas9 systems, and ongoing research con-
tinues to explore their potential in enhancing gene-editing
efficiency.'?’

Physical delivery

Physical delivery strategies involve transient disruption of the cell
membrane to enable the intracellular transfer of CRISPR compo-
nents, including Cas proteins, sgRNA, and other molecular cargo
(Figure 3).

Electroporation

Electroporation is a commonly used physical delivery approach in
which an electric field transiently permeabilizes the lipid bilayer of
the plasma membrane, thereby facilitating the intracellular delivery
of RNA or DNA."**'*” This method applies to both in vitro and
in vivo delivery of CRISPR-Cas9 components, offering considerable
versatility. Compared with research methods such as microinjection,
electroporation generally achieves higher embryo survival rates,
reducing the number of animals required for the generation of trans-
genic mouse models."**'?” However, electroporation is associated
with certain drawbacks, including the potential for cell death and a
reduction in cellular stemness, which may adversely affect gene-edit-
ing efficiency in specific cell types.

Membrane-deformation-based delivery

Membrane deformation involves the mechanical perturbation of the
cell membrane to transiently enhance its permeability, thereby al-
lowing the entry of CRISPR components. Examples include micro-
fluidic cell squeezing and lance array nanoinjection, which uses mi-
crofabricated arrays of nanometer-scale needles to puncture the cell
membrane and directly deliver CRISPR components into cells.'**"*°
While both approaches offer precise physical access to the intracel-
lular space, they are still under active investigation and have not
yet been widely adopted in clinical gene or cell therapy.

Sonoporation

Sonoporation leverages acoustic cavitation generated by ultrasound
waves to create transient pores in the cell membrane, enabling the
uptake of molecular cargo. This targeted method allows site-specific
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delivery with high precision and efficiency. The improved delivery
efficiency permits the use of lower therapeutic doses, thereby mini-
mizing systemic side effects. Notably, sonoporation is minimally
invasive and, when appropriately controlled, can minimize tissue
damage. It also holds therapeutic promise for neurological disorders,
as ultrasound can transiently enhance permeability across the blood-
brain barrier."’

CHALLENGES WITH DELIVERY SYSTEMS

Transfection efficiency and immune responses

Viral vector delivery systems demonstrate high transduction effi-
ciency due to their innate ability to protect cargo from degradation
and facilitate cellular entry. Nonetheless, their application is associ-
ated with several limitations inherent to viral biology. A primary
challenge is the host immune response, which may compromise
therapeutic efficacy, particularly in individuals with prior exposure
to the virus. Moreover, the immunogenicity of viral vectors generally
restricts their use to a single administration.'”* Another limitation
involves their constrained payload capacity, which becomes particu-
larly problematic for large genetic elements such as the Cas9 gene,
approximately 4.2 kb in length. Safety concerns also persist,
including the risk of pathogenic reversion and the potential for inser-
tional mutagenesis. In contrast, non-viral vectors offer greater cargo
capacity, facilitating the delivery of larger therapeutic constructs.
These vectors also exhibit reduced immunogenicity and lower cyto-
toxicity, thereby supporting repeated high-dose administrations.'**
However, systemic delivery remains a major challenge, particularly
when targeting extrahepatic tissues such as the brain, muscle, or
lung. Many non-viral platforms show preferential accumulation in
the liver, limiting delivery efficiency to other organs. Furthermore,
toxicity can arise from mechanisms such as lipid accumulation,
inflammation, and cellular stress, especially at high doses or with
repeated exposure.

Physical delivery: Surgical intervention

Physical delivery techniques operate via straightforward mecha-
nisms of action, allowing for precise control over the transfection
site and yielding more predictable outcomes. However, access to
deep or internal organs frequently necessitates surgical intervention.
Many of these methods are also associated with pain and damage to
adjacent tissues.

THERAPEUTIC APPLICATIONS OF CRISPR
TECHNOLOGY

CRISPR-based gene editing technology enables precise genetic mod-
ifications and offers promising therapeutic avenues for diseases pre-
viously deemed untreatable. The therapeutic applications of CRISPR
are generally categorized into two primary strategies: ex vivo gene ed-
iting and in vivo gene editing. Each modality possesses distinct ad-
vantages and limitations, serving complementary roles within the
broader landscape of gene therapy (Figure 4)."*”"'** A summary of
ongoing clinical trials utilizing genome editing is presented in
Table S1.
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Ex vivo

