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Advanced gene editing tools have transformed oncology by facilitating precise molecular therapies aimed at the hereditary basis of
cancer. This thorough study examines the mechanisms, applications, and clinical implementation of advanced genome editing
technologies in cancer treatment. This review commences with the molecular principles of genome editing and DNA repair
mechanisms, systematically analyzing established technologies such as Zinc Finger Nucleases, Transcription Activator-Like Effector
Nucleases, and various CRISPR/Cas systems (Cas9, Cas12, Cas13), in addition to novel advancements including base editors, prime
editors, and the PASTE system. Additionally, hybrid platforms such as ARCUS, MegaTALs, and modified recombinases are examined,
highlighting their amalgamation with artificial intelligence, biosensors, and synthetic biology concepts. The study outlines
significant applications including functional genomics, disease modeling, synthetic lethality screening, and direct therapeutic
interventions, with a specific focus on CAR-T cell engineering and immune checkpoint regulation. Applications unique to various
cancer types are thoroughly examined throughout lung, breast, colorectal, hematologic, liver, pancreatic, head & neck, esophageal,
prostate, gastric, and brain cancers. Significant obstacles such as delivery optimization via viral and non-viral vectors, tumor-specific
targeting, off-target effects, immunogenicity, and ethical issues related to germline vs somatic editing are comprehensively
examined. The translational landscape is analyzed via current clinical trials, regulatory structures, and the incorporation of organoid
models and patient-derived xenografts for the advancement of personalized therapies. This review highlights the transformative
impact of gene editing on cancer medicine, advancing toward more accurate, effective, and personalized therapeutic approaches.
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Graphical Abstract

DELIVERY SYSTEMS

GENE EDITING TOOLBOX

INTRODUCTION

The progression of gene editing technologies has transpired
through certain stages, starting with naturally occurring endonu-
cleases and culminating in the groundbreaking CRISPR systems
(Fig. 1). Meganucleases, identified in yeast in 1985, were the
inaugural sequence-specific endonucleases adapted for genome

modification. These naturally occurring enzymes identify lengthy
DNA sequences (often 20-30 base pairs) with remarkable
specificity, as their recognition sequences are theoretically present
only once in every twenty times the size of the human genome.
Nonetheless, their rigid recognition sequences significantly con-
strained their targeting versatility, necessitating laborious protein
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Fig. 1 The two major DNA repair outcomes following CRISPR-induced double-stranded breaks: Non-homologous end joining (NHEJ) and
homology-directed repair (HDR). NHEJ operates without a homologous template, leading to nucleotide deletions or additions, and often
disrupts the gene of interest via imprecise repair. HDR uses a donor DNA template, facilitating precise genetic correction or gene replacement and
effectively repairing the targeted locus. The key machinery and molecular steps for each pathway are illustrated, highlighting their significance for
gene-knockout versus gene-correction strategies in genome-editing applications.

re-engineering for each novel target site [1-3]. Unchecked cell
proliferation, invasion, and metastasis characterize cancer, a
complex group of diseases that continues to pose a significant
challenge to contemporary medicine. The cancer-causing genes
include oncogenes, tumor suppressor genes, and DNA repair
genes, and they are subject to mutations, deletions, and
chromosomal rearrangements [4-6]. Cancer is a genetically
induced disease caused by the activation of oncogenes and the
inactivation of tumor-suppressor genes, resulting in unregulated
cell growth and resistance to programmed cell death. Essential
signaling pathways, such as MAPK/ERK, PI3K/AKT/mTOR, and Wnt/
[-catenin, are pivotal in tumor advancement. Traditional theories,
such as Knudson’s two-hit theory, along with contemporary
methodologies like next-generation sequencing, have enhanced
our comprehension of cancer genetics. Nonetheless, tumor
heterogeneity, treatment resistance, and epigenetic modifications,
such as deregulation of X-linked tumor suppressor genes, provide
considerable obstacles [7-12]. Conventional methods such as
surgery, chemotherapy, radiotherapy, and hormonal therapy
constitute the foundation of cancer treatment; however, they
sometimes exhibit considerable drawbacks, such as partial tumor
excision, systemic toxicity, drug resistance, and diminished quality
of life. Tumor heterogeneity and the exorbitant expense of
treatment exacerbate clinical consequences, highlighting the
necessity for more specific and effective therapeutic techniques.
Over the past twenty years, innovative techniques like targeted
therapy, immunotherapy, nanomedicine, and gene editing have
emerged, aiming to deliver tailored, minimally invasive, and more
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effective cancer treatment [13-18]. Gene editing has transformed
oncology by facilitating the exact alteration of oncogenes and
tumor suppressor genes at the molecular level. Technologies like
ZFNs, TALENs, and CRISPR/Cas systems have shown promise in
rectifying harmful mutations, improving immune cell therapies
(e.g., CAR-T), and addressing therapeutic resistance. Recent
advancements, such as base and prime editing (Fig. 2), along
with sophisticated delivery mechanisms, have enhanced safety
and precision, bringing cancer gene editing nearer to clinical
application [14, 19-22]. Precision medicine embodies an innova-
tive healthcare strategy that transcends the conventional “one-
size-fits-all” paradigm by customizing treatments according to an
individual’s distinct genetic, biochemical, and environmental
characteristics. In cancer, where genetic mutations and molecular
heterogeneity significantly influence disease development and
progression, precision medicine allows clinicians to formulate
individualized therapy plans. By comprehending the genetic
modifications that propel tumor proliferation—such as mutations
in oncogenes or tumor suppressor genes—therapies can be
accurately directed, resulting in enhanced efficacy and fewer
unwanted effects. Gene editing technologies, especially CRISPR/
Cas (Fig. 3) systems, have become a revolutionary instrument in
the realm of precision medicine. In contrast to traditional
therapies that indiscriminately affect rapidly proliferating cells,
gene editing facilitates the precise alteration of oncogenic genes.
This encompasses rectifying faulty genes, eliminating oncogenes,
or augmenting immune responses via modified immune cells such
as CAR-T cells (Fig. 4). By addressing the fundamental genetic
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Fig. 2 The mechanisms underlying major gene editing systems, including Zinc Finger Nucleases (ZFNs), Transcription Activator-Like
Effector Nucleases (TALENs), CRISPR-Cas9, Prime Editing, and Base Editing. ZFNs and TALENs induce targeted double-strand breaks through
Fokl-mediated DNA cleavage. CRISPR-Cas9 employs guide RNA recognition at PAM sites for site-specific cleavage, while Prime Editing uses Cas9
nickase and a reverse transcriptase to achieve programmable edits without double-strand breaks. The base editing platform enables precise
single-nucleotide changes without DNA cleavage. These comparative formats highlight advances in editing precision, efficiency, and versatility

across diverse gene modification approaches.

causes of cancer, gene editing has the potential to yield more
sustainable and successful therapeutic results, transforming
cancer therapy methodologies [23-26]. Gene editing technologies
are being used in many important areas of cancer study and
treatment. These technologies have made it easier to model how
cancer starts and spreads by letting us make complicated cellular
and animal models that are like human tumors in terms of their
genetic complexity. Gene editing has also changed the way
functional genomics studies are done by making it possible to do
large-scale screens to find new oncogenes, tumor suppressors,
and therapy targets. The most important thing about these
technologies is that they are now being used in medicine. This is
especially true for the creation of better immunotherapies like
CAR-T cell treatment and the direct fixing of mutations that cause
cancer [27-30]. The integration of gene editing technologies with
other emerging approaches, including artificial intelligence-
guided design, advanced delivery systems such as nanoparticles,
and combination therapies, represents the next frontier in cancer
treatment. As our understanding of cancer biology continues to
evolve and gene editing technologies become more sophisticated
and precise, we stand at the threshold of a new era in
personalized cancer medicine [28, 31-33]. This thorough study
seeks to investigate the contemporary environment of advanced
gene editing technologies in cancer therapy, analysing their
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mechanisms, uses, clinical advancements, and prospects. Through
a comprehensive review of these groundbreaking technologies
and their influence on cancer research and therapy, we want to
clarify the trajectory toward more effective, accurate, and
customized cancer treatment approaches that could ultimately
enhance outcomes for patients globally.

FUNDAMENTALS OF GENE EDITING

Understanding gene editing requires a comprehensive explora-
tion of its molecular foundation, the cellular mechanisms
governing DNA repair, which determine editing outcomes and
the distinction between gene editing as a technique versus gene
therapy as a clinical application [34-36]. This discussion aims to
elaborate on these dimensions systematically, critically integrating
current scientific insights.

Molecular basis of genome editing

The molecular processes proceed with the identification and
attachment of the RNA-guided Cas9 complex to a genomic
protospacer adjacent motif (PAM), succeeded by strand cleavage.
This method generates a double-strand break (DSB) (Table 1) that
can be utilized to implement precise genetic modifications,
including disruption, deletion, insertion, or repair of specific DNA
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regions. Significantly, innovations have expanded the CRISPR
toolset beyond mere nuclease function, incorporating base editors
and prime editors that enable accurate nucleotide conversions
without DNA cleavage, hence enhancing the scope and safety of
gene editing methods. Gene therapy has traditionally been
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Fig. 3 Summarizing gene editing applications (CRISPR/Cas9,
TALENs, base/prime editors) across 11 cancer types from the
“Cancer-Type-Specific Applications” section. Central node branches
to Lung (EGFR/KRAS), Breast (TNBC/CDK?7), Colorectal (APC/KRAS/
CISH), Hematologic (CAR-T enhancements), Liver (HBV/Survivin),
Pancreatic (KRAS G12D), Head & Neck (SOX2/HuR), Esophageal
(CtBP1), Prostate (AR/PTEN), Gastric (HMGA?2), and Brain (miR-10b)
cancers, highlighting key targets, strategies (HDR correction, epige-
netic editing), delivery systems, clinical trials (NeoTCR-P1, CISH-TILs),
and challenges. Color coding distinguishes platforms, mutation types,
and trial stages.

<
<

characterized as the introduction of novel genes into human
cells. Nonetheless, the recent emergence of genome-editing
technology has facilitated a novel paradigm wherein the human
genome’s sequence can be accurately modified to attain a
therapeutic outcome. This encompasses the repair of pathogenic
mutations, the insertion of therapeutic genes at designated loci in
the genome, and the excision of harmful genes or genomic
sequences. This text elucidates the processes of various genome-
editing strategies and clarifies each of the prevalent nuclease-
based platforms, including zinc finger nucleases, transcription
activator-like effector nucleases (TALENs), meganucleases, and the
CRISPR/Cas9 system. Utilizing genome editing throughout several
domains of gene and cell therapy, encompassing antiviral
approaches, immunotherapies, and the management of mono-
genic hereditary conditions. The ongoing limitations and future
potential of genome editing as a revolutionary method for gene
and cell therapy are also examined [37-42].

