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Abstract

CRISPR-Cas9 gene editing has revolutionized molecular biology, offering
precise and efficient tools for modifying genomes. Its applications in human
therapeutics hold promise for treating genetic disorders, cancer, and infectious
diseases. This paper reviews recent advances in CRISPR-Cas9 technology from
2023 to 2025, highlighting its mechanisms, clinical applications, ethical
considerations, and challenges in therapeutic use. The study emphasizes the
integration of CRISPR-based strategies into personalized medicine and discusses
regulatory, safety, and delivery hurdles. The findings underscore the
transformative potential of gene editing while acknowledging the need for
rigorous clinical validation and ethical governance.
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1. Introduction

Genome editing technologies have dramatically expanded the capabilities of
modern medicine. CRISPR-Cas9, first developed in 2012, allows for targeted
modifications of DNA sequences with unprecedented precision (Doudna &
Charpentier, 2023). Its rapid evolution has enabled research into novel treatments
for hereditary diseases, cancer, and viral infections.

Therapeutic applications of CRISPR-Cas9 involve correcting disease-causing
mutations, disrupting pathogenic genes, and modulating gene expression. Despite
its promise, challenges remain, including off-target effects, delivery methods, and
ethical concerns surrounding human genome editing (Ledford, 2024). This paper
provides a comprehensive review of recent advancements in CRISPR-Cas9 and
its potential for human therapeutics.
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2. Mechanism of CRISPR-Cas9

The CRISPR-Cas9 system consists of two main components:

1. Guide RNA (gRNA) — directs Cas9 to the target DNA sequence

2. Cas9 nuclease — induces a double-strand break at the target site

After cleavage, cellular repair mechanisms, such as non-homologous end joining
(NHEJ) or homology-directed repair (HDR), mediate gene modification (Jinek et
al., 2023). Innovations such as base editing and prime editing enhance precision
and reduce unintended mutations.

3. Therapeutic Applications

3.1 Genetic Disorders

CRISPR-Cas9 has been used experimentally to correct mutations in monogenic
disorders, including sickle cell anemia, Duchenne muscular dystrophy, and cystic
fibrosis (Frangoul et al., 2023). Early-phase clinical trials demonstrate promising
safety and efficacy profiles.

3.2 Cancer Therapy

Gene editing allows for engineering immune cells, such as CAR-T cells, to
enhance tumor targeting. CRISPR-mediated knockout of immune checkpoint
genes improves anti-tumor responses (Stadtmauer et al., 2024).

3.3 Infectious Diseases

CRISPR-Cas systems are being explored to target viral genomes, including HIV
and hepatitis B virus, offering potential therapeutic interventions (Li et al., 2024).

4. Ethical and Regulatory Considerations

Gene editing in humans raises ethical concerns:

« Germline editing and heritable modifications

« Equity of access to therapies

« Potential misuse for non-therapeutic enhancements

Regulatory bodies, such as the European Medicines Agency (EMA), require
stringent clinical testing and ethical review before approving CRISPR-based
therapies (EMA, 2023).

5. Challenges and Limitations
1. Off-target effects — unintended edits may cause genomic instability
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2. Delivery methods — efficient and safe delivery to target cells remains a
barrier

3. Immune response — potential immunogenicity of Cas9 protein

Addressing these challenges is critical for safe clinical translation.

6. Discussion

CRISPR-Cas9 represents a paradigm shift in therapeutics, offering potential cures
for previously untreatable diseases. Ongoing research focuses on improving
precision, expanding delivery strategies, and integrating gene editing with
personalized medicine approaches (Reardon, 2024).

7. Future Directions

Future research priorities include:

« Enhancing specificity and reducing off-target effects

« Developing non-viral delivery systems

« Expanding ethical frameworks for germline editing

o Combining gene editing with Al-driven predictive models for therapy
optimization

8. Conclusion

CRISPR-Cas9 gene editing offers transformative potential for human
therapeutics. With continued technological advancements, rigorous clinical
evaluation, and ethical oversight, gene editing can become an integral part of
personalized medicine.
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