Ex vivo gene editing involves the modification of autologous cells
outside the patient’s body, followed by their reintroduction. This
process includes three critical steps: cell isolation, gene editing,
and reinfusion. Initially, somatic cells are harvested from the patient.
Subsequently, CRISPR and other gene editing tools are applied to
modify the extracted cells. Finally, the edited cells are reinfused
into the patient (Figure 4)."”>'** A key advantage of the ex vivo
approach is that the patient is not directly exposed to gene editing
components, thereby reducing systemic exposure and potentially
lowering the risk of off-target effects. However, off-target edits can
still occur during the in vitro modification phase, necessitating thor-
ough screening and quality control before reinfusion to avoid sys-
temic toxicity.'”*"'** Furthermore, the ability to selectively reintro-
duce only modified cells permits precise control over cell dosage.
Casgevy (exa-cel) is a successful representative case of ex vivo
CRISPR therapy (Figures 1A; Table S1; NCT03745287 and
NCT03655678). It was developed by Vertex Pharmaceuticals and
CRISPR Therapeutics. In December 2023, it became the first
CRISPR-based treatment approved by both the US FDA and the
UK’s Medicines and Healthcare products Regulatory Agency
(MHRA). Casgevy treats sickle cell disease (SCD) and transfusion-
dependent p-thalassemia (TDT) by editing a patient’s hematopoietic
stem cells to produce fetal hemoglobin, easing symptoms of these se-
vere blood disorders. Its approval marks a milestone in genetic med-
icine, paving the way for other ex vivo gene editing therapies in
development.

Another ex vivo approach is CAR T cell therapy, which involves
modifying autologous T cells outside the body to recognize tumor
markers, such as CD19 or BCMA, and reinfusing them to eliminate
cancer cells."*> However, the autologous process is time-consuming
and costly due to the need to manufacture a personalized product for
each patient. To overcome these limitations, allogeneic (“off-the-
shelf”) CAR T cell therapies using donor-derived cells are under
development. Through CRISPR editing, immune rejection can be
minimized and the production process streamlined.'*® Additionally,
a promising strategy involves the combination of iPSC technology
with CRISPR genome editing. Induced pluripotent stem cells (iPSCs)
can be genetically edited with CRISPR and subsequently differenti-
ated into specific cell types for transplantation, offering potential
for personalized cell therapy and tissue replacement. Notably, this
approach has been applied to the treatment of type 1 diabetes, where
engineered iPSCs are differentiated into pancreatic endoderm cells
and transplanted to restore insulin production (Table SI;
NCT05210530)."*” However, this method is restricted to cells that
can be reliably cultured and manipulated ex vivo, presenting chal-
lenges for targeting certain pathological cell types, such as malignant
cells that necessitate direct in vivo intervention.

In vivo

In vivo gene editing involves the direct modification of genetic ma-
terial within the patient’s body. Although technically more complex,
this strategy offers considerable therapeutic potential, particularly in
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Figure 4. Applications of CRISPR genome editing for human gene therapy
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Ex vivo and in vivo strategies leveraging CRISPR genome editors. In the in vivo approach, viral or non-viral vectors are directly injected into the patient. In the ex vivo strategy,
hematopoietic stem and progenitor cells (HSPCs) or T cells are extracted from the patient, and gene therapy agents are introduced into the cells using electroporation, viral
vectors, or non-viral vectors. The modified cells are subsequently reintroduced into the patient. The decision between in vivo and ex vivo strategies depends on the specific

CRISPR genome editing technology employed.

scenarios where cell transplantation is not feasible.'**'** The success
of in vivo gene editing depends heavily on the development of effi-
cient and specific delivery systems that enhance target cell uptake
while minimizing off-target activity and genotoxic effects.'**™'**
Additionally, achieving precise targeting of specific tissues or organs
remains a critical requirement. By circumventing the limitations
inherent to ex vivo culture, in vivo gene editing expands therapeutic
applicability across a broader spectrum of diseases. Nevertheless, this
approach still faces challenges, including delivery specificity, im-
mune responses, and potential cellular toxicity.