Mechanisms of DNA repair: NHEJ vs HDR

When double-strand breaks (DSBs) (Table 1) occur in DNA, cells
activate two primary repair pathways that fundamentally deter-
mine the outcome of genetic modifications: Non-Homologous End
Joining (NHEJ) and Homology-Directed Repair (HDR) (Fig. 1). These
pathways represent evolutionarily conserved mechanisms that
compete for DSB substrates and exhibit distinct molecular
characteristics, efficiency profiles, and functional outcomes. NHEJ
is the primary and most rapid method for DSB repair in
mammalian cells, serving as the default cellular route active
throughout the cell cycle, with maximal activity observed during
the G1 phase when sister chromatids are absent. This pathway
utilizes a direct religation strategy to join fragmented DNA ends
without necessitating sequence homology, employing an intricate
protein machinery that includes Ku70/80 heterodimers for end
recognition, DNA-dependent protein kinase (DNA-PKcs) [43-46]
for signaling and processing, and DNA ligase IV for the final
ligation. The intrinsically error-prone characteristics of NHEJ often
produce minor insertions or deletions (indels) at repair junctions,
occurring in 70-90% of DSB repair events with notable efficiency.
This mechanism effectively inhibits end resection and facilitates
direct ligation of DNA strands, rendering it particularly suitable for
gene knockout applications where frameshift mutations affect
protein function. Conversely, HDR offers a high-fidelity repair
process that uses homologous DNA sequences as templates for
the precise restoration of original genomic sequences (Fig. 1). This
mechanism functions under stringent cell cycle regulations,
operating solely during the S and G2 phases when sister
chromatids are present to act as homologous templates for
repair. Homologous recombination repair (HDR) commences with
5'-to-3' DNA end resection, producing single-stranded DNA
overhangs that enable homology search and strand invasion
facilitated by RAD51 recombinase. Notwithstanding its accuracy,
HDR exhibits markedly reduced efficiency relative to NHEJ,
generally accomplishing merely 1-10% of repair events across
various cell types. The template-dependent characteristic of HDR

Cancer Gene Therapy
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Fig. 4 Major platforms for delivering CRISPR-based gene-editing systems for cancer therapeutics. Viral vectors such as adenovirus and
lentivirus achieve efficient in vivo genome modification by targeting the cell nuclei. Non-viral approaches, including lipid nanoparticles and
exosomes, offer alternative, less immunogenic delivery to target cells for gene editing. The ex vivo cell method illustrates patient-derived T-cell
isolation, genetic engineering (typically CAR-T), and subsequent reinfusion for targeted tumor destruction. Each modality enables gene editing
within the cell nucleus, with ex vivo approaches facilitating precise cellular engineering and targeted delivery for cancer immunotherapy. This
multi-platform overview emphasizes the importance of vector selection for clinical efficacy, safety, and delivery specificity in CRISPR oncology

applications.

facilitates accurate genetic alterations, such as point corrections,
targeted insertions, and gene replacements, when supplied with
suitable donor DNA sequences [47-51] (Table 1).

In contrast, HDR offers a high-fidelity repair process that uses
homologous DNA sequences as templates for the precise
restoration of original genomic sequences. This mechanism
functions under stringent cell cycle regulations, operating solely
during the S and G2 phases when sister chromatids are present to
act as homologous templates for repair. Homologous recombina-
tion repair (HDR) (Fig. 1) commences with 5-to-3' DNA end
resection, producing single-stranded DNA overhangs that enable
homology search and strand invasion facilitated by RADS51
recombinase. Notwithstanding its accuracy, HDR exhibits mark-
edly reduced efficiency relative to NHEJ, generally accomplishing
merely 1-10% of repair events across various cell types. The
template-dependent characteristic of HDR facilitates accurate
genetic alterations, such as point corrections, targeted insertions,
and gene replacements, when supplied with suitable donor DNA
sequences. The competitive interaction between NHEJ and HDR is
influenced by various cellular variables, including the cell cycle
phase, chromatin structure, end processing, and the availability of
templates. In the G1 phase, non-homologous end joining (NHEJ)
prevails due to the lack of sister chromatids, although both routes
contend during the S/G2 phases when homologous templates are
available. Recent data indicate that simultaneous pathway
activation can occur, as seen in mixed-type repair (MTR)
mechanisms where NHEJ fixes one end of a DSB while HDR
addresses the other end, implying that both pathways can be
concurrently activated to preserve genome integrity. The selection
of this pathway significantly impacts CRISPR-based gene editing
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applications, as NHEJ is favoured for effective gene knockouts due
to its mutagenic characteristics and elevated success rate, whereas
HDR facilitates precise genetic alterations but necessitates
meticulous optimization of conditions, including cell cycle
synchronization and NHEJ inhibition, to attain the desired
outcomes [50, 52, 53].

Differences between gene editing and gene therapy

Gene therapy and gene editing represent two transformative yet
distinct strategies for managing genetic diseases, both grounded
in molecular biology, genetics, and clinical innovation (Table 1)
(Table 2). Gene therapy is traditionally defined as the addition of
therapeutic gene copies into human cells, most commonly using
viral vectors such as adenoviruses, lentiviruses, or adeno-
associated viruses to deliver functional genes (Fig. 4). This
approach aims to compensate for missing or defective genes by
supplementing cells with exogenous DNA, thereby restoring or
enhancing physiological function. However, the delivery and
integration of foreign genes pose several challenges, including
vector-mediated toxicity, immune responses, insertional mutagen-
esis, and constraints on payload size. Moreover, conventional
gene-addition strategies often cannot correct dominant-negative
mutations or eliminate pathogenic sequences, underscoring an
important limitation of classical gene therapy. By contrast, gene
editing directly modifies endogenous genomic sequences using
engineered nucleases such as zinc finger nucleases (ZFNs) (Table
1) (Table 2), transcription activator-like effector nucleases (TALENSs)
(Table 1) (Table 3), meganucleases, and, most prominently,
CRISPR-Cas systems. These tools enable precise correction of
disease-causing variants, targeted insertion of therapeutic

SPRINGER NATURE
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Each platform is evaluated across five critical dimensions: mechanistic approach to DNA/RNA targeting, molecular target specificity (DNA versus

RNA), key therapeutic advantages including editing efficiency and specificity metrics, and supporting citations for validation.

Table 1.

Technology Mechanism Precision  Delivery

CRISPR-Cas9 DSB + HDR/NHE; High Viral/Lipid

CRISPR-Casl2 DSB + HDR/NHE; High Viral/Lipid

Base Editing Chemical Very Viral/Lipid
modification High

Prime Guide + RT Very Viral/Lipid

Editing enzyme High

TALENs DSB + repair Medium Electroporation

ZFNs DSB + repair Medium Electroporation

Meganucleas DSB + repair Low Direct injection

Applications  Clinical Advantages Limitations Refernce
Status
Gene Phase llI High Off-target [47-51]
knockout efficiency effects
Gene Phase Il Less off-targ Limited PAM
knockout et sites
Point Phase I/1l No DNA Limited scope
mutations breaks
Insertions Preclinical Precise Low efficiency
insertion
Gene editing Phase Il Custom Complex
desig n desig n
Gene editing Phase | Proven Hard to
safety design
Gene repair Preclinical High Large protein
specificity size

The table categorizes technologies by their fundamental design principles—first-generation Fokl-based nucleases, adapter RNA-guided systems (CRISPR/Cas9,
Cas12a, Cas13), DSB-free integration platforms (PASTE, recombinases), and Al-enhanced multi-modal systems—thereby illuminating the evolutionary trajectory
and functional convergence of genome engineering technologies in oncological applications. Special emphasis is placed on editing efficiency percentages, off-
target effect reduction, and applicability to primary human cells and ex vivo CAR-T manufacturing, which directly inform clinical translatability for cancer
therapeutics. This comparative framework enables researchers and clinicians to identify the optimal platform for specific cancer indications, delivery constraints,
and therapeutic objectives, from simple gene knockdown to complex multi-gene circuit assembly.

cassettes at defined loci, and deletion or silencing of deleterious
elements. For example, the CRISPR-Cas9 platform employs a
guide RNA to direct Cas9 to a specific DNA sequence, where
nuclease-induced double-strand breaks activate endogenous
repair pathways—non-homologous end joining (NHEJ) or
homology-directed repair (HDR). Depending on how these path-
ways are harnessed, the same system can be used to generate
gene knockouts for functional studies or to perform precise gene
correction for therapeutic purposes, marking a major advance in
genomic medicine. Both ex vivo and in vivo strategies are being
developed for therapeutic application across cardiovascular,
haematological, neurological, viral, and oncological indications.
Ex vivo approaches involve editing patient-derived cells—such as
haematopoietic stem cells or T cells—outside the body, followed
by reinfusion once the desired modification has been achieved. In
vivo strategies instead deliver the editing machinery directly to
target tissues using viral or non-viral vectors (Fig. 4). While these
approaches offer the potential for high efficacy and specificity,
they also raise important questions regarding delivery efficiency,
off-target activity, and the long-term safety of edited cells. Ethical
and societal considerations are integral to both modalities. Rapid
progress in gene therapy and gene editing has heightened
concerns about informed consent, long-term risk, equitable
access, and the possibility of germline modification. Potential
unintended genetic consequences and the risk of widening
existing healthcare disparities further underscore the need for
robust regulatory oversight, rigorous preclinical and clinical safety
testing, transparent patient communication, and harmonised
international guidelines. In summary, gene therapy and gene
editing differ in mechanism—gene addition versus precise
genomic modification—but share the ultimate goal of treating
or alleviating genetic disease through molecular intervention.
Gene therapy remains invaluable for gene replacement and
supplementation, whereas genome editing enables targeted,
durable alterations of the DNA sequence. The convergence of
these approaches, supported by ongoing clinical trials and
translational research, is reshaping the therapeutic landscape
and driving next-generation advances in precision medicine
[37, 48, 54-60].

SPRINGER NATURE

OVERVIEW OF MAJOR GENE EDITING TECHNOLOGIES

Gene editing technologies have rapidly evolved, enabling precise
modifications of genetic material for research, medicine, and
agriculture. The most prominent platforms include ZFNs, TALENs,
CRISPR/Cas systems (Fig. 2), and newer innovations such as base
and prime editors (Table 2).

Zinc finger nucleases (ZFNs)

Zinc Finger Nucleases (ZFNs) are synthetic DNA-binding proteins
that enable precise genome editing by inducing site-specific
double-strand breaks (DSBs) (Fig. 2) (Table 3). Each ZFN is
composed of two primary components: a sequence-specific DNA-
binding domain formed by a series of C2H2 zinc finger motifs, and
a non-sequence-specific cleavage domain originating from the
Fokl restriction endonuclease. Generally, each zinc finger identifies
a DNA triplet; connecting numerous zinc fingers imparts specificity
for a distinct genomic locus. Most ZFNs are engineered as pairs to
attach to opposite strands next to a cleavage site, facilitating Fokl
dimerization and ensuing DNA cleavage. The modular construction
of the zinc finger array enables researchers to target nearly any
DNA sequence, although interactions among neighbouring fingers
may complicate the design (Table 2) [38, 61-65].

In the 1980s, bacterial restriction endonucleases were initially
employed to cleave DNA, facilitating the advancement of
contemporary genome editing. Subsequently, many programma-
ble nucleases such as ZFNs, TALENs, CRISPR/Cas systems, base
editors, and prime editors have been created to modify genes
with enhanced accuracy (Table 3) (Fig. 2) [3, 22, 66]. Many of these
methods depend on the induction of double-strand breaks (DSBs),
which are repaired through either non-homologous end joining
(NHEJ), frequently resulting in insertions or deletions, or
homology-directed repair (HDR) (Figs. 1, 2), which facilitates
accurate correction or insertion when a donor template is present.
ZFNs, among the initial gene-editing technologies, function by
creating targeted double-strand breaks at designated locations.
Depending on the repair mechanism, they facilitate gene knock-
out, extensive deletions, or precise transgene insertion. While
subsequent techniques such as TALENs and CRISPR have
introduced greater adaptability and simplified design,

Cancer Gene Therapy
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Contemporary genome editing technologies relevant to precision oncology methodically categorizing platforms by their molecular

Table 2.

mechanisms, nucleic acid targeting specificity, and proven therapeutic benefits.

Technology Mechanism

ZFNs Fokl dimerization; zinc finger pairs recognize DNA
triplets

TALENS DSBs via Fokl dimerization; TALE DNA-binding domain
with simple one-to-one protein-DNA code; dimer-
dependent cleavage

CRISPR/Cas9 DSBs with NGG PAM; blunt-end cleavage

CRISPR/ T-rich PAM; 5’ overhangs; autonomous crRNA

Casl12a processing

CRISPR/Cas13 PAM-independent RNA cleavage; collateral activity

CRISPRa/i dCas9 fusions (activation/repression)

PASTE Integrase-based insertion without DSBs

ARCUS Homing endonucleases (12-40 bp recognition)

MegaTALs TALE-meganuclease hybrid (single-chain)

Recombinases ZFD-dependent or LSR systems (52 bp recognition)

Base Editors

Al-Enhanced
Platforms

CBE/ABE for single-base conversion
CRISPR-GPT, DeepCRISPR, ML optimization

Target Key Advantages References
DNA Modular; targets any sequence; foundational [61-214,
platform 351]
DNA High specificity with reduced off-target effects;
modular architecture; effective across multiple
organisms;
DNA Cost-effective; adaptable; extensive targeting
DNA Efficient multiplexing; improved accuracy
RNA >90% RNA knockdown; no genomic
modification
DNA Orthogonal gene regulation; no DSBs
DNA Up to 36 kb insertions; 60% efficiency
DNA Single genomic site specificity; 3’ overhangs
DNA ~70% efficiency; compact (~2 kb); DSB-free
DNA 53-70% efficiency; multi-kilobase insertions;
DSB-free
DNA Precise single-base changes; no DSBs
DNA/ Reduced off-targets; real-time monitoring;
RNA adaptive therapy

The classification includes classical programmable nucleases (ZFNs, TALENs, and CRISPR/Cas systems such as Cas9, Cas12a, and Cas13), next-generation hybrid
platforms (ARCUS, MegaTALs, and engineered recombinases), and advanced Al-integrated systems that merge machine learning-driven design with synthetic

biology principles.

comprehending the fundamental process of ZFN-mediated repair
established the groundwork for contemporary genome-editing
technology [63, 66, 67].

Notably, ZNF281 acts as an oncogene in colorectal cancer (CRC)
by promoting DNA damage response (DDR) gene expression and
epithelial-mesenchymal transition (EMT), enhancing tumorigen-
esis and metastasis. ZNF281 is upregulated upon DNA damage,
directly regulates DDR effectors (e.g., XRCC2, XRCC4), and is
involved in EMT via SNAIL activation while being negatively
regulated by miR-34a and p53, forming complex feedback loops
[68]. ZNF750 serves as a tumour suppressor in squamous cell
carcinomas, regulating genes involved in cell migration, adhesion,
and proliferation. Mutations and low expression of ZNF750
correlate with poor prognosis, while its overexpression suppresses
tumour growth and migration. ZNF750 induces the IncRNA TINCR
and represses LAMC2, restricting proliferation and invasion
[69-75]. ZNF185 [76] acts through protein—protein interactions
with actin filaments at focal adhesions, displaying growth-
inhibitory activity and tumor suppressor functions; reduced
expression in prostate and other cancers is often linked to DNA
methylation [77], suggesting a role in cell proliferation and
differentiation. ZBP89 [78] (ZNF148) has dual roles depending on
tissue type, functioning as an oncogene in breast, gastric, and
melanoma cancers but as a tumour suppressor in CRC, where it
represses proliferation and induces apoptosis through MMP3
regulation and HDACT recruitment to target gene promoters.
ZBP89 also interacts with the -catenin pathway, contributing to
metastasis when upregulated. Other ZNFs like MDM2 (regulator of
p53), ZEB1 (EMT master regulator), and neurodegenerative-
associated proteins (ZPR1, ZNF179, ZNF746) further illustrate the
spectrum of ZNF function across oncology, neurodegeneration,
skin, cardiovascular, and metabolic diseases. Aberrant ZNF
expression is thus both a prognostic and potential therapeutic
target, with emerging interest in developing drugs or interven-
tions that modulate ZNF activity for disease control [68, 73, 79-85].
Initial applications of ZFNs in cancer research concentrated on
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establishing targeted gene disruptions and rectifying oncogenic
mutations in cancer cell lines and models. The accuracy and
relative adaptability of ZFNs allowed for functional investigations
by disrupting tumor suppressor or oncogene loci, hence enabling
the analysis of gene function and the validation of therapeutic
targets. Zinc Finger Nucleases (ZFNs) have been investigated for
gene correction in hereditary cancer syndromes and for the
modification of immune cells to improve anti-tumor efficacy,
establishing a foundation for next-generation cell treatments.
Despite the emergence of prominent technologies like TALENs
and CRISPR, ZFNs continue to serve as a fundamental instrument
in genome engineering, retaining significance for specific
applications in translational cancer [66, 86].

Transcription activator-like effector nucleases (TALENs)
TALENSs are synthetic restriction enzymes created by combining a
bacterial TALE DNA-binding domain with the Fokl nuclease (Fig.
2). They operate as dimers, catalyzing site-specific double-strand
breaks (DSBs) (Table 2) that provide targeted genome alteration.
Each TALE repeat identifies a specific nucleotide, facilitating highly
customized DNA targeting via a straightforward protein-DNA
recognition code. Upon binding to neighboring DNA locations,
the Fokl domains dimerize and induce double-strand breaks
(DSBs), which are then repaired by non-homologous end joining
(NHEJ) or homology-directed repair (HDR), resulting in gene
disruption or accurate insertion (Table 3). TALENs are adaptable
and effective in several organisms, including plants, animals, and
human cells, and have been utilized in the creation of disease
models, transgenic creatures, and functional genomic research.
Their modular architecture, elevated specificity, and reduced off-
target effects render TALENs a dependable gene-editing platform
prior to CRISPR technology (Table 2) [38, 87-90].

TALENs are utilized in cancer treatment for precise gene
editing, aimed at targeting oncogenes and enhancing therapeu-
tic strategies in various cancers [91]. TALENs are being utilized in
cancer treatment for gene editing to modify oncogenes, enhance
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therapeutic efficacy, and are included in ongoing clinical trials for
various cancer therapies [92]. It can effectively disrupt IL-6
expression, enhancing susceptibility to sorafenib in liver cancer
treatment [93]. The E6 and E7 oncoproteins of Human
Papillomavirus (HPV) are pivotal in the advancement of cervical
cancer, rendering them significant therapeutic targets. TALENs
have been designed to selectively target the E7 gene, attaining
an editing effectiveness of approximately 10-12%, as verified by
T7E1 and nuclease resistance experiments. This led to substantial
downregulation of both E6 and E7 at the transcript and protein
levels, resulting in marked cell death in cervical cancer cells.
Annexin V experiments demonstrated necrosis as the primary cell
death mechanism, corroborated by increased levels of LDH-A,
RIP1, and Cyclophilin A. The generation of necrosis may further
amplify immune activation, establishing TALEN-based editing as a
viable adjuvant therapy for HPV-driven cervical malignancies
[94-98]. TALENs are used to create allogeneic CAR-T cells with
knockout of TRAC (TCR alpha constant) and PDCD1 (PD-1), which
improves tumor targeting, reduces GvHD risk, and enhances
persistence in solid tumor models. Logic-gated CAR-T designs
allow dual antigen targeting, increasing specificity and safety in
preclinical studies. TALENSs facilitate the development of patient-
specific cancer models and gene-edited immune effector cells,
advancing both mechanistic understanding and predictive
therapy platforms. TALEN-engineered CAR-T cells [99, 100] have
shown potent anti-tumor activity and improved survival in mouse
models with solid tumors, exhibiting minimal off-tumor toxicity
due to logic-gated activation systems. Clinical investigations
include phase 1 trials testing allogeneic TALEN-CAR-T products
(UCARTSs) in multiple hematological cancers such as AML, ALL,
and multiple myeloma, with ongoing studies addressing their use
in solid tumors. TALEN-mediated gene knockouts in cervical and
liver cancer cells have demonstrated efficient editing (up to 12%),
triggered necrosis, and activated host immune defense, poten-
tially reducing resistance development [99, 101-103].

CRISPR/Cas systems

CRISPR/Cas systems are adaptive immune mechanisms found in
bacteria and archaea, which protect against viral and plasmid
invaders by capturing and storing fragments of foreign DNA.
These fragments, known as spacers, are integrated into the host
genome’s CRISPR array [104-106]. When the same invader
reappears, the system transcribes these spacers into CRISPR RNAs
(crRNAs), guiding Cas proteins to recognize and cleave matching
nucleic acid sequences (Fig. 2) (Table 3). This process involves
three main stages: acquisition, expression and maturation of
crBNAs and interference. The precise targeting relies on sequence
complementarity and recognition of a protospacer adjacent motif
(PAM) in the foreign DNA [107-111]. The system recognizes target
sites through Watson-Crick base pairing between the gRNA spacer
sequence and complementary target DNA, requiring the presence
of a protospacer adjacent motif (PAM) sequence positioned 3'-
downstream of the target site. For SpCas9, the PAM sequence is 5'-
NGG-3', occurring approximately every 8-12 base pairs in the
human genome [112].

Cas12 nucleases, particularly Cas12a (formerly Cpf1) (Table 2)
[113], represent significant alternatives to Cas9 with distinct
advantages. Unlike Cas9, Cas12a (Table 3) recognizes T-rich PAM
sequences and creates staggered cuts with 5’ overhangs rather
than blunt ends. This system demonstrates enhanced specificity
due to longer spacer sequences in the crRNA, typically 20-24
nucleotides compared to 20 nucleotides for Cas9. A unique feature
of Cas12a is its ability to autonomously process pre-mature crRNA
from a single transcript, enabling efficient multiplexed genome
editing when multiple crRNAs are encoded on the same plasmid.
This capability has proven particularly valuable for simultaneous
targeting of multiple genes, as demonstrated in colorectal cancer
applications where Cas12a systems successfully targeted TP53,
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APC, and PIK3CA genes concurrently. Despite slightly reduced
editing efficiency compared to Cas9, Casl12a (Table 2) (Table 3)
exhibits improved accuracy in genome editing applications
[112-119]. Cas13 signifies a significant progression in CRISPR
technology as the inaugural RNA-targeting effector system,
facilitating accurate post-transcriptional regulation without mod-
ifying DNA. In contrast to Cas9 and Cas12, which target DNA, Cas13
exclusively cleaves single-stranded RNA (ssRNA) [120-122] in a
PAM-independent manner, rendering it suitable for RNA-based
therapies and diagnostics. Cas13 proteins possess a bilobed
architecture, comprising a Recognition (REC) lobe for crRNA
binding and a Nuclease (NUC) lobe that houses two catalytic
HEPN domains (HEPN1 and HEPN2). These domains constitute a
composite catalytic core with conserved R—X,—s—H patterns critical
for RNA cleavage. Upon target identification, Cas13 experiences
significant conformational changes that trigger both targeted (cis)
and collateral (trans) RNA cleavage [123-126]. Compact versions
such as Cas13d (CasRx) and Cas13x exhibit robust activity despite
their reduced size, facilitating effective viral vector distribution.
Cas13 systems attain over 90% RNA knockdown, exceeding RNA
interference in both efficiency and specificity. In addition to
disintegration, catalytically inactive dCas13 fusions facilitate RNA
editing, splicing modification, and epitranscriptomic regulation
[127-136]. The collateral RNase activity of Cas13 (Table 2) (Table 3)
supports highly sensitive diagnostic methods like SHERLOCK and
DETECTR [137-140], facilitating femtomolar-level detection of viral
RNA, including SARS-CoV-2. Engineered versions exhibiting
enhanced specificity and diminished collateral activity are facilitat-
ing their application in clinical and therapeutic environments.
Cas13’s RNA-targeting adaptability positions it as a fundamental
element in transcriptome engineering, antiviral treatment, cancer
therapy, and advanced molecular diagnostics [125, 141, 142].

CRISPRa systems enable targeted transcriptional activation using
catalytically inactive Cas9 (dCas9) (Table 2) fused to transcriptional
activators. Early systems utilized dCas9-VP64 fusions, but more potent
approaches have emerged through the development of tripartite
activators like VPR (VP64-p65-Rta) and sophisticated modular systems
[143-145]. The Synergistic Activation Mediator (SAM) system
represents a highly effective CRISPRa approach, comprising dCas9-
VP64, engineered sgRNA containing MS2 RNA hairpins, and MCP-p65-
HSF1 (MPH) fusion proteins. This system achieves significantly higher
activation levels than simple dCas9-VP64 fusions by recruiting
multiple transcriptional activators to the target site. For optimal gene
activation, guide RNAs are typically designed to target promoter
regions and transcriptional start sites (TSS) [146, 147].

CRISPR Interference (CRISPRi) utilizes dCas9 conjugated with
transcriptional repressors, predominantly KRAB, to facilitate tar-
geted gene silencing. The mechanism operates by sterically
inhibiting RNA polymerase and attracting chromatin-modifying
complexes that create repressive chromatin configurations. CRISPRi
often demonstrates superior efficiency and reliability relative to
CRISPRa systems [148]. Advanced technologies provide concurrent
gene activation and repression inside a single cell. These
bifunctional systems employ designed sgRNAs with unique RNA
aptamers that attract various effector complexes. Activating
sgRNAs possess MS2 binding sites that attract MCP-VP64 for
transcriptional activation [149-152], whereas inhibitory sgRNAs
feature Com binding sites that recruit Com-KRAB for transcriptional
repression. The CRISPRai system has exhibited effective orthogonal
control without interference between activation and repression
functions. This method has demonstrated potential in tissue
engineering by effectively guiding stem cell differentiation through
the concurrent activation of chondrogenic genes such as Sox9 and
the suppression of adipogenic genes like PPAR-y [153, 154].