EMERGING TRENDS IN GENE EDITING

DNA polymerase editors

The DNA polymerase editor represents an advancement in CRISPR-
Cas9-based technologies, in which nCas9(H840A) and a DNA poly-
merase are tethered to single-stranded DNA template through an
HUH endonuclease to enable gene editing (Figure 5)."**'** Unlike
prime editing, which employs reverse transcriptase and RNA tem-
plates, this system utilizes DNA polymerases and DNA templates
for the modification or replication of DNA."*" During the editing
process, nCas9 targets a specific genomic locus and introduces a sin-
gle-strand break.'*’ This break serves as the priming site for DNA-po-
lymerase-mediated synthesis of a new DNA sequence. A single-
stranded DNA template, supplied exogenously, is conjugated to the
target site via enzymes such as the HUH endonuclease."”®'* The
DNA polymerase then uses this template to replicate and insert the
new sequence at the cleavage site. A key advantage of the DNA poly-
merase editor is its ability to avoid self-inhibitory base pairing within
the gRNA, thereby enhancing editing precision and enabling the
insertion of sequences exceeding 100 nucleotides."*' This capacity

substantially broadens the scope and fidelity of gene editing, particu-
larly for applications requiring the insertion of long DNA fragments,
which are challenging to achieve using conventional CRISPR systems.
However, using exogenous DNA templates in DNA-polymerase-
mediated editing presents significant challenges. Effectively delivering
DNA templates into target cells or tissues remains a major obstacle,
especially for in vivo applications. Furthermore, exogenous DNA
can trigger innate immune responses, potentially leading to cytotox-
icity and decreased editing efficiency. Overcoming these challenges
is essential for expanding the therapeutic potential of this technology.

A refined variant of this platform, termed the click editor, incorpo-
rates click chemistry to enhance the efficiency and accuracy of
DNA-polymerase-mediated editing (Figure 5)."*” Click chemistry
facilitates the formation of stable and specific bonds between molec-
ular components, improving the alignment of the target DNA with
the DNA template. This optimized interaction ensures precise tem-
plate attachment and supports high-fidelity sequence modification
by DNA polymerase. By accelerating and stabilizing the template-
binding step, this method enhances the overall efficiency and accu-
racy of gene editing."”” More recently, the implementation of T4
DNA polymerase has further advanced this approach by mitigating
harmful end modifications at nCas9-induced DNA termini and pro-
moting the efficient filling of 5’ overhangs, thereby improving editing

precision.'**

CRISPR-associated transposons

CRISPR-associated transposons (CASTs) are mobile genetic eleme-
nts that integrate crRNA-guided DNA transposition functionalities
(Figure 5)."*7'*° These systems combine crRNA with associated
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Cas proteins to mediate site-specific transposition, analogous to the
mechanism employed by the Tn7 transposon.'””"'** CAST offers
several advantages over traditional genome editing approaches,
including enhanced programmability, flexibility in PAM recogni-
tion, and the ability to insert sequences into the genome without
generating DSBs or requiring endogenous DNA repair pathways.
Although CAST systems adopt a Tn7-like mechanism of action, their
integration of CRISPR proteins distinguishes them from conven-
tional transposons.'*”~'*’ Core elements of CAST include the trans-
position machinery (TnsA and TnsB), regulatory protein TnsC, and
CRISPR-associated components. The TniQ protein acts as a molec-
ular bridge between the CRISPR system and the transposition en-
zymes.'”"'** CAST can be adapted to various CRISPR subtypes,
with type I-F (employing the Cascade complex) and type V-K (utiliz-
ing Cas12K) being the most extensively characterized.'*”'*’ The type
I-F3 system, originally identified in Vibrio cholerae, functions
through a multi-protein Cascade complex comprising Cas6, Cas7,
and a Cas5-Cas8 fusion protein, in association with TniQ. During
the initial phase of transposition, the TniQ-Cascade complex binds
to the target genomic locus, whereupon TnsA and TnsB cleave the
DNA. TnsC subsequently associates with TniQ to complete the inte-
gration process."*”'*" Conversely, the type V-K system, discovered
in Scytonema hofmanni, relies on a single Cas protein, Cas12K,
which operates in conjunction with tracrRNA.'** Similar to the
Tn7 transposition pathway, this system mediates DNA insertion
but lacks the TnsA component, relying instead on TnsB to perform
DNA cleavage. The Casl2K-tracrRNA complex recognizes and
binds the target site, while TnsC and TniQ orchestrate the subse-
quent steps of transposition. CAST technologies are currently being
employed in a wide range of in vitro and in vivo genome editing ap-
plications, targeting diverse loci, organisms, and genetic payloads.'**
However, their low efficiency in mammalian cells has been a major
challenge. To overcome this limitation, the laboratories of David
Liu and Samuel Sternberg developed an evolved CRISPR-associated
transposase.””" This engineered transposase enables the highly effi-
cient and programmable insertion of multi-kilobase gene sequences
into specific sites within the human genome. This innovation repre-
sents a significant advancement, greatly expanding the potential of
CAST-mediated therapeutic gene insertion in human cells."”’!