A comparative analysis of the CRISPR/Cas9 and PASTE systems,
focusing on their mechanisms and functions, offers insights into
future applications. Traditional CRISPR/Cas9 systems rely on
double-strand break (DSB) [155, 156] formation followed by
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cellular DNA repair mechanisms. The Cas9 endonuclease creates
blunt-ended breaks that are primarily repaired through error-
prone non-homologous end joining (NHEJ), leading to random
insertions and deletions. For precise editing, homology-directed
repair (HDR) can be utilized with donor DNA templates, but this
pathway is inefficient and restricted to specific cell cycle phases
[3, 19, 30, 39, 116, 122, 157]. In contrast, the Programmable
Addition via Site-specific Targeting Elements (PASTE) (Table 3)
system employs an integrase-based approach that circumvents
DSB formation. PASTE combines Cas enzymes (typically Cas9
nickase or Cas12) with reverse transcriptases and site-specific
integrases, enabling precise integration without creating double-
strand breaks. The system first installs integration sites through
prime editing-like mechanisms, followed by integrase-mediated
insertion of large DNA sequences [158-160].

CRISPR/Cas9 encounters considerable constraints regarding inser-
tion efficiency and specificity. HDR-mediated precise insertion often
attains efficiencies under 5% across several cell types, exhibiting
considerable heterogeneity based on target loci and cell cycle phase.
Off-target effects continue to be a significant problem, as Cas9 may
cleave genomic locations that exhibit partial homology with the
intended target. PASTE (Table 3) has significantly enhanced efficiency
for extensive sequence insertion. The technology facilitates the
programmable integration of DNA payloads up to about 36
kilobases, achieving efficiencies in the upper double digits in cell
lines and 4-5% in primary human hepatocytes and T cells. Recent
enhancements via advanced recombinases have significantly
improved PASTE efficiency, with certain variants attaining up to
60% donor integration. The PASTE system demonstrates improved
specificity owing to numerous checkpoints in the integration process.
The initial prime editing phase necessitates accurate gRNA targeting,
while the following integrase reaction demands specific recognition
sequences, therefore diminishing the probability of off-target
integration. In contrast to CRISPR/Cas9, PASTE does not induce
double-strand breaks that may result in chromosomal rearrange-
ments or inadvertent mutations [146, 158, 161-163]. CRISPR/Cas9 has
been widely utilized in cancer treatment, especially in CAR-T cell
modification and the restoration of tumor suppressor genes. The
approach facilitates the deletion of genes that encode inhibitory
T-cell surface receptors, including PD-1 and CTLA-4, thereby
augmenting the efficacy of T-cell-based immunotherapy. In hepato-
cellular carcinoma, CRISPR/Cas9 has been employed to target the
tumor suppressor genes p53 and Pten, creating liver tumor models
for therapeutic advancement. The method has demonstrated
potential in eradicating oncogenic viral infections. CRISPR/Cas9
effectively targets the viral genomes of HPV, HBV, and EBV, impairing
their carcinogenic pathways. The method successfully targets E6 and
E7 oncogenes in HPV-associated cervical cancer, while in HBV
infections, it produces mutations in covalently closed circular DNA
(cccDNA) [39, 112, 114, 123-127, 136, 147, 161]. The PASTE (Table 2)
(Table 3) approach provides distinct benefits for cancer gene therapy
by facilitating the delivery of substantial therapeutic structures
without the toxicity associated with double-strand breaks. The
approach can include complete therapeutic genes, including intricate
constructions with various regulatory components, into safe harbor
sites or therapeutically pertinent loci. This ability is especially
advantageous for administering substantial tumor suppressor genes
or multifaceted treatment systems. PASTE's efficacy in primary cells
renders it particularly advantageous for ex vivo CAR-T cell
engineering, since elevated integration rates can markedly enhance
therapeutic cell yields. The system’s capacity to integrate extensive
sequences facilitates the delivery of advanced CAR complexes that
encompass numerous functional domains, suicide genes, and
regulatory circuits in a singular integration event [158, 164-169].

Emerging and Hybrid Platforms

ARCUS (Table 2) (Table 3) is a patented next-generation genome
editing technology created by Precision BioSciences, based on

Cancer Gene Therapy

S. Bindu et al.

naturally occurring homing endonucleases (meganucleases)
sourced from the I-Crel enzyme in the algae Chlamydomonas
reinhardtii [170-172]. In contrast to traditional genome editing
tools, ARCUS employs entirely synthetic enzymes known as ARC
Nucleases, which identify exceptionally lengthy DNA sequences
(12-40 base pairs), significantly decreasing the number of
homologous target sites in the human genome to a singular
location, thereby ensuring unmatched specificity [173, 174]. The
platform provides numerous distinctive benefits for cancer
treatment applications. ARCUS produces 3’ prime overhang
cleavages that facilitate homology-directed repair (HDR)
[173, 175] and “ideal” re-ligation via complementary overhangs.
The tiny size (~1500bp) facilitates the delivery of bigger
therapeutic payloads, and its single-component architecture
enhances delivery efficiency compared to multi-component
systems. The approach has shown significant potential in creating
standardized CAR-T cell therapies for cancer immunotherapy by
engineering T cells sourced from healthy donors instead of
utilizing patient-specific cells [173, 174, 176-178]. Furthermore,
MegaTALs (Table 2) (Table 3) architecture. MegaTALs are advanced
hybrid nucleases that integrate the DNA-binding accuracy of
Transcription Activator-Like Effectors (TALEs) with the cleavage
capability of modified meganucleases (mns) into a single-chain
structure [179, 180]. This design addresses significant short-
comings of previous platforms such as ZFNs, TALENs, and Cas9
[88-90, 181] by providing enhanced specificity, robust cleavage
activity, and a compact size conducive to therapeutic delivery. The
TALE domain in MegaTALs directs the meganuclease [181] to its
target, significantly improving on-target DNA cleavage efficiency
and reducing off-target effects. This dual-recognition process
increases the effective length of the target site, rendering
inadvertent genomic cuts exceedingly rare. Co-expression with
Trex2 exonuclease significantly enhances targeted editing effi-
ciency, attaining up to 70% gene modification in primary cells.
MegaTALs possess a compact structure (~2kb open reading
frame) [179, 180], making them smaller than Cas9 or TALENs, and
are compatible with several delivery mechanisms, including DNA,
mRNA, and viral vectors (AAV, lentivirus, retrovirus) (Figs. 2, 4).
Their monomeric, single-chain configuration also inhibits undesir-
able dimerization observed in Fokl-based nucleases, hence
facilitating secure multiplex editing in clinical applications. Due
to their exceptional precision, efficiency, and compatibility with
delivery systems, MegaTALs constitute a formidable gene editing
platform for therapeutic genome engineering, encompassing
T-cell modification and targeted correction of pathogenic genes
[180, 182-1871.

Beyond nuclease-based approaches, engineered recombinases
(Table 2) are emerging as promising alternatives for precise DNA
modifications  without introducing double-strand  breaks
[188-190]. Programmable recombinases have arisen as potent
genome editing instruments, enabling accurate DNA insertions,
deletions, or inversions without causing double-strand breaks.
Recent advancements in Zinc Finger Domain (ZFD)-dependent
recombinases have markedly improved target-site specificity and
recombination efficiency by integrating recombinases with DNA-
binding ZFDs [63, 65, 189], therefore increasing recognition
sequences from 34 to around 52 bp. This design facilitates precise
recombination exclusively when both ZFD and recombinase
domains interact with their respective locations, minimizing off-
target effects while preserving a compact structure (~500 amino
acids). These systems have exhibited therapeutic potential,
including the correction of the 140kb int1h inversion in
hemophilia A. Concurrent progress in Large Serine Recombinases
(LSRs) has facilitated the direct integration of multi-kilobase DNA
segments into native genomic loci. Engineered LSRs, particularly
when coupled with dCas9, attain integration efficiencies of up to
53% and genome-wide specificities of 97% through directed
evolution, structural modeling, and donor optimization. They can

SPRINGER NATURE

11



S. Bindu et al.

12

introduce DNA payloads of up to 12 kb into several challenging-
to-transfect cell types, including non-dividing and primary human
cells. Collectively, these designed recombinase platforms offer a
novel generation of precise, programmable, and DSB-free genome
editing tools, reconciling the disparity between targeted integra-
tion efficiency and clinical-grade specificity [162, 169, 190-193].

Furthermore, the incorporation of synthetic biology ideas has
transformed the creation of modular gene editing platforms that
can be methodically created and refined for cancer therapy. These
systems utilize engineering ideas, including modular design,
standardized biological components, and methodical simulation
to develop advanced cellular functionalities [194]. Synthetic
biology has transformed our capacity to meticulously build
biological systems, facilitating applications ranging from medi-
cines to environmental cleanup. The increasing comprehension of
host-microbiome interactions has facilitated the development of
microbiome-based treatments, as demonstrated by the efficacy of
VOWST, Rebyota, and the advent of engineered live biotherapeu-
tics (LBTs) such as NOV-001 and SYNB1618 [195-197]. The rational
design of synthetic microbial consortia, informed by systems
biology and machine learning, improves therapeutic efficacy and
predictability while tackling safety and reproducibility issues in
fecal microbiota transplants. Progress in genetic circuit design,
CRISPR technology, and modular biosensors has resulted in
programmable diagnostics and responsive treatment systems
with precise, site-specific functionality. These biosensors, whether
cellular or acellular, now provide real-time, multiplex detection
and regulated medication administration. Concurrent advance-
ments in bio-design automation (BDA) facilitated by tools such as
Cello and standardized modelling languages (SBOL, SBML) have
optimized genetic circuit engineering and expedited innovations
in synthetic biology [48, 198]. Moreover, modular enzyme
assemblies like FerTiG exemplify the amalgamation of enzyme-
centric and microbial methodologies for sustainable bioremedia-
tion. Collectively, these advancements illustrate how the design-
build-test-learn (DBTL) architecture of synthetic biology and
computational modeling are advancing next-generation medic-
inal, diagnostic, and environmental solutions towards clinical and
commercial implementation [162, 169, 194, 199-201]. Advanced
synthetic biology platforms are also incorporating sophisticated
control mechanisms, including inducible systems that respond to
small molecule drugs, light, ultrasound, or other external signals.
These controllable systems enable precise temporal and spatial
regulation of therapeutic gene expression, addressing safety
concerns associated with continuous activation of potent immu-
nomodulatory factors [194, 199].

The integration of artificial intelligence (Al) (Table 2), biosensors,
and RNA editing technologies is revolutionizing precision cancer
treatment. Al-driven models like CRISPR-GPT, DeepCRISPR, and
CRISTA enhance CRISPR design by forecasting guide RNA efficacy,
reducing off-target effects, and automating experimental pro-
cesses [202-205]. In CAR-T platforms, machine learning expedites
the evaluation of synthetic receptor libraries and forecasts T cell
phenotypes, facilitating the development of enhanced anticancer
constructs [19, 206-210]. RNA editing methods, including ADAR-
based A-to-l systems, facilitate temporary, reversible rectification
of tumor mutations, improving immune detection without
modifying genomic DNA. the potential use of RNA editing
parameters like editing levels, ADAR and APOBEC gene expression,
and specifically edited genes as cancer biomarkers, unlike
previous studies that focused on isolated aspects of RNA editing
mechanisms. The methodological section provides tips for high-
throughput RNA or DNA sequencing data analysis to identify RNA
editing events [211-214]. Simultaneously, Al-enhanced biosensors
enable real-time tumor characterization and the formulation of
adaptive therapies, permitting responsive adjustments to tumor
progression. In addition to these advancements, prime and base
editing (Fig. 2) technologies provide accurate, template-
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independent genome change without inducing double-strand
breaks. Prime editors integrate Cas9 nickase with reverse
transcriptase, directed by pegRNAs, facilitating “search-and-
replace” modifications across many mutation types, whereas base
editors (CBEs, ABEs) [36, 211, 212] permit precise single-base
conversions. These modular systems, when combined with Al and
synthetic biology, create a novel paradigm for the programmable,
safe, and efficient engineering of genomes and transcriptomes in
cancer therapy (Table 2) (Table 3).

In addition to nuclease-mediated genome editing, CRISPR/Cas9
platforms have been increasingly adapted for epigenetic regula-
tion without inducing DNA double-strand breaks, representing a
powerful and safer strategy for cancer therapy. Catalytically
inactive Cas9 (dCas9) fused to transcriptional repressors or
epigenetic modifiers enables programmable and reversible
control of gene expression. Notably, the development of CRISPR-
off and CRISPRon systems [215] demonstrated that transient
expression of a single dCas9-based epigenetic writer can establish
heritable DNA methylation and repressive histone modifications,
leading to durable gene silencing that is maintained through cell
division and differentiation. Importantly, this programmable
epigenetic memory can be reversed using CRISPRon, enabling
controlled writing and erasing of transcriptional states without
altering genomic sequences. Such systems expand the therapeu-
tic landscape beyond permanent gene disruption and allow stable
repression of oncogenes, enhancers, or regulatory non-coding
elements in cancer.

Similarly, dCas9-based repressor fusions incorporating KRAB
and MeCP2 domains have demonstrated persistent gene silencing
independent of direct DNA methyltransferase recruitment. These
platforms induce long-term transcriptional repression through
chromatin remodelling and histone modifications, even in
DNMT3A/3B-deficient contexts, suggesting alternative epigenetic
mechanisms of durable gene suppression. This approach is
particularly relevant in oncology, where reversible but stable
silencing of oncogenic drivers, immune checkpoint regulators, or
lineage-defining transcription factors may provide therapeutic
benefit without the risks associated with double-strand breaks or
unintended genomic alterations [216].

More recently, compact and delivery-optimized epigenetic
editors such as CHARM have been developed to enable
programmable DNA methylation by recruiting endogenous
methyltransferase machinery without overexpressing catalytic
domains. CHARM represents a smaller, potentially less immuno-
genic alternative suitable for viral vector packaging, including
AAV-based delivery systems. Although initially demonstrated in
neurological disease models, such compact epigenetic silencers
have clear translational potential in oncology, particularly for
silencing pathogenic proteins, oncogenic amplifications, or
aberrantly activated enhancers in tumors where permanent DNA
editing may not be desirable [217].

Collectively, CRISPR-based epigenetic editing platforms provide
a versatile framework for durable yet potentially reversible gene
regulation in cancer. By avoiding DNA cleavage and leveraging
endogenous chromatin-modifying pathways, these systems
address safety concerns associated with traditional CRISPR
nucleases while expanding therapeutic strategies to include
enhancer targeting, allele-specific silencing, long non-coding
RNA repression, and epigenetic reprogramming of tumor cell
states [215-217].

APPLICATIONS OF GENE EDITING IN CANCER

The use of gene editing technologies in cancer research and
treatment signifies a pivotal advancement in contemporary
oncology. Gene editing techniques have transformed our
comprehension of cancer biology and created unparalleled
opportunities for precision medicine, ranging from essential
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functional genomics research to direct therapeutic applications
[37, 167, 183]. CRISPR-based gene deletion and knock-in
methodologies have proven essential for elucidating the functions
of cancer-related genes [29, 47]. These technologies enable
systematic exploration of oncogenes and tumor suppressors,
hence facilitating high-throughput functional analyses in cell lines
and animal models [8, 9, 94].

Chimeric antigen receptor (CAR) T cell therapy has revolutio-
nized cancer immunotherapy, and gene editing technologies have
further enhanced these cellular therapies by addressing funda-
mental limitations and expanding their therapeutic potential.
CRISPR-Cas9 mediated modifications have enabled the develop-
ment of next-generation CAR-T cells with improved functionality,
persistence, and safety profiles. CRISPR-mediated engineering
facilitates the precise destruction or insertion of genes to optimize
CAR-T cell functionality [100, 140, 213, 214, 218]. Elimination of
negative regulators such Regnase-1, DHX37, and RASA2 promotes
T cell proliferation, metabolic efficiency, and prolonged cytotoxic
function [219]. These genetic alterations preserve effector function
in the immunosuppressive tumor milieu, thereby enhancing CAR-
T cell longevity and tumor eradication capability. Multiplexed
editing tactics incorporate CAR designs while concurrently altering
immune checkpoint genes or inhibitory signaling pathways. This
facilitates the development of “armored” CAR-T cells that are
resistant to immune suppression induced by tumors. Multi-
targeted editing methods are very beneficial in tackling tumor
heterogeneity and mitigating recurrence caused by immune
evasion. Concurrent progress in CAR-NK cell treatment utilizes
the inherent cytotoxicity and advantageous safety profile of NK
cells. In contrast to T cells, NK cells do not necessitate antigen
priming and present a diminished risk of graft-versus-host disease
(GVHD), rendering them suitable for allogeneic applications
[220, 221]. Gene editing has been utilized to augment NK cell
activity by impairing inhibitory receptors like NKG2A and including
CARs that identify tumor-associated antigens. Modified CAR-NK
cells exhibit significant anti-tumor efficacy in preclinical investiga-
tions, showcasing fast cytotoxic responses while minimizing the
risk of cytokine release syndrome [222-224].

The modulation of immune checkpoint pathways through gene
editing represents another major advance in immunotherapy.
Immune checkpoints such as PD-1, CTLA-4, LAG-3, and TIM-3
normally maintain immune homeostasis but are often exploited
by tumors to evade immune destruction [225-231]. CRISPR-Cas9-
mediated PD-1 knockout has emerged as a robust strategy to
enhance T cell function. PD-1-deficient T cells exhibit greater
cytokine production, prolonged activation, and enhanced cyto-
toxicity against PD-L1-expressing tumor cells. Importantly, early-
phase clinical studies have demonstrated the feasibility and safety
of PD-1-edited T cells, showing no severe off-target effects or
dose-limiting toxicities. Similarly, CTLA-4 knockout in CAR-T cells
amplifies co-stimulatory signaling through CD28, enhancing
proliferation and persistence under high antigen loads. This
modification sustains CAR expression and mitigates exhaustion,
improving therapeutic outcomes in aggressive tumor models.

Recent studies have explored multi-checkpoint editing, where
simultaneous knockout of inhibitory receptors (PD-1, CTLA-4, LAG-
3, and TIM-3) produces T cells with heightened resistance to
exhaustion and tumor-induced immunosuppression. These stra-
tegies exemplify how combinatorial gene editing can synergize
immune activation while maintaining controlled cytotoxicity
[219, 231-235]. Traditional autologous CAR-T therapies face
significant limitations, including patient-specific manufacturing,
variable product quality, and high production costs. Gene editing
has enabled the development of allogeneic “off-the-shelf”
immune cells, representing a paradigm shift toward scalable,
universally applicable immunotherapies. A critical challenge in
allogeneic therapy is preventing graft-versus-host disease (GVHD)
caused by donor T cell recognition of host tissues [236-240].
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CRISPR-mediated knockout of TRAC or TRBC genes effectively
eliminates T cell receptor (TCR) expression, preventing alloreactiv-
ity while maintaining CAR-mediated tumor targeting
[234, 241-243]. Clinical trials using TCR-negative CAR-T cells have
demonstrated safety and efficacy, with sustained remission in
some hematologic malignancies [244, 245]. To enhance persis-
tence and prevent immune rejection, HLA gene editing strategies
target B2M or specific HLA loci [246, 247] to reduce host
recognition without impairing immune functionality. Combining
TCR and HLA disruption allows the creation of hypoimmunogenic
cells capable of evading both donor- and host-mediated immune
clearance [248, 249]. These universal CAR-T or CAR-NK platforms
can be derived from healthy donors, enabling large-scale
manufacturing of consistent, high-quality batches. This not only
reduces production time and cost but also allows for immediate
availability of therapeutic products, a critical factor for patients
with rapidly progressing cancers. Single production runs can
generate multiple treatment doses, thereby increasing accessi-
bility  and standardization across clinical centres
[20, 221-223, 248, 250, 251]. Gene-edited immune cell therapies
are transitioning rapidly from preclinical models to clinical trials.
Early results have shown encouraging efficacy and manageable
safety profiles, reinforcing the feasibility of genome-engineered
immunotherapies. CRISPR-edited CAR-T cells targeting PD-1, CTLA-
4, or TCR loci are already being tested in hematologic and solid
tumor settings, with durable responses in several early-phase
studies [232, 235, 243-245]. Moreover, advances in delivery
systems such as ribonucleoprotein (RNP) delivery, lipid nanopar-
ticles, and viral-free editing have improved editing precision while
minimizing off-target effects [17, 18]. These innovations are critical
for regulatory approval and clinical translation [252, 253].

CANCER-TYPE-SPECIFIC APPLICATIONS

Lung cancer

Non-small cell lung cancer (NSCLC) represents the most extensively
studied application of gene editing in solid tumors (Fig. 3)
[219, 254, 255]. The NeoTCR-P1 trial conducted by PACT Pharma
demonstrates the clinical viability of CRISPR-edited T cell therapies,
where patient T cells are engineered to express tumor-specific T cell
receptors targeting neoantigens. This approach achieved prefer-
ential trafficking to tumors and represented 2-20% of immune cells
within tumor biopsies [256, 257]. EGFR mutations, specifically the
T790M resistant mutation and L858R activation mutation, have
been effectively targeted with CRISPR/Cas9 systems. Tang et al. built
virus-mediated CRISPR systems utilizing sgRNAs that target specific
sequences in mutant exons, attaining excellent efficacy for E19del
and L858R mutations via homology-directed repair. The method
employs donor DNAs with wild-type sequences to substitute
mutant exons by homologous recombination [258-262]. KRAS
G12C mutations present unique opportunities for gene editing
intervention. High-fidelity Cas9-based therapy strategies have been
developed to specifically target KRASG12C and KRASG12D muta-
tions, offering precision targeting of these driver mutations.
However, resistance mechanisms continue to pose challenges, with
genome-scale CRISPR interference platforms identifying genetic
vulnerabilities that can be exploited through combination therapies
[263-266]. Epigenetic targeting with CRISPR technology has
demonstrated potential in the treatment of lung cancer. Research-
ers have utilized CRISPR/Cas9 to target epigenetic [30, 267]
alterations and regulatory elements, specifically enhancers and
non-coding RNAs that regulate oncogene production. This method
broadens therapeutic targets to encompass regulatory processes
that facilitate carcinogenesis, in addition to protein-coding genes.

Breast cancer

Triple-negative breast cancer (TNBC) constitutes a notably difficult
subtype characterized by the absence of hormone receptors and
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HER2 expression, rendering it inappropriate for targeted therapy.
Applications of CRISPR/Cas9 in triple-negative breast cancer
(TNBC) [268, 269] concentrate on transcriptional addiction
mechanisms, namely targeting cyclin-dependent kinases such as
CDK7 (Fig. 3) that govern cancer-specific transcriptional programs.
Research has shown that CDK7 inhibition specifically hinders the
proliferation and tumorigenesis of TNBC cells while also mitigating
resistance development in estrogen-responsive breast tumors. The
dual functioning of CDK7 renders it a compelling target for the
treatment of TNBC and for addressing resistance to endocrine
therapy [270, 271]. Mutations in BRCA1 and BRCA2 offer
substantial prospects for gene editing therapies. Approximately
30% of BRCA1 mutation carriers develop breast and ovarian
cancer, with BRCA1-mutated breast tumors generally exhibiting
triple-negative and basal-like features [272, 273]. CRISPR-based
methodologies are being formulated to either rectify these
alterations or use the homologous recombination defect they
induce. HER2-positive breast tumors are being addressed using
CRISPR-mediated alteration of HER2 (Fig. 3) expression and
subsequent signaling pathways. Innovative HER2-targeted anti-
body-drug conjugates, such as SHR-A1811, have demonstrated an
overall response rate of 74.5% in patients with HER2-mutated
NSCLC, indicating that analogous strategies may be applicable to
breast cancer [274, 275]. Protein degradation addiction presents a
further pathway for CRISPR intervention in breast cancer
[269, 276-279]. This technology facilitates the targeting of
proteins implicated in cancer cell survival via proteasomal
degradation pathways, presenting innovative therapeutic tactics
that extend beyond conventional methods. Present obstacles in
breast cancer gene editing encompass the variability of breast
cancer subtypes, the necessity for subtype-specific targeting
methodologies, and the advancement of delivery methods
capable of effectively reaching both main tumors and metastatic
locations. Clinical trials are predominantly in preclinical stages,
with continuous efforts to determine safety profiles and efficacy
across many breast cancer models [268, 280, 281].