Site-specific integration of large genes
Prime-editing-assisted site-specific integrase gene editing (PASSIGE)
and a related approach, programmable addition via site-specific tar-

geting elements (PASTE), are techniques that integrate prime editing
with site-specific recombinases—specifically, large serine recombi-
nases—to facilitate efficient insertion of multi-kilobase DNA se-
quences at defined genomic loci (Figure 5).”">'**"">* PASSIGE utilizes
single-flap or dual-flap prime editing to install a recombinase recog-
nition site at the target locus, thereby enabling site-specific insertion
of large DNA fragments by the corresponding recombinase. This
strategy can be implemented via a single transfection, delivering all
components concurrently, or through two sequential transfections
involving initial prime editing followed by recombinase-mediated
integration.”"”'**'** PASTE employs CRISPR-nCas9(H840A), a
reverse transcriptase, and a serine integrase (Bxbl), in combination
with two gRNAs, to install an integrase recognition sequence (attB)
and stimulate prime editing (PE3), thereby enhancing integration ef-
ficiency. This method relies on serine recombinases, such as Bxb1, to
mediate accurate and efficient DNA insertion."*” Both PASSIGE and
PASTE depend on prime editing to introduce a recombinase att site,
followed by targeted integration of large DNA payloads by the recom-
153154 Historically, PASTE showed higher integration effi-
ciency than the original PASSIGE; however, the continuously evolved
eePASSIGE, developed by David Liu’s group using an evolved Bxb1
integrase, now outperforms PASTE in multiple contexts, with each
approach employing distinct optimization strategies.'”* For instance,
PASTE incorporates pegRNA scaffold mutants, linker modifications
between Cas9 and reverse transcriptase, and engineered reverse tran-
scriptase mutations to enhance performance, although some modifi-
cations have paradoxically led to reduced integration efficiency.'>*
Furthermore, fusion of recombinases to prime editors has been asso-
ciated with diminished integration rates, and both approaches exhibit
decreased efficiency with increasing donor DNA size.

binase.

Retroelement-based editing

Target-primed reverse transcription (TPRT) is an emerging gene ed-
iting modality within the CRISPR framework that is integral to the
mechanism of prime editing (Figure 5).'>> TPRT is modeled on ret-
roelements (retrotransposons), naturally occurring genetic elements
that integrate via a nick-primed reverse transcription mechanism
rather than relying on double-strand DNA cleavage.'”>'*” These ret-
rotransposons, classified as non-long terminal repeat elements,
include LINE-1 and R2—both of which have gained prominence
in gene editing research.”®'*®'*” In TPRT, a site-specific nick ex-
poses a 3’-OH that primes reverse transcription of an RNA template;
in prime editing, nCas9(H840A) supplies this nick, and the reverse

Figure 5. Advanced CRISPR editing technologies

A summary of emerging technologies in genome editing. DNA polymerase editing (click editor) integrates nCas9(H840A) with DNA polymerase and uses an endonuclease
with single-stranded DNA templates. CRISPR-associated transposons involve fusing CRISPR effector complexes with transposase proteins to facilitate RNA-guided
transposition of long DNA sequences into specific loci, with commonly used systems including Type I-F3 CAST and Type V-K CAST. Site-specific integration of large genes
combines prime editors with site-specific serine recombinases to guide recombinase-mediated insertion at att sites within target DNA loci, enabling efficient integration of
large DNA sequences. PASSIGE and PASTE methodologies support large-gene integration. Retroelement-based editing employs nCas9(H840A) with a non-long terminal
repeat (non-LTR) reverse transcriptase and RNA, generating a free 3’ end that enables reverse transcription of the RNA and its insertion into the target DNA. Epigenetic editing
fuses dCas9 with DNA methyltransferases and histone-modifying enzymes to modify chromatin at specific gene loci, leading to gene silencing (CRISPR-off) without altering
the DNA sequence. Alternatively, dCas9 can be fused with DNA demethylases and transcriptional activation domains to restore gene expression (CRISPR-on). Al-based
gene editing employs Al to design novel proteins and guide RNAs, predict off-target effects, and forecast editing outcomes.
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transcriptase copies the pegRNA-encoded template sequence. The
newly synthesized DNA is subsequently incorporated into the
genome through flap resolution and ligation, without generating a
DSB at the target site.'”” This mechanism facilitates the incorpora-
tion of RNA-encoded sequences into genomic DNA. Importantly,
by avoiding DSBs, TPRT-based editors reduce DSB-associated by-
products, enabling precise and reliable gene insertions or modifica-
tions."”>'”” Through this mechanism, prime editing technologies
overcome many of the limitations inherent to traditional CRISPR-
Cas9 platforms, offering a pathway for high-fidelity genomic
correction.