Colorectal cancer

Microsatellite instability-high (MSI-H) colorectal tumors constitute
roughly 15% of cases and display distinct susceptibilities to gene
editing techniques. These cancers exhibit increased immune
infiltration and positive responses to immunotherapy, rendering
them appropriate candidates for CRISPR-enhanced immunother-
apeutic approaches [282, 283]. APC and KRAS (Fig. 3) mutations
frequently occur in colorectal cancer and often collaborate in
tumorigenesis. The HAPD (hyaluronic acid-decorated phenylboro-
nic dendrimer) delivery system has been engineered for the
simultaneous dual targeting of APC and KRAS mutations
[284, 285]. This method markedly suppressed tumor proliferation
in both xenografted and orthotopic murine models while averting
liver and lung metastasis. The CISH gene is a new intracellular
checkpoint inhibitor that has been effectively targeted in the
inaugural human clinical study for metastatic gastrointestinal
malignancies. The CRISPR/Cas9-induced deletion of CISH (Fig. 3) in
tumor-infiltrating lymphocytes led to a full tumor response in one
patient, with metastatic disease vanishing and remaining absent
for over two years. Combination therapy strategies that use
CRISPR gene editing in conjunction with traditional medicines
have demonstrated synergistic results [286, 287]. The incorpora-
tion of CRISPR-based cancer targeting with conventional therapies
such as sorafenib markedly enhanced treatment efficacy relative
to monotherapy strategies. WRN (Werner syndrome protein) has
been identified as a distinct susceptibility factor in MSI-H
malignancies [288, 289]. Researchers are creating WRN inhibitors
and utilizing CRISPR-Cas9 methodologies to selectively eliminate
MSI-H cancer cells, preserving healthy cells intact [284, 287, 290].
This exemplifies a precision medicine strategy that utilizes the
distinct genetic traits of MSI-H malignancies. The oral
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administration of CRISPR systems signifies a notable progress in
the treatment of colorectal cancer. Oral nanoparticles delivering
TRAP1-targeting CRISPR treatment have shown efficacy in over-
coming chemoresistance and augmenting immune responses.
This method tackles the issue of systemic delivery and offers a
patient-friendly administration pathway [291].

Blood cancers (Leukemia, Lymphoma)

CAR-T cell treatment signifies a key advancement in cancer
immunotherapy, especially for hematologic malignancies, includ-
ing relapsed or refractory B-cell leukemias, lymphomas, and
multiple myeloma. This method entails the genetic modification
of autologous T lymphocytes to express chimeric antigen
receptors (CARs) that identify tumor-associated antigens, facilitat-
ing targeted cytotoxicity. FDA-sanctioned CAR-T therapies, such
as Kymriah, Yescarta, Breyanzi, Abecma, and Carvykti, have
exhibited significant clinical effectiveness, resulting in prolonged
remissions in certain patient cohorts. Notwithstanding these
achievements, obstacles remain—cytokine release syndrome
(CRS), neurotoxicity (ICANS), antigen escape, restricted T-cell
persistence, and immunosuppressive tumor microenvironments
impede wider efficacy. Moreover, the application of CAR-T
treatments to solid tumors is challenging due to antigen
heterogeneity, inadequate tumor penetration, and localized
immunosuppression.  Current research emphasizes next-
generation CAR designs, logic-gated structures, armored CARs,
and “off-the-shelf” allogeneic platforms to improve safety,
durability, and accessibility [237, 238]. Combinatorial approaches
utilizing checkpoint inhibitors, cytokines, and oncolytic viruses are
being assessed to surmount resistance and extend CAR-T therapy
from hematologic malignancies to solid tumor applications
[292-295]. Whereas, Acute myeloid leukemia (AML) presents
unique treatment problems because of the common expression
of target antigens in both malignant cells and normal hemato-
poietic progenitor cells. Recent CRISPR-based functional genomic
screens have identified significant genetic vulnerabilities, includ-
ing the RUNX1-RUNX1T1 fusion gene (Fig. 3), which can be
specifically targeted for disruption using dual intron-targeting
CRISPR-Cas9 methodologies. This method efficiently eliminates
oncogenic fusion proteins while maintaining the integrity of the
wild-type alleles [296-298].

Liver cancer (Hepatocellular carcinoma)

Hepatitis B virus (HBV) integration represents a unique target for
gene editing in liver cancer. CRISPR/Cas9 systems are being
developed to disrupt HBV covalently closed circular DNA (cccDNA)
and integrated HBV sequences that contribute to hepatocarcino-
genesis. Multi-locus gene targeting has shown enhanced antiviral
activity, paving the way for combination therapies [176, 299]. In
the context of hepatocellular carcinoma (HCC), targeting the
survivin gene (BIRC5) with the CRISPR/Cas9 system is a promising
therapeutic strategy explored in preclinical studies. Survivin is a
protein often overexpressed in HCC that inhibits apoptosis
(programmed cell death), promotes cell proliferation, and
contributes to tumor survival and resistance to therapy. A Cas9-
gRNA-Survivin therapy aims to disrupt the survivin gene, thereby
triggering cancer cell death [300]. HCC, the most common form of
liver cancer, poses significant treatment challenges due to
restricted therapeutic effectiveness and pronounced adverse
effects. Gene therapy presents a possible option by directly
addressing the genetic determinants of HCC, such as dysregulated
signaling pathways, immune evasion genes, and non-coding
RNAs. Progress in CRISPR-mediated editing, RNA therapeutics, and
cellular therapies is broadening treatment options. HCC remains a
major global health concern due to poor prognosis and limited
treatment efficacy. Nanomedicine offers a promising strategy by
enhancing drug delivery, targeting precision, and reducing
toxicity. Nanoparticles improve therapeutic efficiency by
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protecting drugs from degradation, enabling tumor-specific
accumulation, and boosting immunotherapy responses. They also
enhance imaging sensitivity, enabling early diagnosis and preci-
sion treatment. Despite encouraging preclinical results, challenges
persist in clinical translation, safety evaluation, immune compat-
ibility, and large-scale production. Future advancements lie in
multi-target nano delivery systems, optimized delivery routes, and
personalized nano therapies, which could revolutionize HCC
management [301-304]. Survivin knockout using CRISPR/Cas9
has shown particular promise when combined with sorafenib
therapy [305, 306]. Nanocomplexes delivering both sorafenib and
Cas9-gRNA-Survivin complexes yielded superior antitumor effects
compared to either treatment alone. This combination approach
addresses both apoptosis resistance and proliferation simulta-
neously. MicroRNA-22 (miR-22) therapy represents an innovative
gene therapy approach for liver cancer. Studies have shown that
miR-22 gene therapy produces better survival outcomes than
current FDA-approved treatments, with no observable toxicity
[307, 308]. The therapy works by restoring naturally occurring
tumor suppressor mechanisms that are dysregulated in hepato-
cellular carcinoma. Clinical translation encounters challenges
including inter-patient variability, restricted model relevance,
and elevated production costs. The incorporation of patient-
derived models, scalable nanotechnologies, and biomarker-based
assessments is crucial for the progression of customized gene
therapy for HCC (Fig. 3) [309, 310].

Pancreatic Cancer

KRAS mutations [263, 266, 311] are present in almost 90% of
pancreatic ductal adenocarcinomas, with the predominant variants
being G12D (44%), G12V (34%), and G12R (20%). The direct targeting
of these mutations with CRISPR/Cas9 has demonstrated potential in
preclinical investigations, with effective elimination of G12V and G12D
variants resulting in reduced cancer cell viability [312]. Somatic
mutation targeting is a revolutionary strategy in which CRISPR-Cas9
specifically identifies cancer-specific mutations that generate unique
protospacer adjacent motif (PAM) sequences. This technique
identified more than 400 new PAM sequences exclusive to pancreatic
cancer cells, resulting in 69-99% selective cell death utilizing 4-9
sgRNAs without off-target effects [10, 103, 246]. Targeting TERT (Fig. 3)
(telomerase) with CRISPR/Cas9 has demonstrated effectiveness in
various cancer types, including pancreatic cancer. Three-gRNA
approaches targeting distinct TERT exons significantly diminish cancer
cell viability both in vitro and in vivo. This method focuses on the
immortalization processes crucial for the survival of cancer cells.
Modulation of the tumor microenvironment via CRISPR gene editing
of annexin A1 has shown efficacy in reversing epithelial-to-
mesenchymal transition, hence diminishing metastatic potential. This
method tackles the invasive traits that render pancreatic cancer
especially deadly [313, 314]. Clinical problems encompass the dense
stromal milieu of pancreatic tumors that obstructs medication
delivery, the fast advancement of the disease, and the common
occurrence of metastases at the time of diagnosis. Current clinical
studies concentrate on combinatorial strategies that simultaneously
target several resistance pathways [312].

Recent advances in genome editing have demonstrated the
feasibility of directly correcting oncogenic KRAS mutations in
cancer models [315]. Reported efficient correction of KRAS driver
mutations (e.g., G12D, G13D) using adenine base editors in
multiple cancer cell lines and patient-derived organoids, leading
to progressive depletion of mutant cells without the emergence of
escape variants. Furthermore [316], developed a universal
pegRNA-based prime editing strategy capable of correcting the
majority of KRAS G12 and G13 mutations without inducing indels.
These studies highlight the therapeutic potential of precise KRAS
correction and underscore the growing relevance of base and
prime editing approaches in KRAS-driven pancreatic cancer
[315, 316].

Cancer Gene Therapy

S. Bindu et al.

Head and neck squamous cell carcinoma (HNSCC)

Head and neck squamous cell carcinoma (HNSCC) is the fifth most
prevalent malignant tumor worldwide, with more than 500,000
new cases per year. Notwithstanding progress in diagnosis and
treatment, the majority of patients come at advanced stages,
leading to a five-year survival rate of less than 50%. The
heterogeneity of head and neck squamous cell carcinoma
(HNSCCQ) and the existence of cancer stem cells (CSCs) contribute
to treatment resistance and recurrence. Cancer stem cells (CSCs),
governed by pathways including Wnt, Notch, and Sonic Hedge-
hog, perpetuate tumor initiation and stemness via markers such as
CD44, CD133, and ALDH. Employing signaling inhibitors, check-
point blockers, or natural chemicals to target cancer stem cells
presents novel options. SOX2 (Fig. 3) is a crucial regulator of
pluripotency, proliferation, and metastasis, with its overexpression
associated with unfavourable prognosis. The IncRNA SOX2-OT
facilitates the progression of HNSCC through its interaction with
ILF3, indicating its potential as a biomarker and therapeutic target.
Nonetheless, inhibiting SOX2 remains difficult because of its
transcriptional characteristics. Future research on SOX2-driven
networks and the targeting of cancer stem cells may augment
therapeutic precision and enhance patient survival in head and
neck squamous cell carcinoma (HNSCC) [317-319]. HuR (ELAVLT)
knockout using multifunctional nanoparticles has shown promise
in combination with chemotherapy. HuR plays critical roles in
tumor survival, invasion, and resistance, making it an attractive
target for CRISPR-mediated disruption. The approach uses pH-
sensitive, EGFR-targeted nanoparticles for selective delivery [320].
Reversal of drug resistance is being pursued via CRISPR-mediated
targeting of genes associated with chemotherapy and radiation
resistance. This method seeks to reinstate responsiveness to
standard therapies while enabling cancer-specific targeting via
mutation-selective CRISPR systems [318].

Esophageal cancer

The deletion of CtBP1 (C-terminal binding protein 1) via CRISPR/
Cas9 has shown considerable potential in addressing chemore-
sistance in esophageal squamous cell cancer. CtBP1 (Fig. 3)
deletion increased sensitivity to paclitaxel, decreased cell viability,
and curtailed metastatic potential. PD-1 deletion in tumor-
infiltrating lymphocytes is a therapeutic application presently
under investigation in patients with esophageal cancer. The
method entails CRISPR-induced deletion of PD-1 in lymphocytes
obtained from patients, which are subsequently grown and
reinfused. Combined methodologies with traditional chemother-
apy have demonstrated synergistic benefits. CRISPR gene editing,
in conjunction with conventional therapies, simultaneously targets
tumor cell eradication and resistance mechanisms [321, 322].
Delivery obstacles in esophageal cancer encompass the accessi-
bility of tumors situated in the gastrointestinal tract and the
assurance of sufficient infiltration of editing agents into tumor
tissue. Contemporary methodologies emphasize direct injection
and systemic delivery mechanisms [323].

Prostate cancer

Targeting the androgen receptor (AR) pathway (Fig. 3) remains
central in prostate cancer gene-editing research, as AR plays a
crucial role in the progression of castration-resistant prostate
cancer (CRPC) through mechanisms such as AR amplification,
splice variants (e.g., AR-V7), and ligand-independent activation.
Tumor suppressor restoration strategies using CRISPR/Cas9 focus
on genes like PTEN, p53, and Rb1. Knockout models have shown
that the loss of five key tumor suppressors (Pten, Trp53, Rb1,
Stk11, and Rnasel) accelerates tumor growth, while additional
disruption of epigenetic regulators promotes metastasis. KMT2C
deficiency has emerged as a metastatic driver identified through
CRISPR screening. Its loss dysregulates the chr5gE1 genomic
region, implicating genes such as Odam and Cabs1 as novel
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therapeutic targets. Restoration of p53 function using graphene
quantum dot-based CRISPR delivery has shown promise, achiev-
ing up to 40% selective cancer cell death in PC3 prostate cells by
repairing the TP53 414delC mutation while sparing normal cells.
Moreover, CRISPR-based metastasis prevention studies have
identified PRMT7 and CITED2 as key genes driving bone
metastasis, offering potential biomarkers for disease monitoring
and therapeutic intervention [324]. Despite significant advance-
ments, major clinical challenges persist, including tumor hetero-
geneity, acquired castration resistance, and the difficulty of
simultaneously targeting primary and metastatic lesions. Future
therapeutic directions emphasize a combination of gene-editing
and molecular targeting approaches to overcome resistance and
improve patient outcomes [325-330] (Fig. 3).

Gastric cancer

CRISPR/Cas9-mediated gene editing demonstrates significant promise
in the treatment of gastric cancer, providing accurate molecular
modifications targeting essential oncogenic factors. The CRISPR/Cas9-
3NLS/sgHMGA2@PDA  nanosystem  effectively targeted HMGA2,
achieving 95% delivery and 82% editing efficiency, significantly
inhibiting tumor growth in murine models. In HER2-positive gastric
tumors, CRISPR interference (CRISPRi) has been employed to down-
regulate HER2 expression, hence diminishing cancer cell proliferation
and enhancing trastuzumab sensitivity without modifying the DNA
sequence. Restoring p53 functionality via CRISPR-mediated rectification
of TP53 mutations reinstates its tumor-suppressive properties and
induces apoptosis in gastric cancer cells. Recent research investigates
Helicobacter pylori-related pathways as potential gene-editing targets,
tackling infection-induced carcinogenesis at its molecular origin.
Advanced nanoparticle-based delivery technologies, including poly-
dopamine (PDA) nanoparticles, improve the stability of CRISPR
components, facilitate targeted uptake, and exhibit superior biocom-
patibility, representing a significant advancement toward clinical
application in gastric cancer treatment [331-334] (Fig. 3).

Brain tumors (e.g., Glioblastoma)

CRISPR-based treatments exhibit revolutionary potential in glio-
blastoma (GBM), targeting its aggressive and treatment-resistant
characteristics. miR-10b (Fig. 3), a microRNA specific to glioblas-
toma and missing in normal brain tissue, represents a potent
target; lipid nanoparticle-delivered CRISPR systems (miRTEN)
successfully decrease GBM growth by direct tumor suppression,
bystander signaling, and immune activation. Gladstone Institutes’
innovative “cancer shredding” technique selectively targets
repetitive  DNA unique to tumor cells, facilitating CRISPR-
mediated destruction while preserving healthy neurons. PLK1
knockdown by blood-brain barrier-penetrating nanocapsules
facilitates effective gene editing and notable tumor shrinkage in
preclinical glioblastoma models. Utilizing CRISPR to restore tumor
suppressors such as p53, PTEN, and Rb amplifies apoptosis and
inhibits  proliferation.  Integrating  oncolytic  virus—-CRISPR
approaches enhances tumor-specific delivery, whilst sophisticated
nanoparticle and direct-injection technologies surmount delivery
obstacles, signifying significant advancements in precision gene-
editing therapy for GBM [335-339].

Other and rare cancers

Personalized approaches for rare cancers focus on targeting
specific genetic alterations that may be unique to individual
patients or small patient populations. CRISPR technology enables
the rapid development of patient-specific therapies. Hereditary
cancer syndromes represent opportunities for preventive gene
editing interventions. Conditions like Li-Fraumeni syndrome (TP53
mutations), hereditary breast and ovarian cancer (BRCA1/2
mutations), and Lynch syndrome (mismatch repair genes) could
potentially benefit from germline correction strategies. Orphan
targets in rare cancers often involve genes or pathways that are
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not economically viable for traditional drug development. Gene
editing approaches can provide therapeutic options for these
underserved patient populations. Clinical trial access for rare
cancer patients is being addressed through expanded access
programs and adaptive trial designs that can accommodate small
patient populations [29, 340, 341].

ADVANCES, CHALLENGES, CLINICAL READINESS, AND FUTURE
DIRECTIONS OF GENE EDITING DELIVERY AND APPLICATION
IN CANCER THERAPY

Tumor-type-specific delivery strategies in cancer therapy
Gene delivery and editing strategies must be tailored to the tumor
type. Hematologic (blood) cancers are generally more accessible
because target cells circulate in the blood or reside in bone
marrow [295, 302]. This allows ex vivo manipulation and reinfusion
of immune or hematopoietic cells. For example, hematopoietic
stem cells (HSCs) can be gene-edited (e.g., by CRISPR or viral
vectors) to express tumor-targeting receptors, providing a self-
renewing source of therapeutic immune cells. These edited HSCs
and immune cells (like CAR-T cells) have shown durable leukemia/
lymphoma clearance in preclinical models. In fact, a recent meta-
analysis found CRISPR-based therapies had the greatest effect size
in hematologic malignancies (effect size =0.85), reflecting efficient
gene targeting. Key features and delivery modes for blood cancers
include Ex vivo cell therapy, that is in which patient HSCs or
lymphocytes are removed, edited (e.g., via electroporation or
lentivirus) and reinfused. This bypasses many in vivo delivery
barriers. In vivo systemic delivery is an emerging “off-the-shelf”
approaches that aim to directly reprogram T cells in the body. For
instance, systemic lipid nanoparticles or viral vectors carrying CAR
genes can transduce circulating T cells without leukapheresis. This
approach avoids complex manufacturing but must still address
vector immunogenicity and targeting. Bone marrow targeting,
vectors may be designed to home to the marrow niche. Viral
vectors (like lentivirus) readily transduce HSCs, but risks of
insertional mutagenesis require careful design. Nonviral methods
(e.g., electroporation of HSCs ex vivo) trade some efficiency for
improved safety [294, 342, 343].

In contrast, solid tumors pose formidable delivery challenges
due to their abnormal microenvironment. Solid tumors often have
disorganized, tortuous vasculature and dense extracellular matrix
(ECM) [344, 345]. These features dramatically limit nanoparticle
and gene vector penetration. For example, “tortuous tumor
vasculature and abnormal basement membrane limit transvascu-
lar and interstitial transport” while high ECM content and
interstitial pressure further impede drug extravasation. As a result,
systemically delivered carriers may accumulate unevenly or be
sequestered by stromal cells, leading to suboptimal tumor dosing.
Key strategies for solid tumors include Enhanced permeability and
retention (EPR) and beyond, while the leaky vasculature can allow
some nanoparticle entry (EPR effect), it is often insufficient or
variable. Researchers are combining EPR with active targeting —
e.g. decorating liposomes or LNPs with ligands (folate, antibodies
against tumor antigens) to bind cancer cells preferentially [346].
Tumor-microenvironment-responsive  carriers (pH-sensitive,
hypoxia-activated) can further improve specificity. Stroma-
targeted approaches because dense collagen and stromal cells
hinder diffusion, co-treatments that modulate the stroma can
help. For example, collagenase or relaxin can transiently degrade
ECM, improving nanoparticle distribution. In one study, co-
injection of collagenase with an oncolytic virus tripled viral spread
in a melanoma model. Enzyme-coated nanoparticles (e.g.
collagenase-linked particles) have also been engineered to locally
digest matrix and enhance penetration. Localized delivery that is
intratumoral or convection-enhanced injections bypass systemic
barriers altogether. Direct injection of viral vectors or CRISPR
complexes into the tumor ensures high local concentration,
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though it is invasive and limits treatment to accessible lesions.
Combination therapies because solid tumors are heterogeneous,
multiplexed payloads (e.g. gene editing plus chemotherapy, or
simultaneous targeting of multiple mutations) are being explored
to overcome resistant subpopulations [344, 346, 347].

Furthermore, the brain (central nervous system) tumors
represent a special case due to the blood-brain barrier (BBB).
The BBB's tight endothelial junctions and efflux transporters
prevent most systemically administered therapies from reaching
brain tissue [339]. Conventional gene delivery often required
invasive methods (intracranial injection) or viral vectors with
limited payload. To address this, advanced carriers are being
designed specifically for BBB penetration. For instance, nanocap-
sules (~30 nm) cross the BBB when functionalized with peptides
like angiopep-2, which binds receptors on brain endothelium.
These carriers can deliver Cas9/sgRNA into glioblastoma cells
in vivo: one study achieved ~38.1% editing of the PLK1 gene in an
orthotopic glioblastoma mouse model, markedly extending
survival, with <0.5% off-target editing in other tissues
[338, 339, 348]. In summary, brain-specific delivery strategies
include BBB-targeting nanoparticles is engineered NPs with
neutral charge, small size, and BBB-homing ligands (e.g. angio-
pep-2) can traverse the barrier noninvasively. New AAV capsids or
adeno-viral constructs are being selected or engineered for
enhanced B tropism (e.g. by crossing the BBB). Exosomes loaded
with CRISPR components or stem-cell carriers can exploit
endogenous trafficking to the brain, though this is still experi-
mental. Intrathecal/intracranial delivery cases direct delivery into
cerebrospinal fluid or brain tissue is used (as with CAR-T cells for
leptomeningeal disease), but this is limited by procedure
invasiveness [332, 333, 341].

Overall, tailoring gene delivery to tumor type improves efficacy.
Hematologic malignancies benefit from strategies that exploit the
circulatory system and immune cell targets. Solid tumors require
carriers that overcome physical barriers (stroma, high pressure).
And brain tumors demand BBB-penetrant vectors with special
targeting features. Integrating these tumor-specific considerations
- from receptor targeting to microenvironment modification - is
crucial for translating gene editing therapies into effective clinical
treatments [349, 350].