Epigenetic editing

Epigenetic editing based on the principles of transcriptional modu-
lation enables stable and potentially heritable gene expression
changes. This technique modulates transcriptional activity and reg-
ulates gene expression without altering the underlying DNA
sequence, typically achieved by fusing dCas9 to DNA methyltrans-
ferases or histone-modifying enzymes (Figure 5).'°*'°' Earlier
non-CRISPR platforms, such as ZFPs and TALEs, have also been
utilized for targeted epigenetic modification, offering delivery
advantages in size-limited systems.'®>'®® This facilitates DNA
methylation at defined gene regions, leading to heritable transcrip-
tional repression (CRISPRoff) without permanent genomic alter-
ations. Conversely, gene activation (CRISPRon) can be achieved by
fusing dCas9 to DNA demethylases or transcriptional activators,
thereby restoring gene expression at previously silenced loci.'**'*"
As a highly precise strategy for modulating gene expression, epige-
netic editing is increasingly being investigated as a potential thera-
peutic modality for various diseases.

CRISPR-enabled autonomous transposable element

The CRISPR-enabled autonomous transposable element (CREATE)
system is a novel gene-editing platform that integrates CRISPR-Cas9
with RNA-mediated transposable elements, such as the LINE-1
transposon.'®* Unlike conventional approaches that rely on DNA
donor templates, this system enables targeted gene insertion through
RNA-based transposons. This allows for the precise integration of
large genetic payloads (approximately 1 kb) into specific genomic
loci in human cell lines and primary T cells, demonstrating high
specificity with minimal off-target effects.'”* Moreover, this
approach eliminates the requirement for viral vectors to deliver
DNA donor constructs, thereby mitigating associated safety con-
cerns and addressing manufacturing limitations.'**

Artificial intelligence in CRISPR design and optimization

Artificial intelligence (AI) is increasingly integrated into CRISPR-
based gene editing workflows and is employed across multiple do-
mains (Figure 5). Al is instrumental in the design of CRISPR com-
ponents, prediction of off-target events, optimization of guide
RNAs (gRNAs), and simulation of editing outcomes. Given the
critical importance of minimizing off-target effects in gene editing,
Al facilitates the development of highly specific gRNAs with
reduced unintended activity.'®>'*® By applying deep learning algo-

14 Molecular Therapy: Nucleic Acids Vol. 36 December 2025

rithms, Al can identify sequence patterns associated with effective
gRNAs in previous CRISPR experiments and predict gRNA se-
quences with enhanced target specificity.'® '’ Furthermore, Al
simulations enable the prediction of likely outcomes following
gene editing—such as insertions, deletions, or point mutations—
thereby reducing experimental time and cost. In addition, Al is em-
ployed to predict optimal CRISPR delivery strategies, improving
transfection efficiency while minimizing cytotoxicity.'®>'**>'”> Al
also plays a significant role in synthetic biology by supporting
the design of microbial systems engineered to produce biofuels,
pharmaceuticals, and other biologically derived compounds. It con-
tributes to the identification of novel therapeutic gene targets and
the refinement of CRISPR-based gene therapy approaches.'”*
Moreover, Al facilitates the comparative analysis of gene editing
tools, thereby guiding the selection of the most suitable CRISPR
system for specific experimental or clinical applications.'”” Notably,
Marcus Noyes and colleagues have developed Al-guided high-
throughput screening strategies for the efficient engineering of
highly specific ZFPs.'”> These approaches enable scalable, precise
targeting of DNA sequences for both research and therapeutic pur-
poses, underscoring the growing role of Al across diverse gene ed-
iting platforms.'”

CONCLUSIONS AND FUTURE PERSPECTIVES

Ongoing research efforts continue to focus on enhancing the effi-
ciency and versatility of CRISPR systems, as well as improving
gene delivery platforms. In particular, substantial progress is being
made in optimizing in vivo delivery approaches to maximize editing
efficiency while minimizing off-target effects. These advancements
have significantly expanded the therapeutic potential of CRISPR,
supporting the development of both ex vivo and in vivo strategies
for the treatment of genetic disorders, malignancies, and other com-
plex conditions. The future success of CRISPR-based therapies will
depend on further improvements in editing precision and delivery
technologies. Persistent technical challenges—such as enhancing
delivery efficiency, minimizing immune responses, and reducing un-
intended genetic modifications—must be addressed through
continued investigation.
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