Key biological and technical challenges

Many obstacles stand in the way of in vivo gene editing delivery.
Gene editing reagents have difficulty penetrating the core due to
physical barriers such as thick stromal tissue, aberrant vasculature,
and the extracellular matrix. Rapid renal clearance, off-target
uptake by the liver and spleen, and immunological detection
further complicate systemic delivery. The problem of how long
nucleic acids or protein components can be stable in serum has
not gone away. Protected packaging, immune surveillance
masking, and controlled release mechanisms are necessary to
overcome these difficulties and enhance therapeutic windows.
Because different subpopulations of tumors have different
molecular fingerprints, targeting them can be difficult. This has
led researchers to devise multiplexed techniques or combinatorial
payloads [167, 183, 351]. When it comes to cancer gene editing,
safety and ethics are paramount. Genotoxicity, disruption of
oncogene or tumor suppressor function, and the propagation of
altered cells are all possible outcomes of off-target effects, which
continue to be a major cause for worry. Improved guide RNA
design methods, tailored nucleases, and high-fidelity Cas9 varia-
tions have reduced but not eradicated these dangers
[133, 139, 352, 353]. Another important consideration is the
immunogenicity of gene editing techniques, especially when it
comes to repeated dosing. Bacterial Cas proteins have the
potential to trigger host immunological responses, which could
lead to unwanted side effects or decrease the effectiveness of the
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treatment. The use of humanized enzymes or methods to
obfuscate these proteins is also being explored [108, 112, 147, 163].

Germline vs. somatic editing is at the heart of ethical concerns.
There are many unanswered questions and potential societal
repercussions that stem from the introduction of germline
alterations, which are changes to DNA that are passed down
from parents to children. In line with current ethical standards, the
majority of clinical gene editing investigations target somatic cells,
preventing alterations from spreading beyond the treated person
and preventing heredity. Still, there needs to be a lot of
investigation into issues like consent governance, long-term
monitoring, access equity, and the possibility of eugenics or
augmentation [354-356]. Despite the fast evolution of regulations,
they are still not unified across different jurisdictions. The
guidelines for gene therapy and genome editing have been
published by the U.S. FDA and the European Medicines Agency
(EMA). These guidelines highlight the importance of conducting
thorough preclinical safety investigations, closely monitoring off-
target effects, and paying particular attention to vector manu-
facturing standards. Reporting of adverse events, genetic stability,
and long-term patient follow-up should all be part of clinical
protocols. To ensure the safe and fair deployment of gene editing,
international collaborations are working toward standardized
guidelines. This includes efforts spearheaded by the World Health
Organization [357, 358].

Clinical translation and readiness status

Several active and completed clinical trials have brought gene
editing from the laboratory into early clinical practice, but
technologies sit at very different stages of maturity. From a
clinical readiness perspective, ex vivo CRISPR/Cas9 editing of
haematopoietic stem cells and T cells currently represents the
most advanced and clinically validated application, with multiple
Phase I/Il and several Phase Il/Ill trials in haemoglobinopathies and
haematological malignancies, and some products now nearing or
receiving regulatory approval as first-in-class gene-editing thera-
pies. In oncology, TALEN-engineered and ARCUS-engineered
allogeneic CAR-T candidates are in early-phase (Phase I/1l) trials,
primarily for relapsed or refractory acute leukaemias and
lymphomas, demonstrating proof-of-concept but still requiring
larger studies to establish durability, comparative benefit, and
long-term safety. By contrast, most in vivo applications in solid
tumours remain at the preclinical or first-in-human stage, with
only a limited number of Phase | trials exploring local or systemic
delivery for liver, eye, or accessible tumour lesions and focusing
almost exclusively on feasibility, biodistribution, and on-target
versus off-target activity rather than efficacy. Even earlier in the
pipeline, base editors, prime editors, PASTE constructs, and
engineered recombinases are largely confined to preclinical
studies or very small, dose-escalation Phase | trials, where the
primary endpoints are safety, editing precision, and manufactur-
ability rather than clinical response. Clearly distinguishing these
developmental tiers highlights that, although the technological
toolbox is broad, only a subset of platforms—mainly ex vivo
CRISPR/Cas9 and selected nuclease-engineered CAR-T products—
is currently mature enough to support late-stage oncology trials,
integrated health-economic evaluation, and near-term regulatory
submissions, whereas higher-order editors and complex in vivo
strategies should still be regarded as experimental or proof-of-
concept. A high-level summary of platform-specific clinical
maturity is provided in (Table 3). Within this framework, some
early successes in haematologic malignancies have shown durable
responses in patients who had exhausted standard options; for
example, CRISPR-mediated deletion of endogenous T cell receptor
or PD-1 to generate allogeneic or functionally enhanced CAR-T
cells has achieved long-term remissions in selected Phase |
cohorts [109, 151, 219, 222, 2511.
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Although there are still issues with delivery and the tumor
microenvironment, trials utilizing modified immune cells, gene-
edited T cells, and NK cells are advancing into solid tumors. Phase |
and Il research are ongoing to fix oncogenic mutations in
accessible tissues using CRISPR or TALENs. Further improvement
is needed because to limitations such as immunological responses,
variable editing efficiency, and modest off-target events revealed
by sophisticated sequencing [90, 137, 151, 235, 241, 242].

Futhermore developing effective and scalable methods of
distribution, guaranteeing uniform editing across different types
of tumors, and ‘combining gene editing with current medical
practices are all challenges in the field of translation. Although
academic and industry parties are working together to simplify
protocols and speed up translation, manufacturing complexity
and regulatory supervision are causing clinical adoption to be
sluggish. Particularly noteworthy is the fact that early phase
research for cancer-associated mutations is evaluating the
introduction of technologies like base editing and prime editing
(Fig. 2), which enable precise change without double-strand
breaks [26, 37, 40, 42, 186]. Several new developments are shaping
how cancer gene editing will go in the future. New therapeutic
opportunities and resistance mechanisms can be discovered
through the use of single-cell gene editing and spatially resolved
alterations, which allow for the discrimination and engineering of
different cell populations within malignancies. To combat the
complexity and adaptability of cancer, prospective targets are
being expanded to include epigenome and transcriptome editing,
which integrates with DNA sequence editing. This expansion
allows for the control of gene expression and epigenetic markers.
Using massive genomics datasets for context-aware targeting, Al-
driven guide RNA design is speeding up the development of
efficient, highly specific editing combinations [203]. Organoid and
patient-derived xenograft (PDX) models are dramatically improv-
ing preclinical validation, allowing genetic engineering of patient-
matched tumors in vitro and in vivo to screen drug-gene
interactions, unravel resistance mechanisms, and personalize
therapy strategies [359, 360].

Future directions

Despite rapid progress, several unmet needs continue to limit the
full therapeutic potential of gene editing in oncology. In vivo
editing efficiency in solid tumours remains modest (typically
4-10% in primary tumors), particularly in densely fibrotic or poorly
vascularised lesions like pancreatic and glioblastoma. Overcoming
physical barriers, improving tissue tropism through capsid and
nanoparticle engineering, and optimising dosing regimens will be
essential to raise on-target editing in tumours without increasing
systemic toxicity. Single-cell and spatially resolved editing read-
outs will be important to quantify how uniformly different
malignant and stromal subpopulations are modified within the
same tumour. The durability and genomic stability of edits require
long-term evaluation. For ex vivo-edited cells such as CAR-T and
NK products, durable engraftment and sustained functional
persistence are desirable, but must be balanced against the risk
of insertional mutagenesis, clonal expansion, or late-emerging off-
target events. For in vivo approaches, it remains unclear what level
and duration of editing are needed to achieve lasting tumour
control, especially in the context of tumour evolution and ongoing
mutational pressure. Immune escape and resistance mechanisms
are likely to emerge as gene-edited therapies become more
effective. Tumours may downregulate targeted antigens, rewire
signaling pathways, or exploit immunosuppressive niches to
evade edited T cells and NK cells. Addressing these phenomena
will require multiplex gene editing strategies, logic-gated recep-
tors, and combination regimens that integrate editing with
checkpoint blockade, cytokine modulation, or metabolic repro-
gramming of the tumour microenvironment. Scalability and
manufacturing complexity remain major bottlenecks to
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widespread clinical adoption. Producing GMP-grade viral vectors,
nanoparticles, and cell products at scale is resource-intensive and
not yet harmonised across centres. Automated, closed-system
manufacturing, standardised release criteria, and modular vector
platforms will be crucial to reduce costs and expand access,
particularly in low- and middle-income settings. Finally, conver-
gence with emerging technologies will shape the next decade of
cancer gene editing. Al-assisted guide RNA and payload design,
together with high-throughput off-target prediction, should
further improve specificity and reduce the need for empirical
screening. Patient-derived organoids and xenograft models will
enable more faithful preclinical testing of editing strategies in
genetically and microenvironmentally relevant contexts, thereby
refining patient selection and clinical trial design. As ethical
frameworks and international regulations continue to mature,
these advances collectively point towards increasingly persona-
lised, context-aware cancer gene editing strategies capable of
delivering durable remissions with acceptable risk profiles
[168, 203, 205].

CONCLUSION

Gene editing technologies are rapidly transforming oncology by
enabling precise, programmable interventions across the cancer
continuum, and this review has synthesized how platforms ranging
from ZFNs and TALENs to CRISPR-Cas systems, base and prime
editors, PASTE, ARCUS, engineered recombinases, and epigenetic
editors are reshaping functional genomics, disease modelling,
immunotherapy, and direct corrective interventions in solid and
haematologic malignancies. Collectively, these tools have already
delivered substantial advances in ex vivo—engineered cell products,
particularly CAR-T and CAR-NK cells with multiplex edits in
checkpoint pathways and signaling regulators, while in vivo
approaches are beginning to demonstrate proof-of-concept for
correcting oncogenic mutations, disabling fusion drivers, and
reprogramming hostile tumour microenvironments in organ-
specific contexts such as lung, colorectal, liver, pancreatic, gastric,
brain, prostate, head and neck, and oesophageal cancers. At the
same time, the field faces non-trivial barriers: heterogeneity within
and between tumours, physical and immunological delivery
obstacles, modest editing efficiencies in dense solid lesions, off-
target and genotoxic risks, immunogenicity of bacterial nucleases,
and unresolved ethical and regulatory questions around long-term
surveillance, germline boundaries, and equitable access all
constrain rapid, uncritical clinical deployment and demand
cautious, data-driven translation. Emerging solutions—including
tumour-type-tailored delivery vehicles, logic-gated and epigenetic
editing strategies that avoid double-strand breaks, Al-guided
design of guides and payloads, and the systematic use of
organoids and patient-derived xenografts to de-risk clinical
candidates—are beginning to address these challenges and point
towards more controllable, context-aware editing regimens. Within
this broader landscape, restoration of key tumour suppressors such
as p53 is becoming a paradigmatic example of how gene editing
and complementary molecular approaches can converge on the
same therapeutic axis: small-molecule reactivators like phenethyl
isothiocyanate (PEITC) have been shown to restore wild-type
conformation and transactivation of mutant p53, including hotspot
variants such as p53R248Q in oesophageal squamous cell
carcinoma, leading to apoptosis induction, G2/M arrest, and
inhibition of xenograft growth, thereby validating mutant p53
reactivation as a druggable vulnerability in ESCC. Consistent with
this concept, Wang et al. have recently demonstrated efficient
restoration of p53 functionality in multiple cancer cell lines,
including oesophageal cancer models, further confirming that re-
establishing wild-type p53 activity—rather than merely eliminating
mutant alleles—can produce robust anti-tumour effects across
diverse genetic and tissue contexts. Taken together with advances
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in CRISPR-mediated correction of TP53 mutations, base and prime
editing for precise single-nucleotide repair, and dCas-based
epigenetic or transcriptional reactivation of endogenous tumour
suppressor networks, these findings underscore that p53 reactiva-
tion is an increasingly realistic and multi-modal therapeutic
strategy in gastrointestinal and other malignancies. The conver-
gence of gene editing with small-molecule chaperones,
nanotechnology-enabled delivery, synthetic biology circuits, and
Al-assisted design is therefore likely to yield next-generation
interventions that can either repair or functionally rescue master
regulators like p53 in a tumour—and patient-specific manner. As
clinical pipelines mature, rigorous long-term safety monitoring,
standardized manufacturing, and harmonized international guide-
lines will be crucial, but the accumulating evidence—from mutant
p53 reactivation in ESCC by isothiocyanates to efficient restoration
of p53 function in oesophageal and other cancer models—strongly
suggests that integrating precise genome and epigenome
engineering with complementary pharmacological reactivation
strategies can deliver more durable, less toxic, and genuinely
personalized cancer therapies in the coming decade.
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